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and (d) frequency (%) of microstructural conditions in the steels.
Fig. 4.14 EBSD KAM map depicting the strain distribution in the (a) P91BN-1,

104

(b) P91BN-2, (c) P91BN-3 steels, (d) colour legend for KAM, and (e)
frequency of KAM angle in the steels.
Fig. 4.15 Typical tensile stress-strain curves of P91 and P91BN-1 steels at 300
K, 573 K and 923 K.
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Fig. 4.16 Variation of (a) yield stress and (b) ultimate tensile strength with test

109

temperatures for P91, P91BN-1 and P91BN-2 steels.
Fig. 4.17 Work hardening (θ) behaviour of P91 and P91BN-1 steels at (a) 300,
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(b) 573 and (c) 923 K.
Fig. 4.18 Stress relaxation behaviour of P91 and P91BN-1 steels at 873 K.
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Fig. 4.19 Variation of (a) elongation (%), (b) reduction in area (%), (c) fracture

111

energy with test temperatures for P91 and P91BN-1 steels.
Fig. 4.20 Fracture surface of specimens tensile tested at 300 K of P91 steel

112

[(a),(c)] and P91BN-1 steel [(b),(d)].
Fig. 4.21 Fracture surface of specimens tensile tested at 923 K of P91 steel

112

[(a),(c)] and P91BN-1 steel [(b),(d)].
Fig. 4.22 Creep curves of P91 (a,c,e) and P91BN-1 (b,d,f) steels at 823 K (550

115

C), 873 K (600 C) and 923 K (650 C).
Fig. 4.23 Creep rate with time curves of P91 (a,c,e) and P91BN-1 (b,d,f) steels

116

at 823 K (550 C), 873 K (600 C) and 923 K (650 C).
Fig. 4.24 Creep rate with creep strain curves of P91 (a,c,e) and P91BN-1 (b,d,f)

117

steels at 823 K (550 C), 873 K (600 C) and 923 K (650 C).
Fig. 4.25 (a) Variation of creep strain up to onset of tertiary with time to onset

118

of tertiary creep of P91 and P91BN-1 steels; Time spent in primary,
secondary and tertiary creep regimes of (b) P91 and (c) P91BN-1
steels at 823 K (550 C), 873 K (600 C) and 923 K (650 C).
Fig. 4.26 Variation of minimum creep rate with applied stress of P91 and

121

P91BN-1 steels at 823 K (550 C), 873 K (600 C) and 923
K (650 C).
Fig. 4.27 Evaluation of creep activation energy from strain rate vs (1/T) for (a)

122

P91 and (b) P91BN-1 steels.
Fig. 4.28 Evaluation of threshold stress of P91 and P91BN-1 steels at 823 K

122

(550 C), 873 K (600 C) and 923 K (650 C).
Fig. 4.29 Variation of creep rate with shear modulus compensated effective
stress (a) P91 and (b) P91BN-1 steel.
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Fig. 4.30 Variation of creep rupture life with applied stress of P91 and P91BN-1

126

steels at 823 K (550 C), 873 K (600 C) and 923 K (650 C).
Fig. 4.31 Variation of creep rupture life with applied stress of P91, P91BN-1,

127

P91BN-2 and P91BN-3 steels at 873 K (600 C).
Fig. 4.32 (a) Arrhenius plot of temperature dependence of creep rupture life for

127

P91 and P91BN-1 steels; and (b) variation of reduction in area (%)
and elongation (%) with rupture life of P91 and P91BN steels at 823
K (550 C), 873 K (600 C) and 923 K (650 C).
Fig. 4.33 Variation of rupture life with minimum creep rate of (a) P91 and (b)

129

P91BN-1 steel at 823 K (550 C), 873 K (600 C) and 923 K
(650 C).
Fig. 4.34 Variation of normalized rupture life by strain to failure with minimum

130

creep rate of (a) P91 and (b) P91BN-1 steels at 823 K (550 C), 873 K
(600 C) and 923 K (650 C).
Fig. 4.35 Variation of time to onset of tertiary with rupture life of (a) P91 and

130

(b) P91BN-1 steels at 823 K (550 C), 873 K (600 C) and 923 K
(650 C).
Fig. 4.36 Diagnostic diagram for creep failure of P91 and P91BN-1 steels.

130

Fig. 4.37 (a) Larson–Miller creep parameter plot of P91 and P91BN-1 steels,

133

(b) 105 h creep rupture strength estimated from LMP at different
temperature for P91 and P91BN-1 steels.
Fig. 4.38 Fracture surface of crept P91 steel at (a, b) 823 K, (c, d) 873 K and

134

(d, e) 973 K.
Fig. 4.39 Fracture surface of creep exposed P91BN-1 steel at (a, b) 823 K, (c, d)

135

873 K and (d, e) 973 K.
Fig. 4.40 SEM micrographs of creep exposed (a, b) P91 [tr=96.8 h] and (c, d)
P91BN-1 [tr=3100.1 h] steels at 873 K and 180 MPa stress in the
gauge region. Boundaries pinned by precipitates against migration at
the necked region (e) P91 (160 MPa) and (f) P91BN-1 (200 MPa)
steels at 873 K.
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Fig. 4.41 TEM micrographs of creep exposed at 873 K and 180 MPa stress in

137

the gauge region of P91 (a) and P91BN-1 (b) steels.
Fig. 4.42 SEM micrographs of creep exposed at 873 K and 160 MPa stress in

137

the necked region of (a) P91 and (b) P91BN-1 steels.
Fig. 4.43 Optical micrographs across the weld joint of P91 steel (a) WM, (b)

139

fusion boundary (FB), (c) CGHAZ, (d) FGHAZ, (e) ICHAZ
and (f) BM.
Fig. 4.44 Optical micrographs across the weld joint of P91BN-1 steel (a) WM,

140

(b) FB, (c) CGHAZ, (d) FGHAZ, (e) ICHAZ and (f) BM.
Fig. 4.45 Variations of hardness across the P91, P91BN-1, P91BN-2 and

141

P91BN-3 steels weld joint in the PWHT conditions.
Fig. 4.46 Tensile stress-strain curves of (a,b) P91BN-1 and (c,d) P91BN-3

143

steels weld joints regions at 300 K and 873 K.
Fig. 4.47 Variation of tensile strength across the (a) P91BN-1, (b) P91, P91BN-

143

1, P91BN-2 and P91BN-3 steels weld joint in the PWHT conditions at
300 and 873 K at a strain rate of 3x10-4 s-1.
Fig. 4.48 Variations of rupture life with applied stress for (a) P91, P91BN-1,

145

P91BN-2 and P91BN-3 steels base metals and weld joints, (b) P91BN
steels weld joints at 873 K.
Fig. 4.49 Variations of creep rupture life with applied stress for the weld joints

145

of P91, P91BN-1, P91BN-2, P91BN-3 steels at 923 K.
Fig. 4.50 Variations of creep rupture life with applied stress for P91 and

146

P91BN-1 steels and its weld joints at 923 K.
Fig. 4.51 P91BN steels weld joints creep ruptured specimens at 923 K and 80

147

MPa stress.
Fig. 4.52 Reduction in area (%) of P91 and P91BN steels joints creep exposed

147

at 923 K, 80MPa.
Fig. 4.53 Fracture surfaces of the creep tested weld joints of (a) P91, (b)

148

P91BN-1, (c) P91BN-2 and (d) P91BN-3 steels at 923 K, 80 MPa
stress.
Fig. 4.54 Optical micrographs across the P91 steel weld joint at 923 K, 80 MPa
stress, (a) localised deformation in the ICHAZ, (b) WM, (c) FB, (d)
CGHAZ, (e) FGHAZ, (f) ICHAZ, and (g) BM.
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Fig. 4.55 Optical micrographs across the P91BN-2 steel weld joint at 923 K, 80

152

MPa stress, (a) WM, (b) FB, (c) CGHAZ, (d) FGHAZ, (e) ICHAZ, (f)
BM, and (g) localised deformation in the ICHAZ.
Fig. 4.56 SEM micrographs of ICHAZ in the weld joints of (a) P91, (b) P91BN-

153

1, (c) P91BN-2 and (d) P91BN-3 steels at 923 K, 80 MPa stress.
Fig. 4.57 Variations of hardness across the P91, P91BN-1, P91BN-2 and

153

P91BN-3 steels weld joints in the creep exposed at 923 K, 80 MPa
stress conditions.
Fig. 4.58 SEM micrograph of (a) P91 and (b) P91BN-4 steels base metal in the

155

normalized and tempered condition.
Fig. 4.59 TEM micrograph of (a) P91 and (b) P91BN-4 steels base metal in the

156

normalized and tempered condition and (c) EDS spectrum of M23C6
precipitate.
Fig. 4.60 SEM micrographs of ICHT (a, c) P91-IC and (b, d) P91BN-4-IC

157

steels.
Fig. 4.61 Creep curves of (a) P91-IC and (b) P91BN-4-IC steels at 923 K.

159

Fig. 4.62 Variation of creep strain (%) with normalized time to rupture (t/tr) of

159

P91-IC and P91BN-4-IC steels at 923 K.
Fig. 4.63 Variation of creep rate with time for (a) P91-IC and (b) P91BN-4-IC

159

steels at 923 K.
Fig. 4.64 Variation of minimum creep rate with applied stress of (a) P91-IC and

160

(b) P91BN-4-IC steels at 923 K.
Fig. 4.65 Variation of minimum creep rate with applied stress of (a) P91-IC and

160

(b) P91BN-4-IC steels at 923 K.
Fig. 4.66 Variation of rupture life with applied stress of P91-IC and P91BN-4-

161

IC steels and its base metal at 923 K.
Fig. 4.67 Variation of % elongation and % reduction in area with rupture time

162

of P91-IC and P91BN-4-IC steels at 923 K.
Fig. 4.68 Fractography of creep ruptured P91-IC and P91BN-4-IC steels in

162

different applied stress conditions at 923 K.
Fig. 4.69 Fracture surface appearance of P91-IC and P91BN-4-IC steels at 923
K and 65 MPa.
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Fig. 4.70 (a) SEM micrographs of crept P91-IC and P91BN-4-IC steels at 923

164

K and 50 MPa, and (b) precipitates size variation with rupture life of
P91-IC and P91BN-4-IC steels at 923 K.
Fig. 5.1

Optical micrographs of the modified 9Cr-1Mo steel in the (a) NT, (b)

171

15%, (c) 25%, (d) 40% and (e) 50%TMT processed conditions.
Fig. 5.2

Predicted equilibrium phases in modified 9Cr-1Mo steel with the

172

temperature using Thermo-Calc program.
Fig. 5.3

SEM-SE micrographs of the modified 9Cr-1Mo steel in the (a) NT,

172

(b) 25% and (c) 50%TMT processed conditions.
Fig. 5.4

FEG-SEM micrographs of the modified 9Cr-1Mo steel in the (a) NT

173

and (b) 25%TMT conditions.
Fig. 5.5

Energy dispersive spectroscopy (EDS) spectrum of (a) matrix, (b)

173

M23C6 and (c) MX (VC) precipitates.
Fig. 5.6

EBSD-IPF map of modified 9Cr-1Mo steel in the (a) NT, (b) 15%, (c)

176

25%, (d) 40% and (e) 50% TMT conditions. (f) IPF colour legend.
Fig. 5.7

Boundary map of P91 steel (1 <  > 5 Green; 5 <  > 10 Blue; 10 < 

177

Black) in the (a) NT, (b) 15%, (c) 25%, (d) 40% and (e) 50% TMT
conditions, and (f) ratio of HAGB/LAGB in the P91 steel in NT and
TMTs conditions.
Fig. 5.8

Misorientations angle distribution of modified 9Cr-1Mo steel in the

178

(a) NT, (b) 15%, (c) 25%, (d) 40% and (e) 50% TMT conditions.
Fig. 5.9

CSL boundary map (colour lines) of modified 9Cr-1Mo steel in the (a)

179

NT, (b) 15%, (c) 25%, (d) 40% and (e) 50% TMT conditions.
Fig. 5.10 Recovery of substructure (blue), substructure (yellow) and deformed

180

(red) regions of modified 9Cr-1Mo steel in the (a) NT, (b) 15%, (c)
25%, (d) 40%, and (e) 50% TMT conditions. (f) frequency (%) of
microstructural conditions in NT and TMT steels.
Fig. 5.11 EBSD KAM map depicting the strain distribution in the modified 9Cr-

181

1Mo steel in the (a) NT, (b) 15%, (c) 25%, (d) 40% and (e) 50% TMT
conditions. (f) KAM colour legend
Fig. 5.12 TEM micrographs of (a) (NT), and (b) 25%TMT and (c) 50%TMT
processed steels. SAD patterns of (d) M23C6 and (e) MX precipitates.
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Fig. 5.13 XRD patterns in different conditions of the P91 steel (TMTs)

185

depicting the presence of M23C6 precipitates, and enhanced Nb-rich
precipitates in 25%TMT steel.
Fig. 5.14 Hardness values at different conditions of the steel.

186

Fig. 5.15

190

(a) creep curves, creep rate with (b) time and (c) creep strain curves of
modified 9Cr-1Mo steel in NT and TMT (15, 25, 40 and 50%)
conditions at 923 K and 100 MPa.

Fig. 5.16 (a) Stress relaxation test graph of NT and 25%TMT steels at 873 K

190

and (b) stress relaxation behavior of NT and 25% TMT steels at 873
K.
Fig. 5.17 Variation of minimum creep rate with applied stress of modified 9Cr-

190

1Mo steel in the NT and 25%TMT processed conditions at 923 K.
Fig. 5.18 Variation of strain rate ( ̇ 1/4) versus applied stress plot for NT steel

191

and 25%TMT conditions at 923 K.
Fig. 5.19 Creep rupture life with different conditions of modified 9Cr-1Mo steel

191

at 923 K and 100 MPa.
Fig. 5.20 Variation of creep rupture life with applied stress plot for NT and

191

TMT (25% and 50%) steels at 923 K.
Fig. 5.21 Variation of elongation (%) and reduction in area (%) with rupture life

191

of NT and TMT (25% and 50%) steels at 923 K.
Fig. 5.22 Fracture surfaces of creep ruptured (b) 15%, (c) 25%, (d) 40% and (e)

192

50% TMT steels at 923 K and 100 MPa.
Fig. 5.23 Schematic of microstructural constituents of modified 9Cr-1Mo steel

194

in the NT, 25%TMT and 50%TMT conditions.
Fig. 5.24 TEM microstructures of (a) gauge region and (b) necked regions of

195

25%TMT processed steel creep exposed at 923 K and 100 MPa
depicted the dislocation structure pinned by finer MX precipitates.
Fig. 5.25 Macrographs of (a) NT and (b) 25%TMT steels weld joints.

198

Fig. 5.26 SEM microstructures across the NT (a,b,c,d,e) and 25%TMT (f,g,h,i,j)

200

steel weld joints depicting the different regions (WM, CGHAZ,
FGHAZ, ICHAZ and BM).
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Fig. 5.27 Variation of grain size across the NT and 25%TMT steel weld joints.

201

Fig. 5.28 SEM microstructures across the NT (a,b,c,d,e) and 25%TMT (f,g,h,i,j)

202

steel weld joints depicting the different regions (WM, CGHAZ,
FGHAZ, ICHAZ and BM).
Fig. 5.29 EDS spectrum of M23C6 precipitates.
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Fig. 5.30 Variation of M23C6 precipitates size across the NT and 25%TMT steel

203

weld joints.
Fig. 5.31 Variation of hardness across the (a) NT and (b) 25%TMT steel weld

203

joints.
Fig. 5.32 Creep strain versus time curves of (a) NT and 25%TMT steel weld

207

joints, and (b) 25%TMT steel base metal and weld joint at 923 K.
Fig. 5.33 Creep rate versus time curves of 25%TMT base metal and weld joint

207

at 923 K.
Fig. 5.34 Creep rupture life as a function of applied stress of NT and 25%TMT

207

steels and their weld joints at 923 K.
Fig. 5.35 Optical macrostructure creep exposed at 923 K and 100 MPa

208

25%TMT steel weld joint.
Fig. 5.36 Fracture surface of creep exposed (a) NT and (b) 25%TMT steel weld

208

joints at 923 K and 80 MPa applied stress.
Fig. 5.37 SEM microstructures of (a) ICHAZ, (b) FGHAZ, (c) BM, (d) WM, (e)

210

CGHAZ and (f) variation of precipitate size of creep exposed
25%TMT steel weld joint, creep tested at 923 K and 100 MPa.
Fig. 5.38 Variation of hardness across the creep exposed 25%TMT steel weld

211

joint, creep tested at 923K and 100 MPa.
Fig. 6.1

P92 steel in the normalized and tempered condition (a) SE-SEM, (b)

216

FEG-SEM and (c) TEM micrographs depicts the prior-austenite
boundaries and lath regions decorated by M23C6 and MX precipitates,
and (d) EDS spectra obtained from the M23C6 precipitate.
Fig. 6.2

Variation of creep strain (%) with time of Gr.92 steel at (a) 873 K
(600 C) and (b) 973 K (650 C) over stress range of 80 MPa to 170
MPa, and (c) magnified primary creep regime at 873 K (600 C), 923
K (650 C) and 973 K (700 C).
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Fig. 6.3

Variation of creep rate with time of Gr. 92 steel at (a) 873 K (600 C)

217

and (b) 923 K (650 C) over stress range of 110 MPa to 220 MPa.
Fig. 6.4

Variation of creep rate with creep strain (%) of Gr.92 steel at (a) 873

218

K (600 C), (b) 923 K (650 C) and (c) 973 K (700 C) over stress
range of 80 MPa to 220 MPa.
Fig. 6.5

Variation of strain to onset of tertiary creep with time to onset of

218

tertiary creep regime of Gr.92 steel at 873 K (600 C), 923 K (650 C)
and 973 K (700 C).
Fig. 6.6

Variation of minimum creep rate with applied stress of Gr.92 steel at

224

873 K (600 C), 923 K (650 C) and 973 K (700 C).
Fig. 6.7

Arrhenius plot of temperature dependence of minimum creep rate.

224

Fig. 6.8

Variation of minimum creep rate (έmin)1/4 with applied stress (σa) to

224

obtain threshold stress at 873 K (600 C), 923 K (650 C) and 973 K
(700 C).
Fig. 6.9

Variation of minimum creep rate with normalized effective stress by

224

shear modulus [σa-σth]/µ for P92 steel at 873 K (600 C), 923 K (650
C) and 973 K (700 C).
Fig. 6.10 Arrhenius plot of temperature dependence of threshold stress

225

compensated minimum creep rate.
Fig. 6.11 Variation of normalized minimum creep rate by activation energy

225

with effective stress by shear modulus.
Fig. 6.12 Variation of creep rupture life with applied stress at 873 K (600 C),

227

923 K (650 C) and 973 K (700 C).
Fig. 6.13 Arrhenius plot of temperature dependence of creep rupture life.

227

Fig. 6.14 Variation of (a) reduction in area (%), and (b) elongation (%) with

228

rupture life at 873 K (600 C), 923 K (650 C) and 973 K (700 C).
Fig. 6.15 Fracture surface of creep ruptured specimen at various temperature

228

and stress.
Fig. 6.16 SEM-BSE micrograph of Gr.92 steel creep ruptured at 923 K (650 C)
and 120 MPa depicting the presence of Laves phase and creep
cavities.
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Fig. 6.17 Variation of (a) rupture time with minimum creep rate and (b)

231

normalized rupture time by rupture strain with minimum creep rate at
873 K (600 C), 923 K (650 C) and 973 K (700 C).
Fig. 6.18 Variation of time to onset of tertiary with rupture time of Gr.92 steel

232

at 873 K (600 C), 923 K (650 C) and 973 K (700 C).
Fig. 6.19 Variation of damage parameter with rupture time of Gr.92 steel at 873

232

K (600 C), 923 K (650 C) and 973 K (700 C).
Fig. 6.20 Macrograph of P92 steel NG-TIG weld joint.

235

Fig. 6.21 Optical microstructure observed across the HAZ (a) CGHAZ, (b)

236

FGHAZ, (c) ICHAZ and (d) base metal of P92 steel NG-TIG weld
joint.
Fig. 6.22 Variation of PAG size with distance across the NG-TIG weld joint of

236

P92 steel.
Fig. 6.23 SEM SE/BSE mode microstructures observed across the NG-TIG

237

weld joint of P92 steel (a, b) WM, (c, d) CGHAZ, (e, f) FGHAZ, (g,h)
ICHAZ and (i, j) base metal.
Fig. 6.24 Variation of M23C6 average precipitate size with distance across the

238

NG-TIG weld joint of P92 steel.
Fig. 6.25 TEM micrographs of (a) CGHAZ, (b) FGHAZ and (c) ICHAZ of P92

238

steel weld joint depicting the lath boundary (LB), M23C6 and MX
precipitates.
Fig. 6.26 EDS spectra of (a) M23C6 and (b) MX precipitates observed in the P92

239

steel NG-TIG joint.
Fig. 6.27 Variation of hardness with distance across the NG-TIG weld joint of

239

P92 steel.
Fig. 6.28 Creep curves of P92 steel NG-TIG weld joint at 923K.

243

Fig. 6.29 (a) creep strain and (b) creep strain rate with time curves of P92 steel

243

base metal and NG-TIG weld joint at 923 K and 110 MPa applied
stress.
Fig. 6.30 Variation of creep rupture life with applied stress of base metal and
NG-TIG weld joint at 923K.
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Fig. 6.31 (a) variation of elongation (%) and (b) reduction in area (%) with

244

rupture life of base metal and NG-TIG weld joint at 923 K, (c) creep
tested at 923 K specimen depicting the transition of fracture location
from base metal to the outer edge of HAZ with reduction in ductility.
Fig. 6.32 Fracture surface of NG-TIG weld joint creep exposed at 923K at (a, c)

245

130 MPa and (b,d) 100 MPa.
Fig. 6.33 Optical macrostructure of P92 steel NG-TIG weld joint creep exposed

250

at 923K and 110 MPa depicting (a) very less or no creep cavitation at
surface and (b) predominant cavitation at mid-section (d/2) of the
specimen.
Fig. 6.34 Variation of creep cavity density (number/area) with distance across

251

the P92 steel NG-TIG weld joint creep exposed at 923K and 110 MPa
(a) surface and mid-section of the specimen, and (b) optical
micrograph depicting extensive creep cavitation in the FGHAZ region
of mid- section, (c) creep cavity average size with distance across the
mid-section of NG-TIG weld joint of P92 steel.
Fig. 6.35 Predicted equilibrium phases in P92 steel using thermo-calc program

251

showing the amount of various precipitates with the temperature.
Fig. 6.36 SEM SE/BSE mode microstructures observed across the surface of

253

P92 steel NG-TIG weld joint creep exposed at 923K and 110 MPa
stress (a, b) WM, (c,d) CGHAZ, (e,f) FGHAZ, (g,h) ICHAZ and (i,j)
base metal.
Fig. 6.37 SEM SE/BSE mode microstructures observed across the mid-section

254

of P92 steel NG-TIG weld joint creep exposed at 923K and 110 MPa
stress (a, b) WM, (c, d) CGHAZ, (e, f) FGHAZ, (g,h) ICHAZ and (i,
j) base metal.
Fig. 6.38 (a) variation of average precipitate size with distance, Laves phase (b)

255

average precipitate size and (c) area fraction (%) across the NG-TIG
weld joint of P92 steel at surface and mid-section of specimen.
Fig. 6.39 (a) TEM micrograph depicting the recovered dislocation structure and
Laves phase in the FGHAZ, (b) EDS spectra of Laves phase (Fe2W)
precipitate observed in the FGHAZ of creep exposed P92 steel
NGTIG weld joint at 923 K and 110 MPa.
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Fig. 6.40 SEM micrograph observed in the FGHAZ of creep exposed P92 steel

256

NG-TIG weld joint at 923 K and 110 MPa stress depicting the creep
cavity associated with precipitates.
Fig. 6.41 Variation of (a) hardness with distance across the mid-section of creep

256

exposed P92 steel NG-TIG weld joint at 923K and 110 MPa, (b) weld
strength factor (WSF) with time of P92 steel NG-TIG weld joint at
923 K.
Fig. 6.42 Variations of microstructures across the HAZ of weld joint of P92

258

ferritic steel (a) CGHAZ, (b) FGHAZ, (c) ICHAZ and simulated (d)
CGHAZ, (e) FGHAZ, (f) ICHAZ.
Fig. 6.43 Microstructures across the simuluated HAZ of P92 steel (a) 860, (b)

260

890, (c) 900, (d) 930, (e) 1050 and (f) 1175 C depicting variation in
PAG, lath and precipiates size.
Fig. 6.44 TEM micrographs of simuluated HAZ of P92 steel (a) 890 and (b)

260

1175 C.
Fig. 6.45 Variations of hardness across the weld joint and simulated HAZs

261

(CGHAZ, FGHAZ, ICHAZ) of P92 ferritic steel.
Fig. 6.46 Creep curves of simulated microstructures of HAZ of the P92 steel

263

joint at 923 K.
Fig. 6.47 Variations of (a) rupture life of simulated regions of HAZ, (b) rupture

263

life with applied stress and (c) reduction in area (%) with rupture life
for base metal, weld joint and simulated HAZs of P92 steel at 923 K.
Fig. 6.48 TEM micrographs of creep ruptured FGHAZ of P92 steel weld joint

264

showing extensive Laves phase precipitation at 923 K and 100 MPa.
Fig. 6.49 Variations of creep cavities in the simulated microstructures HAZ of

264

P92 steel at 923 K and 130 MPa, (a) CGHAZ, (b) FGHAZ, (c)
ICHAZ.
Fig. 7.1

Microstructure across the P91 steel TIG weld joint (bevel angle 35)

268

(a) WM, (b) CGHAZ, (c) FGHAZ, (d) ICHAZ and (e) BM.
Fig. 7.2

SEM micrograph of ICHAZ in 45 bevel angle joint.

269

Fig. 7.3

Variation of creep rupture life of the weld joints with the bevel angle.

272

Fig. 7.4
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CHAPTER 8
Summary and Scope for Future Work
This chapter summarizes the findings from the investigations on the type IV cracking
behaviour of P91 and P92 steel weld joints. Effects of microstructural heterogeneity across the
weld joint as influenced by different welding processes, boron + nitrogen content and thermomechanical treatment in P91 joint are examined. Influence of joint geometry (bevel angle) in P91
steel, and specimen orientation in P92 steel weld joint have been studied in connection with the
stress triaxiality in the HAZ (type IV cracking region) which modifies the cavity nucleation and
growth. Also, some suggestions for future work in these directions have been made.
8.1 Summary
The factors leading to higher rate of deformation in the ICHAZ region than the other regions
in the single-pass A-TIG weld jointare the following: (i) lower content of low misorientation
angle and coincidence site lattice (CSL) boundaries, (ii) finer grain size, (iii) enhanced
heterogeneity in microstructures by a combination of recovered and deformed structure in the
martensite, (iv) coarser M23C6 precipitates, and (v) boundaries devoid of precipitates. Creep
rupture strength at 923 K for 104 h for the single-pass activated-TIG weld joint is lower by about
26% than the base metal. Heterogeneous microstructure and variations in high temperature
strength of the different regions across the joint has led to reduction in rupture strength. Although
the geometry of both TIG and SMAW joints are similar, weld strength reduction factor (WSRF)
is low for SMAW than the TIG joint, and the difference decreased under long-term exposure.
Activated TIG (A-TIG) welding is preferred to fabricate the components in order to achieve
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resistance against Type IV cracking; TIG welding is preferred to SMAW in the case of thick
components requiring multi-pass welding.
P91BN steels containing boron with controlled nitrogen content resulted in finer martensite
lath width and higher dislocation density than in the P91 steel. The time spent in each creep
regime increased significantly in P91BN steels as compared to P91 steel. P91BN steels
possessed significantly enhanced creep rupture life as compared to P91 steel under similar test
conditions associated with comparable ductility. Sluggish coarsening of M23C6 and finer MX
precipitates significantly delayed the recovery of dislocation structure and migration of
boundaries in P91BN steel than in P91 steel. From the point of view of rupture life of P91BN
steel and its weld joint, the combination of 60 ppm boron with controlled (110 ppm) nitrogen
content is optimum at 873 K as compared to other combinations of B and N examined in this
study. The joint of steel with higher boron (0.010 wt.%) and nitrogen (0.0047 wt.%) exhibited
higher type IV cracking resistance at 923 K. The reduction in heterogeneous mechanical
properties across the weld joint enhances the type IV cracking resistance as observed in the
P91BN steel.
Thermo-mechanical treatment (TMT) processing of modified 9Cr-1Mo steel (P91) leads to
refined microstructure of the steel with more uniform precipitation of fine MX particles, finer
martensite lath structure, and fine M23C6 precipitation than NT steel. The degree of TMT
deformation is important since high levels of deformation leads to ferrite formation. Creep
deformation resistance and rupture strength of the steel improved remarkably up to 25%TMT
processing than NT steel. TMT processing for 40 and 50% deformation precludes the benefit of
TMT due to presence of ferrite phase. The enhanced MX precipitation through TMT processing
and reduction in coarsening of M23C6 precipitates under thermal cycle resulted in improved creep
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rupture life of TMT joint than NT weld joint. The thermo-mechanical processing of modified
9Cr-1Mo steel led to enhanced type IV cracking resistance significantly.
Creep damage tolerance factor (

̇

⁄ ) of 6 in the P92 steel demonstrates that the

microstructural degradation such as coarsening of precipitates and subgrain structure is the
dominant creep damaging mechanism in the steel. Creep rupture life of the NG-TIG weld joint
was lower than the base metal; the difference in creep rupture life between the base metal and
weld joint increased significantly with decrease in applied stress. The failure location in the NGTIG weld joint with applied stress changes from the base metal at high stress regime to the fine
grain (FG) HAZ (Type IV cracking) under lower stress level. Extensive Laves phase formation
accompanied by significant loss of solution strengthening from tungsten under creep exposure
led to premature type IV failure of the weld joint in the FGHAZ. A weld strength reduction
factor about 0.59 has been evaluated for 105 hour at 923 K.
A bevel angle of 35 is found to be better than higher bevel angles from the point of view
of longer life for the P91 weld joint due to the less number of weld thermal cycles/passes. At the
same time, there will be the beneficial effect for reducing the maximum principle stress in the
ICHAZ. 0 bevel single pass A-TIG weld joint exhibited significantly higher creep rupture life
due to reduction in maximum principle stress and microstructural damage than the V-groove TIG
joints in the ICHAZ. Increase in maximum principle stress in the ICHAZ and increase in
triaxiality in the base metal with increase in bevel angle led to premature failure of the joint by
shifting the fracture across the outer edge of HAZ to base metal region. The weld joint having
lower bevel angle is preferred to have better creep rupture strength of the components associated
with weld joints.
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Specimen orientation influenced the creep rupture life of the P92 NG-TIG joint
significantly. Creep cavitation damage in the FGHAZ of weld joint decreased with decrease in
the angle between stress axis of the specimen and the weld fusion line/HAZ. The weld strength
reduction factor is found to increase with decreasing orientation angle due to decrease in
constraint effect on the FGHAZ/ICHAZ. Hence, minimization of the orientation angle between
stress axis and weld joint fusion line/HAZ is recommended for improved life of the components
of this steel with multi-pass joints operating at high temperature.
Apart from refinement of microstructural constituents (reduction in coarsening of M23C6
and enhanced MX precipitation) favorable for long term stability of microstructure to obtain
better creep life of the base and weld joint, enhancement of the type IV cracking resistance of the
steel joint can be obtained from joint having lower bevel angle, less heterogeneity across the
weld joint, moving the orientation of stress axis in a joint to reduce the angle between HAZ and
stress axis.
8.2 Scope for future work
Based on the study on the microstructural heterogeneity across the weld joint and type IV
cracking behaviour of P91 steel and P91 steel thermo-mechanical treated, and alloyed with boron
and nitrogen, P92 steel weld joints, following are the suggestions for further investigations.
1. Creep deformation and rupture behaviour of base metals and weld joints for longer
duration (long term creep tests). Long term creep data provides more reliability of the component
in the power plants.
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2. Effect of notch acuity on simulated regions of HAZs in 9 wt.% Cr steels. Creep
specimen length (L)/ diameter (D) ratio influence on weld joint, and thermo-mechanical
treatment effects on joint of other steels.
3. Creep tests on thick specimen having actual size of the components to correlate creep
data obtained from small specimens. Thickness of the joint led to alter the constrains in the joint.
4. Influence of weld joint geometry on type IV cracking behaviour under fatigue loading
conditions needs to be studied. Since, type IV cracking also been observed under fatigue studies.
5. Atom probe tomography studies on processed and creep exposed materials to assess its
microstructural constituents.
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ABSTRACT

Ferritic-Martensitic (F/M) 9 wt.% Cr steel is an important member of the Cr-Mo F/M family
of steels. Fusion welding technique is generally employed to fabricate the power plant components
using grade 91 and 92 steels. The weld joint consists of weld metal (WM), heat affected zone
(HAZ), and base metal. The HAZ consists of coarse prior-austenite grain (CGHAZ), fine prioraustenite grain (FGHAZ), and intercritical (ICHAZ) region. The premature creep failure of the
weld joint is a life-limiting factor for the high-temperature power plant components that
experience high temperature and low stress by predominantly localized creep cavitation and
deformation at the ICHAZ/FGHAZ (Type-IV cracking). Mechanism pertaining to type IV
cracking is not fully understood. Effects of heterogeneous microstructure and creep behaviour
have been assessed to understand the loss of creep strength of the weld joint and premature failure
by type IV cracking as compared to its base metal.
Addition of boron to 9 wt.% Cr steel is known to improve the creep rupture strength of the
steel. However, controlling the nitrogen content is important to avoid the formation of boron
nitride (BN) during normalizing heat treatment so that free form of boron is available in the
matrix. The steel with different combinations of boron and nitrogen content have been developed.
The tensile and creep deformation behaviour on base metal and weld joints have been studied over
a wide range of temperatures. TMT processing in austenite phase field is generally introduced to
influence the martensite transformation on subsequent cooling. Ageing followed by TMT in the
austenite phase enhances the MX precipitation in presence of deformation-induced dislocations,
which in turn along with the high dislocation density influences the martensite transformation
upon cooling. Such an approach has been carried out in modified 9Cr-1Mo steel (P91 steel) to
assess its influence on type IV cracking behaviour. The creep rupture behaviour of P92 steel weld
joint fabricated by Narrow Gap-TIG (NG-TIG) welding process has been studied at 923 K.
Detailed metallography on the creep ruptured weld joint has been performed to gain an insight into
the operating failure mechanism based on the evolution of precipitates and cavitation under creep.
In addition, creep studies on the effect of geometry of weld joint, i.e., bevel angles and orientation
of the joint, have been carried out to assess its influence on type IV cracking.

INTRODUCTION
Materials suitable to sustain aggressive environmental conditions (high temperature and
pressure, corrosion/oxidation, and irradiation) are needed to enhance energy efficiency and
safety for advanced nuclear reactors as well as for the fossil fuel power plants. FerriticMartensitic (F/M) steels containing 9-12 wt.% Cr are used extensively in fossil-fired power
plants and steam generators of the nuclear power plant. The F/M steels are also considered for
in-core application in sodium-cooled fast reactors (SFR) because of their inherent outstanding
void swelling resistance. These materials have adequate high temperature creep strength, less
transmutation issues on irradiation, adequate oxidation/corrosion and stress corrosion cracking
resistance, good weldability combined with low thermal expansion coefficient and high thermal
conductivity as compared to austenitic stainless steels.
9 wt.% Cr steel is an important member of the Cr-Mo F/M family of steels and is used
extensively in power plants as re-heater and super-heater tubes and headers and fuel cladding in
the nuclear power plants. These steels (Grade 91 and Grade 92) derive their high temperature
creep strength from the tempered martensitic lath structure, phase transformation induced high
dislocation density, presence of M23C6 precipitates on prior austenite grain boundaries (PAGB)
and martensite interfaces, and MX type of carbonitride precipitates in intra-lath regions and from
solid solution hardening. The MX particles are quite resistant to coarsening against creep
exposure, but their replacement by coarse Z-phase on long-term creep exposure is a concern.
Fortunately MX precipitates in 9 wt.% Cr (Gr.91 and Gr.92) steel are not as much prone to
replacement by Z-phase as in the relatively higher chromium steels. The M23C6 carbides coarsen
appreciably on creep exposure, which triggers microstructural instability through the
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transformation of fine lath structure into sub-grains, with consequent reduction in dislocation
density. Development of steels with enhanced high temperature strength by extra low carbon
content to reduce the M23C6 precipitation, addition of boron to reduce the coarsening of M23C6
precipitates, and enhancement of MX precipitation through thermo-mechanical treatment are
being explored. Fusion welding technique is generally employed to fabricate the power plant
components using grade 91 and 92 steels. The weld thermal cycles lead to microstructural
changes across different regions that experience different peak temperatures. 9 wt.% Cr F/M
steels weld joint consists of weld metal (WM), heat affected zone (HAZ), and base metal. The
HAZ consists of coarse prior-austenite grain (CGHAZ) region adjacent to weld metal, fine prioraustenite grain (FGHAZ) region, and intercritical (ICHAZ) region that merges with the
unaffected base metal (BM) in the order away from weld metal. The premature creep failure of
the weld joint is a life-limiting factor for the high-temperature power plant components that
experience high temperature and low stress by predominantly localized creep cavitation and
deformation at the ICHAZ/FGHAZ. Based on the location of cracking in the weld joint, failure
in the weld joint has been classified as Type-I (cracking in weld metal), Type-II (across weld
metal and HAZ), Type-III (CGHAZ) and Type-IV (either in FGHAZ/ICHAZ). Detailed studies
are available in literature on the microstructural variations across the HAZ in the as-welded,
post-weld heat treated and exposed (to service or creep test) conditions in multi-pass joints.
Worldwide, there are efforts to develop steels that are resistant to type IV cracking. Mechanism
pertaining to type IV cracking is not fully understood. Effects of heterogeneous microstructure
and creep behaviour have been assessed to understand the loss of creep strength of the weld joint
and premature failure by type IV cracking as compared to its base metal. The geometry of the
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weld joint and orientation of the joint and its influence on type IV cracking are also focus of
some studies.
Addition of boron to 9 wt.% Cr steel is known to improve the creep rupture strength of the
steel. However, controlling the nitrogen content is important to avoid the formation of boron
nitride (BN) during normalizing heat treatment so that free form of boron is available in the
matrix. The steel with different combinations of boron and nitrogen content have been
developed. The tensile and creep deformation behaviour on base metal and weld joints have been
studied over a wide range of temperatures.
Reports are available on increase in creep strength of the steel by enhanced MX precipitation
upon subjecting to thermo-mechanical treatment. The high dislocation density in the thermomechanically processed steel in austenite phase field leads to accelerated diffusion of elements
like carbon. The dislocations act as nucleation sites for the precipitates too. TMT processing in
austenite phase field is generally introduced to influence the martensite transformation on
subsequent cooling. Ageing followed by TMT in the austenite phase enhances the MX
precipitation in presence of deformation-induced dislocations, which in turn along with the high
dislocation density influences the martensite transformation upon cooling. Such an approach has
been carried out in modified 9Cr-1Mo steel (P91 steel) to assess its influence on type IV
cracking behaviour.
Narrow gap welding is extensively used to join thick-walled components because this
process offers, low distortion and lower thermal stresses than the conventional arc welding
processes. The process involves small included angles in the weld edge preparation, less weld
metal, and welding time. In the present investigation, the creep rupture behaviour of P92 steel
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weld joint fabricated by Narrow Gap-TIG (NG-TIG) welding process has been studied at 923 K.
Detailed metallography on the creep ruptured weld joint has been performed to gain an insight
into the operating failure mechanism based on the evolution of precipitates and cavitation under
creep. In addition, creep studies on the effect of geometry of weld joint, i.e., bevel angles and
orientation of the joint, have been carried out to assess its influence on type IV cracking.
The thesis consists of eight chapters. Chapter 1 gives the general introduction and
detailed literature reviews pertaining to the present investigations, i.e., development of F/M
steels and its type IV cracking behaviour. Chapter 2 gives the details related to composition of
steels, heat treatments, weld joint fabrication, experimental procedure and finite element (FE)
analysis. In chapter 3, microstructural heterogeneity across the weld joint and its influence on
creep deformation and high temperature strength of P91 steel are presented. Influence of boron
and nitrogen content combination on tensile and creep behaviour of base metal and weld joints of
P91 steel have been presented and discussed in chapter 4. In chapter 5, the effect of thermomechanical treatment of P91 base metal to improve the creep resistance of weld joints has been
explored. Creep deformation and rupture behaviour of base and weld joints of P92 steel have
been discussed to understand the influence of tungsten in the steel in chapter 6. The influence of
different weld joint geometries and orientation of the weld joint on type IV cracking have been
carried out and discussed in chapter 7 with reference to P91 and P92 steels. In chapter 8, findings
and conclusions are summarized along with scope for future work.
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CHAPTER 1
Literature Review
1.1 Introduction
This chapter discusses the development of 9-12 wt.% Cr ferritic-martensitic steels for
the nuclear and fossil-fired power plants, physical metallurgy of ferritic-martensitic steel,
strengthening mechanisms, thermo-mechanical treatment, welding metallurgy, creep
behaviour, and issues during long-term service at high temperatures. Various types of
cracking in the weld joint of these steels during creep and long-term service exposure are
discussed with special emphasis on type IV cracking. Several important factors responsible
for the deterioration of creep properties of welded joints and methods to reduce type IV
cracking susceptibility are reviewed in this chapter, thus bringing out the impetus for the
work taken up in the scope of the present thesis.
1.2 Development of 9-12 wt.% Cr ferritic-martensitic steels
The development of 9-12% Cr steels has originated from the manufacture of 12%Cr
steel for steam turbine blades in 1912 [1]. The 9-12% Cr steels with additions of C, Mo, W,
V, Nb and N elements possessing higher creep strength combined with good oxidation and
corrosion resistance at elevated temperatures have subsequently been developed for
petrochemical and chemical plants, and nuclear fission and fusion reactor components [2-8].
The 9Cr-1Mo (T9 or Grade 9) type steel possessing moderate creep strength was initially
developed for high temperature applications [2, 9]. This steel was further alloyed with Nb and
V to obtain higher strength. 9Cr-2Mo (EM12) steel consisted of duplex microstructure
structure containing delta ferrite that led to poor impact toughness. 12Cr-1Mo steel developed
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around the same time, possessed lesser creep strength than EM12 at higher temperature
>520C due to high carbon content and it is difficult to weld. Between 1975 and 1980, Grade
91 steel possessing excellent mechanical properties was developed together by the Oak Ridge
National Laboratory (ORNL) and Combustion Engineering (currently named as Alstom
Power Inc.) by optimizing the V, Nb, and N content [2, 9-11]. This steel has superseded both
EM12 and 12Cr-1Mo (X20CrMoV12-1) steels. The evolution of grade 91 steel has attracted
the attention for the choice of material for boilers and pressure vessels. In 1983, Grade 91
steel gained an initial acceptance in the ASME Boiler and Pressure Vessel Code for tubing in
Section I construction in Code Case 1943. The steel in the succeeding years has seen broad
applications in both the power and petrochemical industries. Further research on these steels
have led to the development of other advanced 9-12Cr ferritic steels, that led to the
introduction of new alloys by addition of tungsten that claims to have modest strength
advantages over Grade 91 steel, viz., Grade 122, Grade 92 and Grade 911 [2,9-12]. Advanced
steels having tungsten, cobalt and boron content, and low carbon content are being developed
with the aim of achieving creep rupture strength of 150 MPa at 873 K for 105 h [9]. Different
9-12 wt.% Cr ferritic-martensitic steels have been summarized in Fig. 1.1, along with their
creep rupture strength for 105 h at 873 K. The typical chemical compositions of 9-12 wt.% Cr
steels are given in Table 1.1 [9,11-12]. Figure 1.2 shows the allowable stress for various
steels obtained by extrapolating the data 2/3rd of rupture stress with time to 105 h [12].
1.3 Physical metallurgy of 9-12 wt.% Cr steels
The 9-12 wt.% Cr ferritic-martensitic steels are austenized to obtain fully austenite
phase or it forms duplex structure (austenite and -ferrite) upon heating. The austenite
transforms to martensite upon normalizing, i.e., cooling in the air environment or rapid
quenching in liquid media. The normalized steels are further tempered to obtain good
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Fig. 1.1 Creep rupture strength of different 9-12 wt.% Cr steels for 105 h at 873 K [9,11].

Fig. 1.2 Allowable stress for various alloys with temperature capabilities [12].
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Table 1.1: Typical chemical composition of 9-12 wt.% Cr steels, and rupture stress (MPa) for 105 h at 873 K for various steels [9,11,12].

Elements / Steels

C

Mn

Si

Cr

Mo

V

Nb

N

W

Co Cu

Ni

B

S

P

Rupture stress
for 105 h / 873 K
(MPa)

ASME T9

0.12 0.45 0.6

9.0

1.0

-

-

-

HCM9M

0.07 0.45 0.3

9.0

2.0

-

-

-

EM12

0.10 0.10 0.4

9.0

2.0

0.30 0.40

-

0.20 0.60 0.4 12.0

1.0

0.25

-

0.10 0.45 0.4

9.0

1.0

0.20 0.08 0.05

0.010 0.020

94

0.10 0.55 0.3 12.0

1.0

0.25 0.05 0.03 1.0

0.010 0.020

75

GX12CrMoWVNbN-10-1-1 0.13 0.60 0.3 10.5

1.0

0.23 0.08 0.05 1.0

0.010 0.020

115 *

X20CrMoV-12-1
ASMEP/T91
HCM 12

-

59

NF616 (ASME P/T92)

0.07 0.45 0.1

9.0

0.5

0.22 0.05 0.06 1.8

-

HCM12A (ASME P/T122)

0.11 0.60 0.1

12

0.4

0.20 0.05 0.06 2.0

-

SAVE12

0.10 0.20 0.3 11.0

-

0.20 0.07 0.04 3.0 3.0

*estimated

8

0.004 0.010 0.020

113

1.0 0.25 0.003 0.010 0.020

101

-

-

0.010 0.020
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combination of strength, ductility, and toughness by tempering the martensite. The Fe-Cr
equilibrium phase diagram is shown in Fig. 1.3 [1]. The austenite (-Fe) loop is present up to
12 wt.% Cr. Beyond this ferrite phase () is present up to high temperature. However,
additions of austenite and ferrite stabilizing elements lead to expansion and contraction the Fe loop respectively. Austenite stabilizing elements are C, N, Ni, Mn, Cu, and Co. The ferrite
forming elements are Cr, Mo, Si, V, W, Nb, Al, and Ti. Ferrite forming elements increases
the tempering resistance of the steel, addition of more ferrite elements alloying in the steel
may lead to formation of -ferrite. Presence of -ferrite phase leads to restricting the growth
of austenite grains but it decreases the strength and toughness of the steel. Influence of
addition of austenite and ferrite forming elements on the -ferrite content is given in Table
1.2.
The 9-12 wt.% Cr ferritic-martensitic steels are used in the normalized and tempered
condition (Fig. 1.4) [13,14]. The steels are used in the high temperature components of
nuclear and fossil fired power plants industries. The choice is based on its (i) good high
temperature creep strength, (ii) higher thermal conductivity and lower thermal expansion
coefficient than austenitic stainless steels, (iii) immunity to stress corrosion cracking in
aqueous and chloride environment and (iv) relatively good weldability [15-40]. 9-12 wt.% Cr
ferritic-martensitic steels are normalized at 1313-1353 K and tempered below 1073 K.
Microstructure constituents in the steels, i.e., fully martensite (M) or martensite + -ferrite
duplex structure is predicted using Ni and Cr equivalents in Schaeffler-Schneider diagram
(Fig.1.5) [10]. -ferrite formation in high chromium martensitic steel is avoided by
maintaining Cr equivalent to less than 9 (wt.%) [10]. Ni and Cr equivalents are given below.
Ni equivalent (wt.%) = (%Ni) + (%Co) + 0.5(%Mn) + 0.3(%Cu) + 30(%C) + 25(%N)
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Cr equivalent (wt.%) = (%Cr) + 2(%Si) + 1.5(%Mo) + 5(%V) + 1.75(%Nb) + 0.75(%W) +
1.5(%Ti) + 5.5(%Al)
Table 1.2 Effect of alloying elements on change in the -ferrite (%) content in microstructure
constituents of the 9-12 wt.% Cr steels [1].
Element

N

C

Ni

Co

Cu

Mn

W

Mo

Si

Cr

V

Al

Change in ferrite (%)
content, by
alloying
(wt.%)

-220

-210

-20

-7

-7

-6

+3

+5

+6

+14

+18

+54

Fig. 1.3 Effect of chromium content on the Fe-Cr-C (0.1 wt.%) alloy [1].
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Fig. 1.4 Normalizing and tempering treatment of 9-12 wt.% Cr steels [14].

Fig. 1.5 Modified Schaeffler diagram showing the presence of martensite (M), ferrite (F) and
austenite (A) phase changes with Ni and Cr equivalent for selected 9-12 wt.% Cr steels [10].
1.3.1 Effects of alloying elements
Alloying elements present in 9-12 wt.% Cr steels and their roles in the physical
metallurgy and high temperature creep strength of these steels are given in Table 1.3 [1-7,40].
11
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Chromium is the main alloying element that provides solid solution hardening, and it forms
carbides that restrict the movement of dislocations and boundaries. Molybdenum and
tungsten are added to impart solid solution strengthening in the steel. Their content is limited
by the Mo equivalent, i.e., Mo+0.5W (wt.%), which if > 1%, results in precipitation of Laves
phase. Vanadium and Niobium are added to obtain MX carbide/nitride/carbonitride
precipitates; these are more resistant to coarsening than higher carbides and contribute to
strengthening by impeding the movement of dislocations and sub-boundaries. Nitrogen is
added to form VN precipitates, however the ratio of Al:N is to be maintained (below 4) to
avoid formation of AlN which results in premature failure of the components. Boron and
phosphorus segregate at the interfaces. Boron is added in small quantity, at ppm level, which
decreases the coarsening of M23C6 precipitates by combining with vacancies to reduce the
self-diffusion coefficients of matrix. It forms Cottrell atmosphere that decreases the creep
deformation resistance. Nickel and manganese are added to ensure 100% austenite phase
formation during the austenisation treatment without -ferrite formation. Ni improves the
toughness but degrades the creep strength by acceleration of M23C6 precipitates coarsening.
Copper is added to replace Ni partially and enhances the creep strength. Addition of C, N, W,
V, Nb, Ti provides precipitation hardening. The precipitation of Laves and Z-phase causes
loss of long-term creep strength of the steel. This is due to reduced solid solution
strengthening effects resulting from removal of solutes from the solution. Large particles of
Z-phase also form at the expense of finely dispersed VN, it has largely been associated with
the degradation of 10-12 wt.% Cr steels such as P122. This leads to the formation of a VN
free zone around the prior austenite boundaries by the Ostwald coarsening mechanism and
leads to loss of creep strength under long-term exposure.
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Table 1.3 Roles of alloying elements in creep strength of 9-12 wt.% Cr ferritic steels [1-7,40].
Element

Merit

Demerit

C

Necessary to produce M23C6 and NbC;
Increase hardenability.

Cr

Improve oxidation resistance; lower Ms; Increase D*
Raise Ac1; Main element in M23C6.

Mo

Lower Ms. Raise Ac1; Solid solution Accelerate growth of M23C6.
hardening.
Laves phase

W

Lower Ms; Raise Ac1; Delays coarsening of Laves phase
M23C6 particles; solid solution hardening.

V

Form MX and contribute to strengthening.

Nb

Form MX and contribute to strengthening, Promote
grain refinement.
Phase.

Mn

Ensure full austenisation, Suppress -ferrite Increase D* and reduce creep
strength; Lower Ac1; Promote
formation
M6C precipitation.

precipitation

of

Z

N

Necessary to produce VN.

Si

Improve oxidation resistance.

Increase D* and reduce creep
strength.

Ni

Improve toughness.

Increase D* and reduce creep
strength; lower Ac1.

Re

Prevent loss of creep rupture strength; Lower Ac1.
Lower Ms.

Cu

Suppress -ferrite formation.

B

Improve creep strength and quench Reduce impact toughness.
hardenability; Stabilize M23C6 particles and
delay their coarsening.

Promote precipitation of Fe2M
(Laves phase).

Formation of AlN; deprive the
steel of MX precipitate.

Al
Co

Suppress -ferrite formation; Decrease D*.

D* - diffusion coefficient of carbon in ferrite matrix.

1.3.2 Continuous cooling transformation for modified 9Cr-1Mo steel
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Fig. 1.6 shows the continuous cooling transformation (CCT) diagram for modified
9Cr-1Mo steel [15]. The Ac1 and Ac3 temperatures are found to be around 1113 and 1193 K
respectively. Alloying additions are also adjusted in order to obtain martensite starts (Ms) [1]
and finish (Mf) temperature above room temperature, in order to avoid retained austenite. Ms
and Mf temperatures ranges are from 523-643 K and 353-463 K respectively. Martensite
transformation occurs in a wide range of cooling rates and corresponding microhardness
range of 420 to 380 HV. The equilibrium transformation products are ferrite and carbides.
Ms(C) = 550 – 450 (%C) 11 (%Si) - 33(%Mn)  20(%Cr)  17(%Ni)  15(%Mo) –
20(%V) – 11(%Nb) – 10(%W) – 10(%Cu) + 15(%Co)
Martensite transformation is the diffusionless, shear-dominant, lattice distortive solid
state transformation, which is also called as military transformation as the atoms move in an
organized manner relative to their neighbor in contrast to diffusion transformations. The
strain energy arising from shear displacement decides the morphology and kinetics.
Morphology of ferrous martensite is characterized by lath and plate forms. In general, plate
martensite forms in high carbon and high alloy steels, which is characterized by internal
structure consisting of a single set of twins that extend completely across the plate to the
interfaces. Lath martensite found in low carbon steels (typically <0.4 wt.%) are not twinned
internally but contain high dislocation density estimated to be ~1015 m/m3, which implies
considerable plastic accommodation during growth. Tempering treatment is essential for
martensite formed from austenite at below Ac1 temperature to avoid re-austenisation as well
as to achieve tailored combination of strength and toughness. Ni, Mn, Co decrease Ac1
temperature and Si, Mo, Al, V increase the Ac1 temperature (Table 1.4). During tempering
M23C6 and MX precipitates grows at the interfaces and intra-lath regions, and the dislocation
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density comes down. The precipitates observed generally in the normalized and tempered,
aged and creep rupture high chromium martensite steels are given in Table 1.5 [1,6].

Fig. 1.6 Continuous cooling transformation diagram of modified 9Cr-1Mo steel [15].

Table 1.4 Effect of alloying elements on Ac1 temperature of 12 wt.% Cr steels [1].
Elements
Change in
Ac1 (C)
per mass
(%)

Ni
30

Mn
25

Co
5

Si
+25

15

Mo
+25

Al
+30

V
+50
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Table 1.5 Precipitates observed in the normalized and tempered, aged and creep rupture
tested high chromium ferritic-martensite steels [1,6].
Precipitate
phase
M23C6

Typical composition

Distribution of precipitates

(Cr16Fe6Mo)C6
Coarser particles at prior
(Cr4Fe12Mo4Si2WV)C6 austenite
grain
and
martensite lath boundaries
and fine intra lath particles

MX

NbC, NbN, VN,
(CrV)N, Nb(CN) and
(NbV)C

Undisolved particles and
fine
precipitates
at
martensite lath boundaries

M2 X

Cr2N, Mo2C and W2C

Z-phase

(Cr,V,Nb)N

Laves

Fe2Mo, Fe2W and
Fe2(Mo,W)

Martensite lath boundaries
(Cr2N and Mo2C); prior
austenite grain boundaries
(Mo2C), intra-lath (Mo2C,
W2C); ferrite in duplex
steels
[(Cr2(CN)
and
(Cr,Mo)2(CN)]
Large plate-like particles in
the matrix after creep
straining
Prior austenite grain and
martensite lath boundaries
and intra-lath; -ferrite in
duplex steels

-carbide

M6 C
(Fe39Cr6Mo4Si10)C

Prior austenite grain,
martensite lath boundaries
and intra-lath region

1.4 Strengthening mechanisms in 9-12 wt.% Cr steels
Microstructure of 9-12 wt.% Cr steel in the normalized and tempered condition
exhibiting tempered martensite structure is shown in Fig. 1.7 [6,41]. The microstructure is
hierarchical consisting of prior-austenite grain boundaries, packet boundaries within the
prior-austenite grain boundaries (PAGB), martensite block boundaries within packet
boundaries, parallel lath boundaries (sub-boundaries) and transformation induced dislocations
within the martensite blocks (Fig. 1.7 (b)). M23C6 precipitates decorate the prior austenite
16
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grain boundaries, and MX precipitates are mainly in the intra-lath regions. Schematic of
ferritic-martensitic steel microstructure is shown in Fig.1.8. The high temperature strength of
the steel arises from the tempered martensitic lath structure, phase transformation induced
high dislocation density, presence of M23C6 precipitates on prior austenite grain boundaries
and martensite interfaces and MX type of carbonitride precipitates in intra-lath regions and
from solid solution hardening from molybdenum, tungsten [6,7,14-41]. Thus, the contributing
strengthening mechanisms in the 9-12 wt.% Cr steels are solute hardening, dislocation
hardening, precipitation hardening and boundaries hardening [2,12]. However, quantification
of contributions from each mechanism for the enhancement in strength is difficult.

Fig. 1.7 (a) SEM-EBSD and TEM micrographs [41], (b) TEM micrograph [6] in the
normalized and tempered 9-12 wt.% Cr steel shows the prior austenite grain, packet and
block boundaries, precipitates and dislocations.
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Fig. 1.8 Schematic of tempered martensitic microstructure of 9-12 wt.% Cr steels [4].
Solid solution strengthening based on Hume-Rothery size effect is employed for obtaining
the higher strength that arises due to restricting the easy motion of atoms and dislocations.
Substitutional solute atoms such as Mo and W have been favored as robust solution hardeners
for 9-12 wt.% Cr steels because of its larger atomic sizes in comparison with the solvent iron
atom (size difference effect). In the 9-12 wt.% Cr steel, Mo and W are added to impart
substantial solution strengthening [4,6].
Dislocation strengthening occurs due to the interaction of dislocations with each other that
impede the subsequent movement of dislocations. Dislocation strengthening can be estimated
in general from the overall dislocation density that is the length (l) of dislocation per unit
volume (l3). It is an important strengthening mechanism in steel at ambient temperatures.
Dislocation hardening is given by

p = 0.5 MGb(f)1/2
Where f is the free dislocation density in the matrix, M is the Taylor factor, G is the shear
modulus, b is the magnitude of Burgers vector. 9-12 wt.% Cr ferritic-martensitic steels
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usually contain high dislocation density in the normalized condition as well as after
tempering treatment; it is in the range of 1 to 10×1014 m−2 in the matrix [4, 6]. At elevated
temperatures, recovery of dislocations and recrystallisation of deformed structures occurs
leading to softening of the matrix. This causes loss of creep strength significantly at long
duration. Hence, dislocation hardening is useful for short-term creep strengthening but it is
not useful for increasing the long-term creep strength without particles at elevated
temperatures [4, 6].
Precipitate hardening is a strengthening of one phase by another phase finely dispersed in
it. On quenching excess solute should be available in the solution, so that the precipitation
occurs on heating at the elevated temperature (tempering temperature). 9-12 wt.% Cr creep
resistant steels usually contain different types of precipitates i.e., carbides and carbonitride as
M23C6, M6C, M7C3, MX and M2X, where M denotes a metallic element and X is carbon
and/or nitrogen atoms, and intermetallic compounds of Fe2(Mo,W) Laves phase, Fe7W6
phase, or  phase. The MX type of precipitate stabilizes the free dislocations by impeding it
for dislocation hardening and the M23C6 type of precipitate stabilize the subgrain structure to
minimize the preferential recovery around the prior austenite grain boundary (sub boundary
hardening) (Figs. 1.7 and 1.8) [4,6,40]. Several mechanisms have been proposed for the stress
required (threshold stress) for a dislocation to pass through precipitate particles, such as the
Orowan mechanism, local climb mechanism, general climb mechanism [4,6]. The Orowan
stress or is given by

or = 0.8 MGb/p
where, p is the mean interparticle spacing. The major precipitates present in the tempered
martensite 9-12 wt.% Cr steels, and the corresponding Orowan stress estimated from the
values of interparticle spacing are listed in Table 1.6 [4].
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Table 1.6 Volume percent, diameter and inter particle spacing of different precipitate in 9-12
wt.% Cr steel, and Orowan stress estimated from the value of interparticle spacing [4].
Particle

Fe2(W, Mo)
M23C6
MX

Volume
percent, V (%)

Diameter, dp (nm)

Spacing,
p(nm)

Orowan stress, or
(MPa)

1.5

70

410

95

2

50

260

150

0.2

20

320

120

In general, M23C6 (face centre cubic) carbide is the major precipitate found in 9-12 wt.% Cr
steels in the normalized and tempered conditions mainly on prior austenite grain boundaries
and sub grain boundaries, and smaller in size and quantity has been found in the martensite
lath interiors (Fig. 1.8). M23C6 carbides completely dissolve at 1243 K and above (Fig. 1.9). It
forms very rapidly during tempering which is about 50 nm in size [3-7,40]. M23C6 are rich in
chromium with iron and molybdenum in modified 9Cr-1Mo steel, nickel has been substituted
partially for chromium. M23C6 carbides increase the strength of the steel by retarding the subgrain growth.
The most important precipitate strengtheners in the interior of the subgrains are the MX
(NaCl face centred cubic structure) type that forms inside the lath boundaries. These are
generally finer and more stable than M23C6 carbides. MX precipitates form during both
austenisation and tempering. Secondary MX precipitates form during tempering as fine
(about 20 nm in size) spherical NbX and platelet VX particles distributed uniformly inside
the sub-grains and on sub-grain boundaries. The primary precipitates are NbX, which remain
undissolved during austenisation. These act as the nucleation sites for the plate-like V-rich
nitrides (V-wing complexes) that form during creep on the fine primary NbX particles [3].
The secondary MX precipitates are vanadium rich. Primary MX precipitates retard the
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growth of austenite grain boundaries during austenisation as well as ensure the creep strength
by retarding the recovery of martensite lath during tempering. These precipitates not only
increase the strength due to the pinning of free dislocations retarding the movement of
dislocations but also slow down the recovery of the dislocation substructure, thus retaining
the dislocation hardening for longer durations (Fig.1.10). M2X and M6X believed to be
undesirable phases found in modified 9Cr-1Mo steel. These particles may dissolve or be
replaced by the more stable MX type precipitates.
The Z-phase {Cr(Nb,V)N} precipitation occurs during long-term creep exposure.
Precipitation of Z-phase causes loss of long-term creep strength because it consumes MX
cabonitrides which are important strengtheners [16-19]. Z-phase in 9-12%Cr martensitic
steels was first properly described in 1996 [42] stating that the Z-phase was the
thermodynamically stable nitride in 11-12 wt.% Cr martensitic steels. It has been reported
that the formation of Z-phase occurs around prior austenite grain boundaries/packet
boundaries. It is important to note that the Z-phase formation in the gauge portion of the crept
specimens is two to four times higher than that in the grip portion. Stress/strain accelerates
the Z-phase precipitation during creep exposure. In general, mean metallic composition of Zphase in steels are V=32 to 36 wt.%, Cr= 44 to 49 wt.%, Nb= 11 to 19 wt. %, Fe=4 to 5 wt.%
[16-19].
Boundary hardening Boundaries are the regions of disturbed lattice. Normalized and
tempered 9 wt.% Cr steel microstructure consists of martensite lath and blocks decorated with
fine carbonitride precipitates on the boundaries and also in the matrix. Creep strength of
9%Cr steels is inversely correlated with martensite lath width. The lath and block boundaries
(considered as elongated subgrains) result in sub boundary hardening given by [4].

sg= 10 Gb/sg
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Fig. 1.9 Isopleth phase diagram of P91 steel [41].
Where sg is the short width of the subgrains. Here, sg corresponds to the width of the lath,
which is generally in the range of 0.3 to 1 m in the normalized and tempered 9-12 wt.% Cr
steels. sg has been estimated to impart 320 to 530 MPa strength using the values of G = 64
GPa at 923 K, b = 0.25 nm and sg = 0.3 to 0.5 m, which is higher than the Orowan stress
(Table 1.6) due to Fe2(W, Mo), M23C6 and MX. Sub boundary hardening enhanced the creep
strength of 9 wt.% Cr steel in the long term, by the distribution of fine precipitates along the
boundaries [4].
Another method by which boundary strengthening can be achieved is the thermo-mechanical
treatment (TMT) process [43]; the studies are focusing towards improvement of creep
resistance by grain boundary engineering [43]. The fraction of coincident site lattice (CSL) or
special boundaries led to strengthen the grain boundaries against sliding and deformation,
which improves the creep resistance. Enhancement of CSL boundaries by thermo mechanical
treatment process has been established for modified 9Cr-1Mo steel resulting in creep rates
lower by a factor of 3-4 than the as-received condition in the stress range of 200-235 MPa at
773-823 K [43]. However, fabrication of components using this material without
deterioration in its properties is a difficult issue.
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Fig. 1.10 Schematic illustrations of precipitates in high chromium ferritic steel [40].
1.5 Welding metallurgy of 9-12 wt.% Cr ferritic-martensitic steels
Fusion welding is the technique generally employed to fabricate the nuclear and fossil
power plants components from 9-12 wt.% Cr ferritic-martensitic steels in the normalized and
tempered condition. In general, the arc welding techniques such as tungsten inert gas welding
(TIGW), manual metal arc welding (MMAW) or shielded metal arc welding (SMAW), flux
cored arc welding (FCAW), submerged arc welding (SAW), electron beam welding (EBW)
and laser beam welding (LBW) processes are used to join 9-12 wt.% Cr steels [9,11,12,2333]. However, in arc welding processes in the case of thick plate/pipe weld joint fabrication,
the root pass of the joint is usually carried out by using TIG welding technique (Fig.1.11).
Filler metals for welding are to match the creep strength of the base or parent material in the
service. The work piece is preheated to avoid cracking on cooling after welding. Welding
procedure for 9-12 wt.% Cr steels weld joint fabrication is shown in Fig. 1.11. The choice of
welding process depends on whether the component is to be fabricated in workshop or in situ
[9,11,12]. Post weld heat treatment (PWHT) is recommended after welding for tempering of
martensitic microstructure and to reduce the stress induced by welding.
Although significant improvements in development of ferritic steels for high
temperature applications have been achieved by alloy modification, precipitation and
boundaries hardening, these weld joints are inferior to the base metals at high temperature
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Fig. 1.11 Schematic representation of weld joint and thermal cycles for T/P91 steel joint
fabrication [11,12].
service condition, which leads to premature creep failure in the HAZ (Type IV cracking)
especially in thick welded components. Although the base metal loses the creep strength due
to preferential recovery around the prior austenite grain boundary and Z-phase formation
(Fig.1.12), majority of the creep failures in pressurized components are associated with the
weld joints, which is one of the serious problems for the 9-12 wt.% Cr ferritic steels of thick
section of boiler components [4]. At present, the mechanisms responsible for the premature
failure in HAZ of the joints are not clearly understood. It is essential to investigate the
relationship between the microstructural characteristics of the HAZ and creep deformation
behaviour in order to clarify the mechanisms responsible for premature creep failure at the
HAZ especially in the thick welded joints and for the further development of advanced heat
resistant ferritic steels.
Thermal cycles during welding introduce changes in the microstructure of the
adjacent base metal and the weld deposit. The peak temperature experienced by different
regions across the weld joint changes with the distance from the fusion line, and this has
significant influence on the microstructure of these regions. According to the welding peak
temperature and microstructure, the typical 9-12 wt.% Cr steels weld joint consists of weld
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Fig. 1.12 TEM micrograph of T91 steel crept for 34141 h at 873 K and 100 MPa [4].
metal (WM), heat affected zone (HAZ) and base metal as shown in Fig. 1.13 [12]. The HAZ
is a transition region between weld and base metals, which can be further subdivided into
different zones, namely coarse prior-austenite grain zone (CGHAZ) adjacent to the weld
metal, fine prior-austenite grain zone (FGHAZ) and intercritical (ICHAZ) zone. The FGHAZ
lies between the CGHAZ and ICHAZ zones. The ICHAZ occurs next to the base metal and is
furthest from the weld boundary [9,11,12,25]. The peak temperature reaches well above Ac3
during welding in the material near to the fusion boundary. The carbides, which constitute the
main obstacle to growth of the austenite grains, dissolve during welding resulting in
formation of coarse grain austenite. The austenite transforms to martensite on cooling. In the
FGHAZ, which is further away from the fusion boundary the peak temperature is lower, but
still above Ac3. Austenite grain growth is limited by the incomplete dissolution of carbides.
Hence fine grained austenite is produced, this is subsequently transformed into martensite. In
the ICHAZ, peak temperature lies between Ac3 to Ac1, resulting in partial reversion to
austenite on heating and insignificant dissolution of carbides. The new austenite nucleates
during heating at the prior austenite grain boundaries and martensite lath boundaries, where
the remainder of the microstructure is simply over tempered. This austenite is transformed
into untempered martensite on cooling. Further, away from fusion boundary where the peak
temperature is below Ac1 the original microstructure of the base metal undergoes further
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tempering. Hence, different peak temperatures experienced by different regions during
welding results in different microstructures, grain size, precipitate distribution and its growth
rate, which ultimately result in strength heterogeneity across the weld joint and results in
premature failure during service at high temperature and stress conditions [25].

Fig. 1.13 Schematic representation of the HAZ subzones microstructure developed as a
function of peak temperature (Tp) during welding and corresponding phase diagram for grade
91 steel [12].
1.6 Creep deformation
Creep of materials is classically associated with time-dependent plasticity under
constant stress or load at an elevated temperature generally higher than roughly 0.3Tm in a
given environment, where Tm is the melting temperature in K. The typical creep curve for
constant stress conditions is shown in Fig. 1.14 [44,45]. This consists of three regions: Stage
I, or primary creep, which denotes that portion where the creep rate decreases with increasing
time or plastic strain due to work hardening. However, with some types of creep such as
solute drag, an ‘‘inverted’’ primary occurs leading to increase in the strain rate with strain. At
high temperature, another mechanism, viz., recovery, operates which leads to softening of the
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material. A balance between work hardening and softening due to recovery leads to a
constant strain rate. Often, in pure metals, the strain rate is constant over a range of strain.
This phenomenon is termed Stage II, secondary, or steady-state creep. However, in
engineering alloys, microstructural degradation occurs at high temperatures resulting in
absence of steady state creep. Eventually, progressive accumulation of creep damage results
in an increase in the apparent strain rate and leads to fracture. This regime is termed Stage III,
or tertiary creep. Generally, engineering materials for high temperature are characterized by
the steady state (or minimum) creep rate ̇

and time to fracture tr [44,45].

Fig. 1.14 Typical creep curve for constant nominal stress conditions [46].
1.6.1 Deformation mechanisms
Crystalline solid materials deform plastically by various competitive mechanisms
depending on the variables of deformation such as stress (σ), temperature (T), and strain rate
( ̇ ). The deformation mechanisms are described through a deformation mechanism map that
summarizes the range of domains consisting of different mechanisms of deformation. The
deformation mechanism map, i.e., normalized stress σ/G (where G is the shear modulus)
plotted against homologous temperature T/Tm (where Tm is the melting point in Kelvin) is
shown in Fig. 1.15. In figure 1.15, H.T. and L.T mean high and low temperature respectively.
The deformation mechanism map describes the different dominance domains of rate
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controlling deformation mechanism [47]. The upper limit of the diagram is described by the
ideal shear strength above which deformation becomes elastic and further led to catastrophic.

Fig. 1.15 Typical creep deformation mechanism map [47].
Plastic deformation or flow occurs by dislocation glide in the regime below the ideal shear
strength. The time dependent deformation, i.e., creep deformation regime is divided into
dislocation and diffusion creep regimes. Dislocation creep deformation regime is further
divided based on temperature such as high (H-T creep) and low temperature creep (L-T
creep) regimes. The creep deformation that occurs by the diffusion is divided into NabarrowHerring creep (N-H creep) and Coble creep regions [47].
In the range of intermediate temperatures (T) and stresses (σ), the creep rate becomes
sensitive to stress. This exhibits a power law form as ̇
the stress exponent, ̇

= Aσn, where A is a constant, n is

is the minimum/steady-state creep rate. In the power law creep

deformation regime, dislocations acquire a new degree of freedom at high temperatures, in
which the thermal activation assists climb and glide process of dislocation. The glide step is
responsible for almost all the creep strain, but the rate-controlling process is the diffusive
motion of vacancy or climbing dislocation rather than thermally activated glide.
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Fig.1.16 Schematic representation of power law creep involving cell formation by climb [47].

Creep in the H-T regime is controlled by lattice diffusion, and the activation energy for creep
deformation is close to that of activation energy for self-diffusion. At low temperatures and
high stresses, the transport of substance through dislocation core contributes to the overall
diffusive transport of the matter (Fig. 1.16) [47].
At high stresses (σ > 10-3 G), the power-law breaks down, and dependence of strain
rate on stress varies exponentially. This region is known as power-law breakdown (PLB), and
the plastic flow is glide controlled. At high temperatures and low stresses, creep occurs by
diffusion processes and does not involve dislocation movement to generate strain. Creep
results from stress directed diffusional transport of matter (Fig. 1.17). At high temperatures,
lattice diffusion (N-H creep) controls the rate, while at relatively lower temperatures, grain
boundary diffusion (Coble creep) takes over. In both the diffusional creep regimes, creep rate
exhibits a linear stress dependency but varies as D1/d2 for N-H creep and Dgb/d3 for Coble
creep. At lower stresses, another creep mechanism known as Harper-Dorn (H-D) creep was
observed for larger grain size. In H-D creep, the creep rate exhibits a linear stress dependence
but is independent of grain size, and the creep rate is much higher than those possible by the
diffusional flow. The mechanism underlying H-D creep is complex, and the most plausible
explanation is that of climb controlled dislocation process under conditions such that the
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dislocation density does not change with stress. Also, at high temperatures, grain boundary
sliding takes place to provide plastic strain. Thus, the deformation mechanism map is useful
in the following ways: (1) to identify the dominant mechanism by which a structure deforms
in service, (2) to determine the constitutive law that can be used in the design, (3) to give
inputs for alloy design and selection.

Fig. 1.17 Schematic representation of diffusion flow through and around the grains [47].
The stress is applied in the specimen when it overcomes the inter-atomic forces in a perfect
crystal, and it causes the specimen to fracture on a plane normal to the stress axis. The
fracture mechanism map illustrating the dominant domains of different fracture mechanism is
shown in Fig. 1.18. Almost all crystalline solids fail by cleavage or intergranular brittle
fracture if the temperature is sufficiently low [48]; certain FCC metals and alloys appear to be
the exceptions. Cracks nucleated by slip, twinning or grain boundary sliding, can propagate
catastrophically to give this type of failure.
1.6.2 Creep cavitation during creep
Creep at high temperatures always terminates in fracture by the nucleation, growth
and coalescence of cavities [46-51].
Nucleation of creep cavity:
The cavities nucleate at grain boundaries perpendicular to the applied stress, so that failure
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Fig. 1.18 Schematic fracture mechanism map illustrating the dominant domains of different
fracture mechanism [48].
occurs in an intergranular manner. Two forms of intergranular cracking are commonly
observed. Wedge (or w-type) crack formed at the triple junctions in association with grain
boundary sliding (Fig. 1.19); this type of cavities form most easily at higher stresses (lower
temperatures) and larger grain sizes when grain boundary sliding is not accommodated [46].
Another mode of fracture associated with grain boundary irregularities such as precipitates,
ledges etc, r-type cavities is illustrated in Fig. 1.20. The stress and strain concentration at
grain boundary particles due to grain boundary sliding nucleates ‘r’ type of cavities.

Fig. 1.19 (a) Wedge (or w-type) crack formed at the triple junctions in association with grain
boundary sliding; (b) illustrates a wedge crack as an accumulation of spherical cavities [46].
31

Chapter 1: Literature review

Fig. 1.20 Cavitation (r-type) or voids at a transverse grain boundary, associated with
boundary particle [46].
Creep cavity growth (by diffusion)
Once the cavities reach a critical size, growth can occur by absorption of vacancies from the
surrounding grain boundaries. Under stress, atoms from cavity surface diffuse and deposit on
the grain boundary (Fig. 1.21). Both the grain boundary and cavity surface diffusion and
normal stress result in the growth of the nucleated cavity. Macro cracks were found to form
by coalescence of these cavities.

Fig. 1.21 Growth of creep cavities by diffusive transfer of atoms from cavity surface to grain
boundary under normal stress [46].
1.7 Creep cracking in the weld joint
Creep cracking in the welded joints of ferritic steels is generally classified according to the
location of the crack as Type-I, Type-II, Type-III, and Type-IV [25]. Fig.1.22 schematically
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illustrates the types of crack in a weld joint on creep exposure.

Fig. 1.22 Schematic representation of the classification of cracking in weldments [25].
Cracking occurs in the (i) weld metal along longitudinal or transverse direction Type
I), weld metal and ends in the HAZ (Type II), coarse-grained region of the HAZ (Type III),
and fine-grained HAZ or intercritical HAZ (Type IV).
Type IV cracking is a serious problem, which occurs at relatively high temperatures
and low stresses. This location lies in the partially austenizing region with peak temperature
during welding from Ac1 to Ac3 or completely austenizing region with peak weld temperature
slightly above Ac3. There is an urgent need to clarify the mechanisms responsible for the
Type IV cracking and to mitigate or minimize the Type IV cracking problem.
1.8 Comparison of creep studies on 9-12 wt.% Cr ferritic steel weld joints
Watanabe et al. [23] investigated the creep rupture properties of P91 (9Cr-1Mo-V-Nb)
steel weld joints. It has been noticed that the rupture location across the weld joint were
found to change from weld metal to fine grained region in the HAZ (adjacent to the base
metal) for high stress and low stress conditions respectively (Fig. 1.23). Decrease in
dislocation density, growth of M23C6 precipitates, sub-grain formation in the vicinity of prior
austenite grain boundaries and Laves phase formation during creep has been observed in the
vicinity of the fine grained region. It has been reported that the specimen tested at 823 K, 160
MPa (13748.5 h) fractured in the weld metal. The specimen tested at 873 K, 80 MPa
(12414.8 h) failed in the intercritical HAZ, however, specimen tested at 923 K, 40 MPa
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(7687.7 h) displayed larger deformation in the weld metal although it failed in the ICHAZ of
the weld joint. Type IV cracking occurred in the fine grained HAZ about 400-500 µm away
from base metal and HAZ interface, the location where the hardness values were minimum. It
is important to note that type IV crack in the weld joint is assumed to initiate in the curved
part of the groove angle and propagate towards the top part of the V-groove. It has been
clearly shown that the creep voids and cracks in the HAZ nucleated well inside the plate
thickness rather than on the surface of the specimen. The stress triaxiality factor is higher in
the fine-grained HAZ adjacent to base metal than the other regions; and specifically it was
higher in the curved part of the groove angle [23].
Laha et al. [25] investigated the variation of microstructures across the heat affected
zone in P91 steel weld joint to understand its role in promoting Type IV cracking. Formation

Fig. 1.23 Time to rupture with stress curves for the P91 welded joint and base metal [23].
of soft zone at the outer edge of the HAZ in the base metal side of ICHAZ has been
identified. Preferential accumulation of creep deformation, coupled with extensive creep
cavitation in the intercritical region of HAZ led to the premature failure of the weld joint in
the ICHAZ. The softer matrix and fine grain size aiding deformation, coarse precipitate
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particles providing damage nucleation sites, and constraint effect by stronger surrounding
constituents enhancing the cavity growth resulted in the extensive creep cavitation in the
ICHAZ [25].
Spigarelli et al. [26] investigated the creep behaviour of P91 steel welds. The HAZ
exhibiting a fine grained structure shows the lowest creep strength by localized deformation
in the ICHAZ of the weld joint (Fig. 1.24).
Albert et al. [28] investigated the effect of post weld heat treatment (PWHT) (at 1013
K for varying duration from 15 to 240 minutes) on Type IV cracking in P122 steel weld joint.
The duration of PWHT (15 to 240 minutes) did not influence the tr and all the specimens
failed in a Type IV manner. The tr increased with the decrease in the width of the HAZ and
the weld groove angle [28, 29].

Fig. 1.24 Macrostructure of a cross-weld sample (CW) crept at 650°C and 115 MPa. The
necking reflecting the localized deformation at the intercritical zone in the fine-grained HAZ
region is clearly visible [26].
Cerjak et al [53] have reported a type IV failure in a long-term creep test of crossweld E911 specimen (Fig. 1.25). This depicts that the damage and failure are clearly in the
HAZ, specifically in a region consistent with the FGHAZ.
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Fig. 1.25 Type IV failure location in a cross-weld creep specimen from E911 after 13945 h at
873 K and 120 MPa [53].
Abe et al. [29] investigated on Type IV fracture and improvement in creep rupture
strength of 9Cr-3W-3Co-VNb-B steel weld joint by addition of boron. Addition of about 100
ppm boron combined with about 10-20 ppm nitrogen suppressed the Type IV fracture and
improved the long term creep rupture strength of weld joints (Fig. 1.26). Reducing the width
of the HAZ by employing EB welding process is effective for the extension of creep life of
weld joint [28,29].

Fig. 1.26 (a) Comparison of creep rupture data at 650°C for welded joints of 130 ppm B-9Cr
steel and P92, with those for their base metals; (b) microstructure of base metal and HAZ of
90 ppm B-9Cr steel and P92 [29].
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C.R. Das et al, studied the role of boron and heat-treatment temperature in improving
the type IV cracking resistance of modified 9Cr-1Mo steel (0.002 wt.% N; 0.010 wt.% B)
weldment. The addition of boron to modified 9Cr-1Mo steel has increased the resistance
against softening in fine-grained heat-affected zones (FGHAZ) and intercritical heat-affected
zones (ICHAZ) of the weldment. Transition of crack from type IV to type II failure in P91
steel weldment by effective utilization of boron at a higher normalizing temperature has been
reported [54].
Baral et al [55] studied the creep damage evolution in P91B steel (B:0.01 and
N:0.0021 wt.%) over a range of temperatures (873-923 K) and stresses (50-180 MPa). Weld
joint fabricated by MMAW process has exhibited creep rupture time of 4083 hat 873 K/120
MPa (as against ~10000 h for the base metal), and about 3000 h at 923 K/50 MPa (as against
higher than 10000 h for the base metal) (Fig.1.27).

Fig. 1.27 P91B steel weld joint specimens after creep exposure [55].
Fujio Abe [4,29,56] has carried out extensive studies towards suppression of particle
coarsening and maintaining a homogeneous distribution of M23C6 carbides near prior
austenite grain boundaries during creep in tungsten and cobalt bearing 9Cr steel. Boron
content is higher in M23C6 precipitates, which are near the PAG boundaries. Abe has stated
that boron retards the diffusive / transformation during heating, because the grain boundary
segregation of boron reduces grain boundary energy and makes the boundaries less effective

37

Chapter 1: Literature review
as heterogeneous nucleation sites for  phase. Soluble boron is essential for the change in /
transformation behaviour during heating and for the suppression of grain refinement. The
combination of boron and nitrogen contents to avoid the formation of boron-nitride (BN) is
shown in Fig.1.28. In Gr.92N steel subjected to only normalizing but no tempering before the
thermal cycle, the grain morphology is approximately the same as the base metal after the
AC3 thermal cycle. This results from the mechanism of austenite memory effect [56].
Using 3-D atom maps of the as-quenched martensitic steel (low-carbon steel; Fe0.19C-0.35Si-1.20Mn-0.20Cr-0.50Mo-0.06Al-0.03Nb-0.03V-0.00124B in wt.% ), Li et al
[57] have showed significant segregation of B, C and Mo and no segregation of Cr at the
PAGB (Fig. 1.29). The steel was austenitized at 1023 K for 15 min and subjected to water
quenching prior to Atom Probe Tomography (APT) analysis.

Fig.1.28 Composition diagram for boron and nitrogen showing formation of solid solution or
boron nitride (BN) [56].
Several investigations are available in literature on thermo-mechanical treatments of
grade 91 steel through forging with and without ausageing treatment to obtain refined
microstructure to impart better

high temperature mechanical properties, Klueh [58], S.

38

Chapter 1: Literature review
Hollner et al,[59] L. Tan et al [60-62], Benjamin et al [63], M. Song et al [64], and J. Visva et
al [41] (Fig.1.30).

Fig. 1.29 APT 3-D atom maps of the as-quenched martensitic steel distributions of atoms in
the probed volume containing a PAGB [57].

Fig. 1.30 Scheme of the different thermo-mechanical and heat treatment [65]
Yongkui et al. [24] carried out interrupted creep tests on 21 mm thick weld joint of
P91 steel. Quantitative investigations on creep damage were carried out using laser
microscope. It has been found that the creep voids initiate at early stage of creep life (0.2 of
life) and these voids size and number increases up to 0.7 of creep life and coalesce into macro
39

Chapter 1: Literature review
crack at the stage of (0.8 of rupture life). The creep damages concentrated at a quarter depths
of the plate thickness in the fine grained HAZ. It has been noticed that the high level stress
triaxiality factor combined with large creep strain accumulation in the fine grained HAZ
accelerated the formation of voids in this location.
El-Desoky et al [65] studied the creep behaviour of weld joints fabricated using
manual metal arc welding (MMAW) from 85 mm thick tubes of P91 steel at 873 K. The fine
grained region of HAZ limited the creep rupture strength of weld joint, and recovery of
martensite lath by annihilation of dislocation within the sub-grains is the rate controlling
creep deformation mechanism in the low stress region in the weld joint [65] .
Takashi Ogata et al. [27] have characterized the damage of P91 steel weldments under
uniaxial and multi axial creep conditions. They observed that the creep rupture time of the
cross weld joints reduced to one fifth of tr of the base metal due to type IV cracking. Creep
voids were observed around 0.32 tr and the number of voids was larger at the mid-thickness
of the specimen as compared to the surface of the specimens (Fig. 1.31).

Fig. 1.31 Appearance of failure surface of the welded tube specimen (tr: 6740 h) [27].
Gaffard et al. [30] investigated the creep flow and damage properties of 9Cr1MoNbV
steel and its weldment and showed that the loss of creep strength is due to carbide coarsening
and extensive lath recovery during welding. Effect of HAZ width on creep behaviour has
been studied on round specimens using the power-law flow rules and Monkman-Grant life
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assessments. Results of these models were in contradiction to the numerical analysis (FE)
results, which indicated that decrease in width of HAZ leads to increase in creep rupture life.
Jonathan Parker et al. [68] investigated the factors affecting the type IV creep damage
in grade 91 steel welds prepared from SMAW (50 mm thick pipe weld joint) and gas metal
arc welding (GMAW) (38 mm thick plate weld joint). The effects of variation in N/Al ratio
(ranging 1.05-13.5) and bevel angles of the joint (10, 15, and 30) were studied. Threedimensional finite element (FE) analyses of weld joints with different weld angles were
carried out. Increase in N/Al ratio led to increase in creep life. The bevel angle of the weld
preparation influenced the creep life of cross-weld specimens. Results of FE analysis
indicated decrease in creep failure time with weld bevel angle up to 27.5, and increase in
creep life with further increase in weld angle (Fig.1.32) [68]. Siefert et al [8] have reported an
increase in creep cavitation damage resulting from increase in angle within a weld joint.

Fig. 1.32 Change in calculated creep rupture life with weld angle for cross weld test on grade
91 steel [68]
Parker et al [69] have studied the creep performance of a grade 91 header installed on
a 500 MW unit in 1992, after service about 58000 h operations at 568C and close to the
design pressure at 17.58 MPa (Fig.1.33). In 2004 extensive Type IV cracking was found on
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branch welds. It has been reported that the most vulnerable welds are those containing Type
IV zones perpendicular to the hoop stress, primarily large branches or seam welds.

Fig. 1.33 Photograph of central portion of header after removal from the power plant [69].
Francis et al [70] have studied the effects of weld preheat temperature, weld groove
preparation and heat input on type IV failure. They observed that the narrow-gap welding
configurations and U groove preparations offer significant benefits to creep performance,
since these configurations are often associated with joint preparation angles of zero
(Fig.1.34). Increases in the weld preheat temperature significantly improves the rupture life

Fig. 1.34 Schematic representation of joint preparations and locations of extracted creep
specimens [70].
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limited by type IV failure. It would be beneficial to specify the highest practical preheat
temperature. It has been stated that in situations where the principal loading direction is
transverse to the weld and it is not possible to use a joint preparation angle of zero, an
increase in the preheat temperature may substantially compensate for any penalty in rupture
life associated with the non-zero joint preparation angle.
Xue et al [70, 71] investigated the type IV cracking behaviour of P92 steel weldments
fabricated using SAW process. An occurrence of type IV fracture in the FGHAZ with low
ductility and laves phase formation at 923 K and 120 MPa have been reported.
From the literature survey presented above, regarding the reasons for type IV cracking
or its mitigation. Different attempts results are available in literature, which vary with the
steels, temperatures and welding procedures. Also, the mechanisms of improvements, if any,
are also not unequivocally established. Therefore, there is a need to carry out studies specific
to the steels and the welding procedures at temperatures in consideration.
The objective of the present investigation involves the study of creep deformation and
rupture behaviour of (i) modified 9Cr-1Mo steel (P91), (ii) controlled nitrogen P91 with
boron addition (P91BN) and (iii) tungsten bearing P92 steels and their welds in order to
understand the effects of heterogeneity in mechanical properties across the joint, influence of
boron and nitrogen combination on creep strength of base and weld joints to assess its type
IV cracking resistance, and P92 weld joint to understand the influence of tungsten in the
steel. The thermo-mechanical treatment of the P91 base metal to improve the creep resistance
of weld joints has been explored. This thesis also examines the influence of different weld
geometries and orientation of the weld joint on type IV cracking.
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Experimental Details
2.1 Introduction
In this chapter, the details of the materials, various steps in preparation of test
specimens, the mechanical tests, data analysis, microstructural analysis and other analytical
techniques employed in this study are presented. Specifically, the chemical compositions,
heat treatment and thermo-mechanical treatment of the materials used in this study, bevel
preparation and weld joint fabrication, mechanical tests (hardness, tensile, impact and creep),
microstructural characterization techniques (OM, SEM, EBSD and TEM), Differential
Scanning Calorimetry, X-ray diffraction, phase stability prediction by Thermo-Calc, and
Finite Element Analysis studies have been described.
2.2 Materials
Chemical composition (wt. %) of the steels used in this study have been analyzed by
inductively coupled plasma (ICP) and optical emission spectroscopy (OES) techniques.
Chemical composition of the 9Cr ferritic martensitic steels used in this study are given in
Table 2.1. Modified 9Cr-1Mo steel (P91), P91 steel with controlled addition of boron and
nitrogen (P91BN), and tungsten bearing P92 steel were investigated. The chemical
compositions of the matching electrode and filler materials used for joining of P91 and P92
steels are given in Table 2.2. P91 and P92 steels plate dimensions of 12 mm (T) x 250 mm
(w) x 500 mm (L) were used in this investigation. Thermo-mechanical treatment of P91 steel
was performed using 25 mm thick plates.
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Table 2.1: Chemical composition of various 9Cr steels employed in this study (wt.%).
Elements

C

Mn

Si

Cr

Mo

W

S

P

Ni

Al

V

Nb

B

N

Fe

P91 steel

0.10

0.46

0.32

8.80

0.90

-

0.01

0.004

0.10

0.001

0.22

0.08

-

0.05

Bal.

P91BN-1

0.10

0.50

0.48

9.20

1.0

-

0.004

0.004

0.010

0.003

0.21

0.07

0.006

0.011

Bal.

P91BN-2

0.092

0.40

0.35

9.00

1.0

-

0.005

0.004

0.010

0.001

0.20

0.07

0.010

0.0047

Bal.

P91BN-3

0.104

0.40

0.36

9.00

1.0

-

0.004

0.004

0.010

0.003

0.21

0.07

0.009

0.010

Bal.

P91BN-4

0.10

0.30

0.40

8.50

1.04

-

0.002

0.005

0.020

0.03

0.23

0.09

0.0100

0.0021

Bal.

P92 steel

0.10

0.36

0.27

9.20

0.51

1.90

0.002

0.010

0.060

0.010

0.22

0.07

0.001

0.050

Bal.

Table 2.2: Chemical composition (wt.%) of electrode and filler materials used to fabricate the joints.
Elements

C

Mn

Si

Cr

Mo

W

S

P

Ni

Al

V

Nb

B

N

Fe

P91 steel SMAW

0.098

0.58

0.35

8.63

1.00

-

0.008

0.01

0.63

0.004

0.20

0.06

-

0.055

Bal.

P91 steel TIG filler metal

0.10

0.50

0.36

8.90

1.00

-

0.007

0.009

0.10

0.005

0.21

0.07

-

0.050

Bal.

P92 steel filler metal

0.10

0.80

0.25

8.50

0.40

1.60

0.002

0.010

0.070

0.010

0.20

0.06

0.001

0.040

Bal.
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2.3 Heat treatment
All the 9 wt.% Cr ferritic martensitic steels used in this study were initially
normalized, air-cooled (AC) to room temperature, then tempered followed by air-cooling to
room temperature. The temperature and duration of normalizing and tempering (NT)
treatment differed for the different steels, the details are given in Table 2.3 and Fig. 2.1.
Other heat treatments employed in this study are post-weld heat treatment (PWHT) of weld
pads, and for simulation of heat-affected zone (HAZ) microstructures. Electrical resistance
heating box type furnace was used for normalizing, tempering, PWHT and HAZ simulation.
The temperature of the furnace was controlled within 2 K.
2.3.1 Thermo-mechanical treatment (TMT)
Also, a study on the effect of thermo-mechanical treatment (TMT) on the
microstructure and mechanical properties of P91 steel. TMT was carried out in order to refine
the microstructure of the steel. The P91 steel in normalized and tempered condition was taken
as the starting material for TMT. This steel was heated to 1423 K and held for 10 minutes to
dissolve the precipitates present in the steel, the temperature of the steel was reduced to
98310 K from 1423 K in the austenite phase field. The ausforming was performed at 983 K
for different degrees of deformation (15, 25, 40 and 50%), subsequently aged at the
ausforming temperature for 30 minutes prior to cooling to room temperature (Fig. 2.1(a) and
(b)) [72]. The reduction in thickness was obtained by multiple passes. The duration of rolling
was kept limited to 10 minutes to avoid undesirable  to  phase transformation. This
ausformed steel was further subjected to tempering treatment 1033 K for 150 minutes and
then cooled to room temperature. The box type electrical resistance heat treatment furnace,
hot-rolling mill and non-contact (pyrometer) temperature measurement equipments were used
for the TMT.
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Table 2.3: Normalizing, tempering treatment and post-weld heat treatments (PWHT) for
different steels employed in the study.

Material

Normalizing

Tempering

Pre-& postheating

PWHT

P91 steel

1313 K
30 min. / AC

1033 K
150 min. / AC

523 K

1033 K
60 min. / AC

P91, P91BN
steels

1373 K
30 min. / AC

1033 K
180 min. / AC

523 K

1033 K
60 min. / AC

P92 steel

1323 K
30 min. / AC

1053 K
120 min. / AC

523 K

1053 K
120 min. / AC

Fig. 2.1 Process diagram for (a) normalizing and tempering (NT), and thermo-mechanical
treatment (TMT) and (b) TMT and schematic of CCT of modified 9Cr-1Mo steel (P91 steel).
47

Chapter 2: Experimental details
2.3.2 Furnace simulation of HAZ microstructures
The different microstructural regions of HAZ of the P91 steel weld joint such as prioraustenite coarse grain, prior-austenite fine grain and intercritical HAZ were simulated by heat
treatment. For this, P91 steel blanks of dimensions 12 mm x 12 mm x 120 mm were held for
5 minutes at 1453, 1200, and 1140 K respectively to obtain coarse grain, fine grain and
intercritical HAZ, followed by oil quenching until to reach room temperature. These steel
blanks were tempered at 1033 K for 1 hour and then air cooled. This heat treatment is in line
with PWHT of the weld pads (Table 2.3). The temperature to simulate the different regions of
HAZ was chosen based on the study conducted by Chandravathi et al [31]. Similarly, P92
steel HAZ microstructures were simulated at different temperatures such 1473, 1323, 1203,
1173 and 1153 K followed by oil quenching until to reach room temperature. These steel
blanks were tempered at 1053 K for 2 hours and then air cooled in line with PWHT of P92
steel weld joint (Table 2.3).
2.4 Groove and weld joint fabrication
Different welding processes employed to fabricate the weld joints in this work are
activated-TIG, Tungsten Inert Gas (TIG), Narrow-Gap TIG (NG-TIG), Shielded Metal Arc
Welding (SMAW) and Electron Beam Welding (EBW). The V-groove butt joint
configuration for TIG was prepared with different weld bevel angles using conventional
workshop machining methodology (Fig.2.2). V-groove butt joint configuration is shown in
Fig. 2.3. The joints having bevel angles of 45 and 60 were fabricated by 34 and 56 passes
respectively. Square butt joint configuration was prepared to fabricate autogenous (A-TIG
and EB) weld joints (Fig. 2.4). Activated-TIG welding process involves employing of thin
coating of multi-component flux in the form of paste on the surface of the joint prior to
welding (Fig. 2.5(a)). The weld pad fabricated from different welding techniques were heated
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to about 523 K prior to and after welding (Fig. 2.5(b)). Single and double-pass A-TIG weld
joints of P91 and P91BN steels were fabricated to study the creep behaviour (Fig. 2.4 and
2.5(c)). The weld pads were post-weld heat-treated at 1033 K for 1 hour for P91 steel and
1053 K for 2 hour for P92 steel (12 mm thickness) as already given in Table 2.3. The welding
process parameters for P91, P91BN and P92 steels weld joints are given in Table 2.4, 2.5 and
2.6. Weld pads were subjected to X-ray radiography for verifying their soundness.

Fig.2.2 Edge preparion of plates with different bevel angles (35,45, 60), (all dimensions are in mm).

Fig. 2.3 (a) V-groove weld pad line diagram for 35 bevel angle, (b) different bevel angles of
weld joint, (all dimensions are in mm).
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Fig. 2.4 Schematic diagram of the square butt (a) single-pass by A-TIG and EBW, and (b)
double -pass weld joint fabricated by A-TIG process.

Table 2.4: Welding process parameters employed for P91 steel.

Welding
Parameters

A-TIG

TIG

SMAW

EBW

Current, (A)

297

110

115

80 mA

Voltage, (V)

21

22

24

55 kV

Welding speed
(mm/min)

60

~75

~90

800

No. of passes

1

18

9

1

Shielding gas
size of filler /
electrode

Ar

Ar
root-pass 1.6 mm ;
fill-pass 2.4 mm 

Ar
root 1.6 mm TIG;
electrode 3.12 mm

Vacuum,
278 mm work
distance
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Table 2.5: Welding process parameters employed for P91 and P91BN steels.

Welding Parameters

A-TIG weld joint
Double-pass

Single-pass

Current, (A)

225

290

Voltage, (V)

16.7

17.5

Welding speed (mm/min)

100

60

Shielding gas

Ar

Ar

Table 2.6: Welding process parameters employed for P92 steel.

Welding Parameters

NG-TIG

Current (A)

230

Voltage (V)

10

Travel Speed (mm/min)

80

Heat input (kJ/mm)

1.72

Pre-heating and inter-pass temperature (K)

473-573

Dwell time (left and right) (s)

0.4

Oscillation speed (rpm)

40
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Fig. 2.5 (a) Flux coating on joint line and weld joint fabrication by A-TIG, (b) pre and postheating of weld pad and (c) as-welded A-TIG joint.
2.5 Fabrication of specimens
Standard as well as miniature specimens to perform mechanical tests, and
characterization specimens were extracted using conventional workshop and electrical
discharge machining (EDM) machines. Specimens extracted in different orientations with
respect to weld fusion line/ welding direction in P92 steel NG-TIG weld joint (Fig. 2.6(a))
and schematic of weld joint flat creep specimens are shown in Fig. 2.6(b). The miniature flat
tensile specimens extracted from different regions across the single-pass weld joint and test
set-up consisting of specimen holders and pins are shown in Fig. 2.7.
The schematic diagram of cylindrical tensile specimen is shown in Fig. 2.8. The flat
tensile specimen is shown in Fig. 2.9. Schematic of Charpy impact V-notch specimen used in
this study is shown in Fig. 2.10. Schematic of cylindrical (Fig. 2.11(a)) and square creep
specimens are shown in Fig. 2.11.
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Fig. 2.6 (a) Extraction of weld joint specimen in the different orientation with respect to welding
fusion line/welding direction, (b) schematic of weld joint flat specimen (all dimensions are in mm).

Fig. 2.7 (a) Miniature flat tensile specimens and (b) testing set-up consisting of speicmen
holders and pins.
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Fig. 2.8 Schematic diagram of cylindrical tensile specimen (all dimensions are in mm).

Fig. 2.9 Schematic of flat tensile specimen (all dimensions are in mm).

Fig. 2.10 Schematic of Charpy impact V-notch specimen (all dimensions are in mm).
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Fig. 2.11 Schematic of (a) cylindrical and (b) square creep specimens used in this study (all
dimensions are in mm).
2.6 Mechanical tests
The different mechanical tests conducted in this study are hardness, tensile, impact
and creep. Details of these tests are given in the following sections
2.6.1 Hardness, tensile and impact tests
(a) Hardness measurements: Macro and micro - Vickers hardness measurements were made
on base steels as well as across the weld joint in the as-weld, PWHT and creep exposed
conditions. The indentation load value 10 kgf in the macro-Vickers (FIE make VM-50) and
50 to 300 gf in the micro-Vickers (Walter UHL make VMH-I04M) were used. Dwell time 15
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seconds was used in all conditions of the measurements. The diagonal length of the
indentation was measured to obtain the hardness values, ten indentations were taken to arrive
at the average value of hardness in the base steels. Hardness measurements across the weld
joint were performed at three different locations to confirm the hardness variations across the
joints. The Vickers hardness values were obtained in the materials using the following
equation,
HV = 1.854 P / d2
where HV is the Vickers hardness in kgf/mm2, P is the load in kgf, d is the mean of two
diagonals of the indentation made on the specimens in mm.
(b) Tensile testing: HungTa make 100 kN Universal Testing Machine (UTM) was used to
carry out tensile testing. Cylindrical tensile specimens (Fig. 2.8) were used to carry out tests
on base metal, and different furnace-simulated HAZ regions at different temperatures (300 1073 K) over a range of strain rates from 3x10-5 to 3x10-3 s-1 as per the ASTM E8 and E21
standards. The stress relaxation tests were carried out by interrupting the cross-head motion
in tensile tests at 2% engineering strain and monitoring the variation of load with time. In
addition, specimens with rectangular cross sections (Fig. 2.9) were fabricated from the
different locations in the single-pass cross weld joints for evaluation of tensile properties.
Prior to tensile test, the specimen was heated to test temperatures using electrical resistance
split type of furnace having three heating zones. Separate temperature controllers were used
to maintain constant temperature across the different zones of the furnace. K-type
thermocouples have been used to monitor the temperature of the testing specimen. The
specimen was held for 15 minutes at test temperature to ensure uniform temperature along the
specimen within 2 K. Load-elongation data were recorded using digital data logger. The
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yield stress (YS), ultimate tensile strength (UTS) and ductility were calculated as per the
equations given below,
YS0.2 (MPa) = P0.2/Ao
UTS (MPa) = Pu/Ao
Reduction in area (%) = [(Ao–Af)/Ao] x 100
Elongation (%) = [(Lf – Lo)/Lo] x 100
where, YS0.2 and P0.2 are yield stress and load in N at 0.2% strain, Pu is the ultimate
tensile load in N, Ao and Af are the original and final areas of the specimen in mm2, Lo and Lf
are the original and final lengths of the specimen in mm.
(c) Impact test: Charpy impact tests were carried out as per ASTM E23 at different
temperatures. Standard Charpy specimens having dimensions of 10x10x55 mm3 with Vnotch at the middle of the block were used. The schematic of impact specimen is shown in
Fig. 2.10.
2.6.2 Creep tests
Constant load uniaxial creep tests at different temperatures over a wide range of
applied stresses on the base metals and weld joints were carried out using single lever arm
type creep machine in air environment as per ASTM E139 standard. The creep tests on base
metal and weld joints of various steels were performed over a wider range of temperatures
823 - 973 K (550-700 C) and applied stresses (60 to 350 MPa). Schematic of cylindrical and
square creep specimens are shown in Fig. 2.11. The lever ratio of the loading arms were
either 1:10 or 120 for the different machines employed in the study. The machine consists of
three-zone temperature controlled resistant type split furnace. Three K-type thermocouples
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were attached with the specimen, one each for each zone, to monitor and maintain the test
temperature. The temperature of the specimen across the gauge length was maintained within
±1 K of the set temperature. Elongation of the specimen during creep test was measured
using four-rod mechanical extensometer attached with digimatic dial indicator with a
measuring resolution of ± 0.001 mm. The data was acquired by an automated data logger.
The percentage reduction in area and percentage elongation of the creep exposed specimens
were determined. Impression creep tests were performed under vacuum (10-6 mbar) on
specimens extracted from different regions of the P91 steel single pass A-TIG weld joint.
Vacuum chambers consisting of high temperature heating facility were used to perform these
tests using cylindrical indenter having 1 mm diameter. Test blocks having dimensions
20x20x10 mm3 extracted from the A-TIG weld joint of P91 steel were used in this study. Size
of individual regions such as CGHAZ, FGHAZ and ICHAZ in the A-TIG joint were 3.0 mm,
3.5 mm and 1.8 mm respectively. The weld metal region was about 8-10 mm. Lever arm type
uniaxial creep and impression creep machines used for investigation are shown in Fig. 2.12.
2.7 Microstructural characterization
The different features of the microstructure of the steels at different length scales were
characterized using optical metallography (OM), and field emission gun scanning electron
microscopy (FEG-SEM) and TEM equipped with energy dispersive spectroscopy (EDS)
measurement techniques.
Specimens were extracted from base metal, cross weld joint and the simulated HAZ
regions before and after creep exposure for metallographic preparation. The location of the
fracture vis-à-vis different regions of the weld joints was identified based on microstructural
and hardness profile studies close to the fracture surface. Metallography samples from cross-
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Fig. 2.12 (a) Photograph of lever arm type uniaxial creep machines, (b) creep machine
with creep specimen, thermocouple, extensometer and digimatic indicator and (c) impression
creep machine.
weld specimens before and after creep test were obtained from sections normal to the welding
direction. The metallographic specimens were prepared using conventional mechanical
polishing using SiC emery papers (up to 4000 grit) and subsequently polished using 1 and 0.1
µm alumina suspension. The finely polished specimens were immersion etched for 12 to 15
seconds using Villela’s reagent (Picric acid 5 gm, HCl 25 ml, Ethyl alcohol 500 ml) to reveal
the microstructures in the steels. Optical microscope of inverted type Carl-Xeiss (Axio
Vert.A1) was used for examination of microstructure at 50, 500 and 1000X magnifications.
Higher magnification examination of the microstructure was done using metallography
samples under SEM.
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Specimens for EBSD study were prepared using standard metallographic procedure
up to 0.1 µm alumina suspension under low rotational speed ~80 rpm in order to avoid
introducing additional strain in the material. Specimens were thinned down to 70 µm
thickness by mechanical polishing with emery paper under flowing water, followed by
electrolytic double jet thinning (Struers make TenuPol) using 20 % perchloric acid and
ethanol solution at 238 K and 20 V for transmission electron microscopic (TEM)
investigation. Cross-weld joint specimens were thinned to 100 µm then etched for 5 seconds
(etched lightly) using Villela’s reagent then subsequently 3 mm discs were punched out at the
region of interest, these discs were again polished to 70 µm then electrolytic double jet
thinned as above. Fractography was carried out on tensile and creep tested specimens at
various conditions to study the features and identify the damage mechanisms. For this,
samples were obtained by cutting the fracture end of the specimens to about 10 mm along the
gage length; the specimens were ultrasonically cleaned in methanol for 1 minute before
examining under SEM.
SEM secondary electron (SE) and backscattered electron (BSE) images were
employed to reveal various features. BSE image is obtained based on the contrast governed
by the difference in atomic number (Z) of the elements in the region. Higher Z elements lead
to higher backscattered electrons than the lighter elements. Characteristics X-ray emitted
from the alloying elements in the steel and qualitative composition of the precipitates and
matrix were obtained. Electron Backscatter Diffraction (EBSD) Analysis technique available
with SEM was extensively used in this study. EBSD scanning on different conditions of the
steels was performed in 0.2 mm step size over an area of 102 x 77 µm2. Mostly eight
numbers of Kikuchi diffraction pattern were obtained for indexing bcc ferrite phase. EBSD
data were analyzed using HKL channel-5 software; and inverse pole figure (IPF) map
coupled with grain boundary maps, Kernel average misorientation (KAM) map with
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misorientations 0.1 to 2°, coincidence site lattice (CSL) boundary and dislocation density
were obtained. Photograph of SEM (Zeiss SUPRA 55) used in this study is shown in Fig.
2.13.

Fig. 2.13 Photograph of FEG-SEM SUPRA 55.
Transmission electron microscopy was performed for the study of microstructure at
small length scales and substructural studies. TEM work has been performed using Philips
CM200 TEM with EDX facility attached; LaB6 cathode is operated at an accelerating voltage
of 200 kV with a sample tilt of ± 60°. Prior austenite grain and subgrain structure size were
measured by linear intercept method. Microstructural constituents (precipitates, lath, and
grain size) were analyzed using image analysis Image-J software.
2.8 DSC, XRD and phase prediction
Differential scanning calorimetry was performed to identify the temperatures for
different transformations in the various steels in this study. Setaram Setsys 1600 DSC with
heat flux compensated under continuous Argon flow was used. The specimen dimensions and
mass were 2 x 2 x 2 mm3 and 100 to 120 mg respectively. The calibration was carried out
using pure Iron. The specimens were heated to 1323 K and held for 15 minutes then cooled to
room temperature. The temperature uncertainty is ± 2 K. The heating and cooling rates were
between 3 to 99 K/minute in nine discrete steps. Each scan rate experiment was repeated
three times with a fresh sample of nominally the same mass. Critical cooling rate for 100%
martensite is 5 K/minute and above. The Ac1, Ac3, Ms, and Mf temperatures were obtained
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from the average of eight samples for each composition. The accuracy of determination of
these temperatures are ±5 K for Ac1 and Ac3, and ±8 K for Ms and Mf.
The structural phase characterization of the specimen was performed in a Bruker D8
Discover X-ray diffractometer (XRD) with CuKα radiation (λ = 1.5406 Å) in Bragg Brentano
(θ-2θ) geometry at room temperature. The step size was 0.02 and scan speed was 15 seconds
per step. The peak positions were estimated by fitting the XRD patterns using
X’PertHighScore Plus software and indexed by matching it with standard powder diffraction
data (PDF). The pattern matches with ICDD Card No. 00-006-0696 (Fe: BCC) and 00-0350783 (Cr23C6). Phase fractions in the P91 and P92 steels as a function of temperature were
obtained from equilibrium calculations in the temperature range of 673 to 1873 K using
Thermo-Calc software (TCFE8: steel/Fe-alloys v8.0).
2.9 Finite element analysis
Finite element analysis of stress distribution across the weld joint during creep
exposure was carried out to understand creep deformation and rupture behaviour of the weld
joint. 2D planer geometry considering ½th of the actual geometry was created, and meshing
was performed using 4 nodded quadrilateral elements employing ABAQUS 6.14 finite
element solver [73]. The elastic behaviour was incorporated in the model using Young’s
modulus and Poisson’s ratio, and creep behaviour using Norton’s creep law relating the
minimum creep rate with applied stress ( ̇

= Aσn). Von-Mises yield criterion has been used

for occurrence of yielding across the weld joint. The element size was reduced at the intercritical region of the joint and elastic analysis was used to ensure that the mesh configuration
was sufficiently refined across the weld joint. Elastic-creep steady state analysis of the weld
joint specimens was carried out under plane strain condition. The analysis was carried out
until the creep strain reaches the elastic strain of the material [74].
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Effect of Microstructural Heterogeneity and Welding Process on Type IV
Cracking of P91 Steel Weld Joint
3.1 Introduction
In this chapter, variations in microstructural constituents across the modified 9Cr-1Mo
(P91) steel weld joints generated during weld thermal cycles for fabrication using different
welding processes viz A-TIG, TIG, SMAW and EBW and its influence on high temperature
tensile strength and creep deformation across different regions in the joint have been discussed.
Impression creep on A-TIG weld joint for assessing different regions in the weld joint, and
conventional uniaxial creep tests on different weld joints to assess its type IV cracking behaviour
have been carried out.
3.2 Microstructure, hardness across the weld joint
P91 steel in the NT condition exhibited prior austenite grain size (PAG), lath width and
M23C6 precipitates size about 20 m, 700 nm and 100 nm respectively (Fig. 3.1). MX
precipitates predominantly exist in the intra lath region and are thermally more stable as
compared to M23C6 precipitates [3,5,11,23,65,75-79]. M23C6 precipitates were observed along the
PAG and sub-grain boundaries, which strengthen the boundaries through restricting their
migration by pinning. EDS spectrum of M23C6 precipitates is given in Fig. 3.1(c). Weld thermal
cycle leads to alteration of the microstructural constituents of the base metal in the heat affected
zone (HAZ) depending upon the weld peak temperature experienced in that particular region
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(Fig. 3.2). The single pass A-TIG weld joint comprises the weld metal (WM), heat affected zone
(HAZ) and base metal (BM) (Fig. 3.2(g)). The HAZ consists of distinct regions of coarse prioraustenite grain (CGHAZ) adjacent to weld metal, fine prior-austenite grain (FGHAZ) and
intercritical region (ICHAZ) which merges with unaffected base metal (BM) in that order, away
from weld metal (Fig. 3.2(b-f)). In the ICHAZ, partial transformation of  to  upon heating, and
 to  on cooling (un-tempered) and dissolution of M23C6 precipitates were observed (Fig. 3.3).
The average size of M23C6 precipitates in the ICHAZ in as-welded condition was 80 nm. The
microstructural features, viz PAG size, M23C6 precipitates size (estimated from SEM images) in
different regions across the joint varied significantly (Fig. 3.4 and 3.5). Prior-austenite grain
sizes of the CGHAZ, FGHAZ, ICHAZ and base metal across the PWHT A-TIG weld joint were
around 40 m, 14 m, 8 m and 20 m respectively. The prior-austenite grain sizes of the ATIG, EB, TIG and SMAW joint HAZs were comparable. However, the HAZs were much
narrower in the EB, TIG (~3.3 mm) and SMAW (~3.5 mm) joints than in the A-TIG (~8.3 mm)
joint. The HAZ of EB weld joint was 200-350 m in width and only a few grains composed
different regions in the HAZ. Finer grain size, coarser M23C6 precipitates, and more extensive
subgrain formation with reduction in dislocation density were observed in the ICHAZ of PWHT
A-TIG joint as compared to other regions in the joint. Dissolution of M23C6 precipitates was
observed in the FGHAZ region of weld joint [80]. Partial  to  transformation upon heating
during welding and  to  on cooling led to introduce high dislocation density. This assisted to
coarsening of existing undissolved precipitates in the ICHAZ during welding were further
coarsened during the PWHT. The extent of coarsening of M23C6 precipitates after PWHT was
higher in the ICHAZ than that in the base metal region (Fig. 3.5). M23C6 precipitates size in the
ICHAZ of as-welded joint was lower (80 nm) as compared to base metal (100 nm). Relatively
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finer M23C6 precipitates were observed in the WM. In addition to significant coarsening of
precipitates during welding in the ICHAZ, boundaries decorated by the particles were lost due to
 to  transformation and migration of boundaries under the very high temperatures experienced
(~ 1112 to 1144 K) (Fig. 3.3). In the A-TIG joint [81-84], M23C6 precipitates in the PWHT
ICHAZ had an average size of 140 nm and area fraction of 6.5 %, while in the SMAW joint
these were 140 nm and 14.4 % respectively (Fig. 3.6). In the EB weld joint, these were 88 nm
and 4.0 % respectively (Fig. 3.6). Coarser precipitates in the A-TIG and SMAW joint were due
to higher heat input as compared to EB joint. Precipitates size were comparable in the A-TIG,
TIG and SMAW joint. Area fraction of M23C6 precipitates were higher in the TIG and SMAW
joint is due to re-heating effect on the previous HAZ by the subsequent pass. A-TIG and EB are
single-pass joints. Reduction in strength (Table 1) has been noticed in the ICHAZ as compared to
other regions in the weld joint due to increase in distance between the barriers to the movement
of dislocations such as lath/subgrain boundaries, M23C6 precipitates, and subgrain formation with
reduction in dislocation density [65,77,85,86].
SEM EBSD investigation has been performed on single pass A-TIG joint that consists of
unmixed regions in the HAZ. EBSD inverse pole figure (IPF) Z-map superimposed with low and
high angle grain boundary map revealed the presence of significantly finer grain structure in the
ICHAZ than in the WM, CGHAZ, FGHAZ and BM (Fig. 3.7(a-e)). IPF color legend is shown in
Fig. 3.7(f). Uniformity of IPF color shade within the packet boundary (packet consists of subblocks and lath) depicted the nearly single orientation in it. The packet size decreased from WM
to ICHAZ. The subgrain structure size of 1.79, 2.29, 1.93, 1.32 and 1.91 µm were observed in
the WM, CGHAZ, FGHAZ, ICHAZ and BM respectively. Low angle grain boundaries (LAGB)
(2<θ<15; red) and high angle grain boundaries (HAGB) (θ >15; black) distribution in the WM,
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CGHAZ, FGHAZ, ICHAZ and BM are shown in Fig. 3.8(a-e). The fraction of HAGBs were
higher in the ICHAZ and were comparable with base metal. Smaller grains (~1.5 µm) having
HAGBs around the bigger grains were observed in the ICHAZ (Fig. 3.8). The ratios of HAGB to
LAGBs fraction in different regions across the joint are summarized in Table 2 and Fig. 3.8(f).
The ratio was lower in the WM, CGHAZ, and FGHAZ regions, 0.26, 0.20 and 0.30 respectively,
which depicted the significant existence of block/lath structure. The ratio of HAGB to LAGBs in
the ICHAZ was comparable to the BM region. The variation of misorientation angle in different
regions in the joint are shown in Fig. 3.9. Fraction of low misorientation angle (MOA)
boundaries (at  1.5) was higher in the WM, CGHAZ and FGHAZ. MOA in the ICHAZ and
BM regions were comparable. Relatively less low MOA boundaries in the ICHAZ depict the less
lath structure. This led to contribute for faster deformation of the zone as compared to other
regions. The CSL boundary map (colour lines) and distribution in frequencies (%) in different
regions of P91 steel joint are shown in Fig. 3.10. The CSL map overlapped with the boundary
map depicting existence of CSL character predominantly in the block boundaries. The fractions
of CSL boundaries (Σ3, Σ11 and Σ25b) were noticed to be relatively lower in the ICHAZ region
(Fig. 3.10(h)) than in other regions (WM, CGHAZ, BM and FGHAZ) in the joint (Fig. 3.10).
CSL boundaries in the CGHAZ and ICHAZ were comparable. The presence of finer precipitates
and predominant lath structure in the CGHAZ led to prevent the faster deformation observed in
the ICHAZ. The partial transformation to austenite and over tempering of untransformed
martensite during weld thermal heating cycle in the ICHAZ region resulted in coarsening of
subgrain structure and reduction in CSL boundaries. CSL boundaries improve the creep strength
by minimizing the boundary sliding in the steel [75,85].
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Fig. 3.1 (a) SEM and (b) TEM micrographs of P91 steel in the normalised and tempered
(NT) condition, (c) EDS spectrum of M23C6 precipitate.

Fig. 3.2 (a) diagram depicting the peak temperature across the joint [3], P91 steel grain boundary
map of (b) weld metal, (c) coarge grain, (d) fine grain, (e) inter-critical region, (f) base metal and
(g) activated-TIG single-pass joint.
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Fig. 3.3 Microstructure of ICHAZ ((a) and (b)) in the as-weld condition depicting the partial
transformation to austenite and untransformed martensite upon heating during weld thermal
cycle (precipitates without prior boundaries - red line).

Fig. 3.4 Micrographs across the PWHT A-TIG weld joint of P91 steel, (a) weld metal, (b)
CGHAZ, (c) FGHAZ, and (d) ICHAZ.
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Fig. 3.5 (a) Variation of M23C6 precipitates size across the PWHT A-TIG weld joint and (b)
ICHAZ at different condition in the P91 steel joint.

Fig. 3.6 Micrographs of intercritical region in the P91 steel weld joint (a) A-TIG ICHAZ, (b) EB
ICHAZ and (c) SMAW ICHAZ
Microstructure of this steel can be considered to consist of these types; (i) recovered
(recovery of dislocation structure), (ii) substructure (lath and block) and (iii) deformed structure
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(consisting of more dislocations at intra-lath region or at interfaces). Relative amounts of these
structures vary in different regions of the joint (Fig. 3.11). Substructure frequency (%) in the
WM and CGHAZ region was relatively higher than in the other regions, whereas recovered and
deformed structure frequencies were lower in the WM and CGHAZ regions (Fig. 3.11(a, b)). In
the case of FGHAZ, ICHAZ and BM regions, recovered and substructure frequencies were
comparable; but the deformed structure in the ICHAZ region was relatively higher than in the
FGHAZ and BM region (Fig. 3.11). Higher deformed structure in the ICHAZ is presumably due
to more interfaces (grain boundaries, precipitates/matrix interface). It may be noted that the
presence of softer (recovered) and harder (deformed structure) regions in the ICHAZ leads to
significant heterogeneity in the microstructure. Under short term creep and at lower test
temperature, softer regions might contribute to strengthening by work hardening under the
applied stress. Increase in temperature and reduction in applied stress restricts the advantage of
work hardening of soft regions of the ICHAZ, concurrently harder regions containing dislocation
structure tend to recover, which ultimately leads to loss in strength at high temperature and low
stresses. Kernel average misorientations (KAM) maps across the different regions in the weld
joint are shown in Fig. 3.12. The color legend for KAM distribution is given in Fig. 3.12(f). The
non-uniform color distribution depicts the variations in strain distribution within the blocks and
packets. Formation of equiaxed subgrain structure from elongated substructure is predominantly
existent in the ICHAZ region (Fig. 3.12(d)).
The KAM value was used to evaluate the dislocation density from the following
relationship i.e,

, where

b

is grain boundary dislocation density,

is the average KAM angle in radian, ravg is the ratio of surface area to volume of
substructure (misorientations > 0.1) [87]. Evaluated boundary dislocation density in the WM,
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CGHAZ, FGHAZ, ICHAZ and BM were about 0.32 x 1014, 0.34 x 1014, 0.25 x 1014, 0.59 x 1014
and 0.30 x 1014 m-2 respectively. Dislocation density estimated in the WM, CGHAZ, FGHAZ
and BM were lower than that observed in the ICHAZ. FGHAZ has shown the lowest dislocation
density as observed in the KAM map (Fig. 3.12(c)). However, dislocation density of WM,
CGHAZ and BM were comparable.
Heterogeneity in strain distribution increased in the order WM, FGHAZ, BM, CGHAZ
and ICHAZ region (Fig. 3.12). In addition to the heterogeneous combination of softer and high
strain regions, the boundary dislocation density and coarse precipitates are higher in the ICHAZ
region. However, the boundaries decorated by the precipitates prior to welding were lost due to
reverse transformation to austenite during welding. The presence of more precipitates without
pinning the boundary is not much useful for long term creep resistance. Also, presence of more
dislocations due to lower martensite start (Ms) temperature contributed by local increase in
chromium due to dissolution of precipitates and smaller prior austenite grain size in the ICHAZ
region. The low contents of chromium and carbon near the undissolved precipitates results in
martensite structure with low dislocation density, which further softened during post weld heat
treatment. ICHAZ region exhibited low yield stress-YS and ultimate tensile strength-UTS as
compared to other regions in the HAZ (Table 1).
Variation of hardness across the A-TIG weld joint in the as-weld and PWHT conditions
are shown in Fig. 3.13(a). The hardness values obtained across the as-weld condition in the weld
metal, CGHAZ and FGHAZ regions were comparable. However, a decrease in hardness from the
outer edge of the FGHAZ to the base metal with a dip in the ICHAZ was observed. The similar
hardness values (400 VHN) observed for weld metal, CGHAZ and FGHAZ in the as-welded
condition is due to the similar dislocation density obtained by martensite transformation during
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Fig. 3.7 EBSD-IPF map across the A-TIG weld joint of P91 steel, (a) weld metal, (b) CGHAZ,
(c) FGHAZ, (d) ICHAZ, (e) base metal and (f) IPF colour legend.
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Fig. 3.8 EBSD grain boundary map depicting low angle boundaries (2<θ<15; red) and high
angle boundaries (θ >15; black) (a) weld metal, (b) CGHAZ, (c) FGHAZ, (d) ICHAZ, (e) base
metal and (f) ratio of HAGB/LAGB in the P91 steel A-TIG joint.
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Fig. 3.9 Misorientation angle distribution at different regions in the P91 steel A-TIG joint (a) up
to 20, (b) 45 t o 62 (refer colour picture for interpretation).
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Fig. 3.10 CSL boundary map (colour lines) in different regions of P91 steel A-TIG joint (a,b)
weld metal, (c,d) CGHAZ, (e,f) FGHAZ, (g,h) ICHAZ and (i,j) base metal.
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Fig. 3.11 Recovery of substructure (blue), substructure (yellow) and deformed (red) regions in
the (a) weld metal, (b) CGHAZ, (c) FGHAZ, (d) ICHAZ, (e) base metal and (f) frequency (%) of
microstructural conditions in different regions of P91 steel A-TIG joint.
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Fig. 3.12 EBSD KAM map depicting the strain distribution in the P91 steel A-TIG joint regions
of (a) weld metal, (b) CGHAZ, (c) FGHAZ, (d) ICHAZ, (e) base metal, (f) colour legend for
KAM distribution and (g) frequency of KAM angle for different regions in the joint.
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Fig. 3.13 Variation of hardness across the weld joint in the (a) as-weld and PWHT conditions of
A-TIG and (b) PWHT condition of EB, TIG and SMA weld joints.
the weld thermal cycle. The A-TIG, EB, TIG and SMAW weld joints subjected to PWHT
exhibited a decrease in hardness from the fusion zone (300 VHN) to the base metal (216 VHN)
with a hardness trough in the ICHAZ (Fig. 3.13(b)). The formation of subgrain structure with
decreased dislocation density and coarser precipitates observed in the ICHAZ are responsible for
the lower hardness as compared to other regions in the weld joints. ICHAZ of the EB, TIG and
SMAW joints possessed higher hardness as compared to A-TIG weld joint. The increased
number density of precipitates in the ICHAZ of TIG and SMAW (~17/µm2) joint than the A-TIG
joint (~6/µm2) resulted in their higher hardness. Higher number density (~10/µm2) of finer
M23C6 precipitates in the EB joint resulted in its higher hardness than the other weld joints.
Although, ICHAZ exhibits the lowest hardness, the synergistic effect of strain hardening of
softer regions restricted by the harder regions within the ICHAZ resulted in its increased strength
as compared to base metal in the short term creep exposure (high stress), and low temperature
condition, leading to failure in the base metal [23,77,80]. However, ICHAZ failure in the joint is
evidently seen at high temperature (923 K) even at short durations due to decreased strain
hardening capability and recovery dominant in the region containing fine grains and coarser
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precipitates. Elimination or reduction of heterogeneity in microstructural constituents across the
weld joint and restricting the sliding of boundaries in the ICHAZ would enhance the creep
rupture strength of the weld joint as compared to the base metal.
3.3 Impression creep
The creep deformation assessed at WM, CGHAZ, FGHAZ, ICHAZ and BM using
impression creep test at 923 K under a punching stress of 300 MPa on single pass A-TIG joint is
presented in Fig. 3.14(a). ICHAZ has exhibited higher depth of penetration/deformation (Fig.
3.14). CGHAZ region experienced significantly less creep deformation in comparison with other
regions. BM and FGHAZ deformation were comparable, whereas ICHAZ region deformed at
faster rate than the BM, FGHAZ, CGHAZ and WM (Fig. 3.14(b)). Presence of soft ferrite in the
weld metal leads to deformation at higher rate than the BM, FGHAZ and CGHAZ. The creep
deformation rate of CGHAZ was the lowest. The impression punch stress (300 MPa) in different
regions of the joint is equivalent to uniaxial applied stress about 99 MPa with a correlation factor
of 0.33 reported by H.Y. Yu et al [88]. Distinct heterogeneity in the shorter creep exposure
would further enhance the difference in deformation behaviour between the regions, which
would ultimately result in the premature failure of the joint by localized deformation and creep
cavitation in the ICHAZ due to microstructural heterogeneity within the ICHAZ. Creep
deformation (depth of penetration) with time for ICHAZ at 923 K at applied punch stresses over
a range of 180-330 MPa (equivalent uniaxial stresses 59-109 MPa) are shown in Fig. 3.15.
Lower creep strength of the ICHAZ than the other regions in the joint is evident, about 120 MPa
loss of strength in ICHAZ compared to the CGHAZ (at a given depth of penetration and
exposure duration). Minimum creep rates obtained from impression creep and uniaxial tensile
creep for ICHAZ at 923 K have been given in Fig. 3.15(b). Minimum creep rate of ICHAZ in the
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weld joint obtained from impression creep has shown relatively higher as compared to the
uniaxial tensile creep rate evaluated from simulated ICHAZ.

Fig. 3.14 (a) Depth of penetration with time and (b) impression creep rate for weld metal,
CGHAZ, FGHAZ, ICHAZ and base metal in P91 steel weld joint at 923 K and 300 MPa punch
stress.

Fig. 3.15 (a) Depth of penetration with time for ICHAZ in P91 steel A-TIG weld joint at 923 K
and different punch stress levels, (b) minimum creep rate for ICHAZ at 923 K from simulation
and A-TIG weld joint of P91 steel at different stress levels.
3.4 Uniaxial creep behaviour of weld joints
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A comparison of the creep curves of A-TIG and SMA weld joints of P91 steel with the
base metal at 923 K and 80 MPa is shown in Fig. 3.16(a). Both the joints exhibited primary creep
regime followed by an apparent steady state creep deformation and an accelerating tertiary creep
regime as observed in the base metal. The SMAW joint has the lowest life a factor of 20 lower
than the base metal, whereas the A-TIG weld joint has a life lower by a factor of 10. The
variations of creep rate with creep exposure for the base metal and weld joints are compared in
Fig. 3.16(b). The creep rate decreased from initial deformation with creep exposure to a
minimum value followed by increase with no considerable secondary stage of creep deformation.
The tertiary stage of creep deformation in the weld joint was found to initiate much early than
the base metal. Extensive microstructural changes (higher rate of recovery of dislocations and
coarsening of subgrain boundaries in the ICHAZ) and localized creep deformation in the selected
constituents of the joints have been considered responsible for the early onset of tertiary stage of
creep deformation in the steel weld joints in comparison with base metal. The early initiation of
tertiary creep deformation in the SMAW joint is attributed to the higher deformation constraint
(generated by mixed HAZ regions due to multi-pass process) imposed on the soft ICHAZ by
adjacent regions. The delayed initiation of tertiary creep deformation in the A-TIG weld joint is
attributed to lesser deformation constraint in ICHAZ caused by adjacent unmixed HAZ regions
(Fig. 3.2(g)). The variations of rupture life (tr) with applied stress (a) for the base metal, A-TIG,
EB, TIG and SMAW joints of the P91 steel at 923 K are shown in Fig. 3.17. The weld joints had
significantly lower creep rupture life than the base metal at all the stress levels. Difference in the
rupture life (tr) between the weld joints and base metal increased with decrease in applied stress.
The A-TIG and EB weld joints show higher tr in comparison with TIG and SMAW joints. TIG
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weld joint possessed higher tr than the SMAW joint. The differences in rupture life between ATIG and TIG weld joints were increasingly evident with decrease in a.

Fig. 3.16 (a) Creep curves and (b) Creep rate with time curves of base metal, joints of P91 steel
at 923 K.

Fig. 3.17 Variations of creep rupture life with applied stress for base metal and weld joints of
P91 steel at 923 K.
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Fig. 3.18 A-TIG and TIG weld joints creep ruptured specimens at 60 MPa stress and 923 K.

3.5 Rupture behaviour and microstructure of crept weld joints
The creep ruptured A-TIG and TIG weld joints specimens at 60 MPa are shown in Fig.
3.18. Localized creep deformation was observed in the outer edge of HAZ in both the joints. The
base metal, weld metal, CGHAZ and FGHAZ regions were found to be more or less damage
free. A drastic reduction in rupture ductility occurred in the weld joints as compared to the base
metal (Fig. 3.16) indicating localized deformation. Since the creep specimen consists of different
regions with widely varying microstructure and mechanical properties, the deformation is highly
heterogeneous and the rupture ductility calculated on the entire gauge length has less meaning.
However, the reduction in rupture ductility was relatively lower in the A-TIG joint as compared
to the TIG joint. Nondestructive measurement of local reduction of dimension in the ICHAZ has
been reported to be one of the life predicting variable incase of difficulties to acquire the
volumetric information (voids) [80,86]. However, the weld joint exposed to high temperatures
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for long duration may not provide considerable indication of outer dimensional change (which
decreases with decrease in applied stress) in the ICHAZ of the weld joint. Since, the creep
damage accumulates in the interior. The mixed mode of failure (ductile and brittle) has been
observed in the A-TIG joint specimen tested at 60 MPa (Fig. 3.19). A relatively brittle mode of
failure occurred in TIG joint in comparison with A-TIG joint under similar test conditions.
Microstructural investigations on the intact side of the creep exposed joint revealed that creep
failure of the joint occurred in the ICHAZ which had exhibited lowest hardness prior to creep
testing. Fracture in the EB joint has occurred in the base metal region at 80 MPa. In the present
study, at 923 K, type IV failure has been observed in the ICHAZ of the A-TIG, TIG and SMAW
joints 80 MPa and below. However, the localized creep deformation and reduction in ductility
became increasingly prominent with decrease in a.
Microstructures of the weld metal, base metal and different HAZ constituents of A-TIG
weld joint creep exposed at 60 MPa are shown in Fig. 3.20. Localized creep cavitation was
observed in the ICHAZ as compared to other regions in the joint. SEM micrographs of ICHAZ
in the A-TIG and SMAW weld joints depicting M23C6 precipitates are shown in Fig. 3.21.
Extensive coarsening of M23C6 precipitates with sub-grain formation has been observed in the
ICHAZ. The localized plastic flow in the ICHAZ might have enhanced the coarsening of M23C6
precipitates on creep exposure than other regions of the HAZ by enhanced diffusion by providing
easy paths. The coarsening of M23C6 precipitates led to accelerate the recovery process of the
steel, which led to decrease its strength drastically. The M23C6 precipitates size about 520 nm and
area fraction of 3.0% have been observed in the ICHAZ A-TIG crept at 923 K and 60 MPa stress
(Fig.3.21). Coarser and higher area fraction of M23C6 precipitates have been observed in the
ICHAZ of creep tested TIG and SMAW weld joints.
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Creep cavitation was localized in the ICHAZ, and was associated with M23C6
precipitates. Extensive creep cavitation was observed in the ICHAZ of TIG and SMAW joints
than the A-TIG joint (Fig. 3.22). The flow of the low creep resistance region is restricted by the
surrounding stronger creep resistance region resulting in the development of greater triaxial state
of stress in the soft ICHAZ. Creep damage accumulation due to strain incompatibility between
the creep strong and creep weak regions was reported in the P91 welds [3,24,89-91]. However,
in the present investigation, the lower deformation constraint imposed on the soft intercritical
region due to existence of systematic unmixed regions across the HAZ of the A-TIG weld joint
resulted in decrease in triaxial state of stress (which causes predominant creep cavitations
assisting the premature Type IV failure). This led to lower creep cavitations in the ICHAZ of ATIG joint. TIG and SMAW joints exhibited lower creep rupture life due to coarsening of M23C6
precipitates and enhanced creep cavitation. Coarsening of precipitates lowers the strength locally
by depletion of alloying elements from solid solution leading to increased plasticity. Nucleation
of cavities is easier at the coarse precipitates and their growth is aided by increased plasticity.

Fig. 3.19 Fracture surface of the crept joint of P91 steel at 923 K, 60 MPa A-TIG.
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Fig. 3.20 Microstructure across the crept A-TIG joint of P91 steel at 923 K, 60 MPa (a) WM, (b)
CGHAZ, (c) FGHAZ, (d) ICHAZ and (e) BM.
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Fig. 3.21 SEM micrographs of ICHAZ in the (a) A-TIG, (c) SMAW weld joints at 923 K, 60
MPa.

Fig. 3.22 Creep cavitation in the ICHAZ observed at 923 K, 60 MPa in (a) A-TIG and (b) TIG
and (c) SMAW.
3.6 Weld strength factor
The creep strength of a welded component is decided by that of the weld. Therefore,
creep design of welded components introduces a weld strength factor (WSF), which is defined as
the ratio of the uniaxial creep rupture strength of the weld joint 
rupture strength of the base metal 

to the uniaxial creep

at the same rupture life, temperature and environment,
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[68, 83]. Weld strength factor (WSF) has been used with base metal data to

calculate allowable design stress for the welded components [68]. The variation of WSF A-TIG,
EB, TIG and SMAW weld joints of P91 steel with creep rupture life at 923 K presented in Fig.
3.19 clearly shows the loss of creep rupture strength of the steel joint with increase in creep
exposure time. A 26% loss of creep rupture strength of the joint (WSF about 0.74) compared to
the base metal (at 923 K for tr = 104 h) in the A-TIG joint has been obtained by extrapolation in
this investigation. The HAZ width of SMAW and A-TIG weld joints were ~3.5 and 8.3 mm
respectively. WSRF values in the range 0.79 to 0.65 under long term creep at 923 K have been
reported by Parker et al in the P91 steel weld joint [68] from conventional creep tests. The higher
deformation constraint in the TIG and SMAW joints results in higher loss of strength as
compared to the base metal and A-TIG joint (Fig. 3.23). Extensive creep cavitation in the
ICHAZ of TIG and SMAW cross weld joints confirms the presence of higher levels of constraint
in it than in the ICHAZ of A-TIG joint. WSF for SMAW joint is lower than the TIG joint.
Although the geometry of both TIG and SMAW joints are similar, less microstructural
degradation in TIG joint during weld thermal cycle led to cause this difference. However, WSF
difference between TIG and SMAW joints decreased under long term exposure. Further, the
creep rupture strength of the joint would depend on the geometry of the joint. Hence, a reduction
of about 0.10-0.14 in WSF value in the TIG and SMAW joints compared to the A-TIG joint is
observed (Fig. 3.23).
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Fig. 3.23 Weld strength factor for P91 steel weld joints prepared using different process at 923K.
Table 3.1 Tensile properties of P91 steel HAZ simulated microstructures at 923 K.
P91 steel

923 K

PAG size (µm)

Y. S (MPa)

U.T.S (MPa)

Total elongation, (%)

CGHAZ

234

242

29.9

40

FGHAZ

195

210

27.2

18

ICHAZ

132

139

36.4

9

209

215

35.0

20

BM

Table 3.2 EBSD analysis and hardness of different constituents of P91 steel PWHT A-TIG joint.
Grain boundary frequency
P91 steel

Ratio of
HAGB/LAGB

Vickers
Hardness,
(VHN0.3)

LAGB

HAGB

 < 15º

 > 15º

WM

0.79

0.21

0.26

291

CGHAZ

0.83

0.17

0.20

268

FGHAZ

0.77

0.23

0.30

220

ICHAZ

0.69

0.31

0.45

195

0.69

0.31

0.45

218

BM
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3.7 Conclusions
Based on the detailed microstructural investigations across the single-pass A-TIG weld joint,
and assessment of welding process influence on type-IV cracking behaviour of P91 steel joint,
following conclusions have been drawn:
1. The lower content of low misorientation angle and coincidence site lattice (CSL)
boundaries, coarser substructure, finer grain size, predominant heterogeneous combination of
more recovered and deformed structure, coarser M23C6 precipitates, and boundaries devoid of
precipitates have been identified as the factors leading to higher rate of deformation in the
ICHAZ region as compared to other regions in the joint.
2. The more heterogeneous microstructure of the ICHAZ than the other regions, contributed
to significant damage under creep in addition to the constraint imposed by adjacent regions in the
weld joint.
3. Heterogeneous microstructure and variations in high temperature strength of the different
regions across the joint has led to reduction in creep rupture strength of the single-pass activatedTIG weld joint by about 26% as compared to the base metal at 923 K for a rupture life of 104 h.
4. Although geometry of both TIG and SMAW joints are similar, less microstructural
degradation in TIG joint during weld thermal cycle led to lower SRF for SMAW than the TIG
joint. However, WSF difference between the WSFs of TIG and SMAW joints decreased under
long term exposure. Reduction of about 0.10-0.14 in WSF value in the TIG and SMAW joints
vis-á-vis that of A-TIG joint has occurred due to mixed microstructural regions and more
repeated thermal cycle in HAZ.
5. A-TIG welding is preferred to fabricate the components against Type IV cracking
resistance; TIG welding is recommended than the SMAW in the case of component required
manufacturing from multi-pass welding technique.
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CHAPTER 4
Influence of Boron with Controlled Nitrogen Content on Creep Deformation
and Rupture Behaviour of P91BN Steels and Weld Joints
4.1 Introduction
In this chapter, P91 steels having different combination of boron and nitrogen contents
(P91BN) and the steel without boron (P91) have been investigated. The studies pertaining to
microstructure, differential scanning calorimetry, tensile properties, creep deformation and
rupture behaviour of base metals and weld joints were carried out. The creep behaviour of
simulated ICHAZ of P91 and P91BN-4 (B=0.010, N=0.0021) steels has been presented in this
chapter. Creep tests were carried out at different temperatures (823 - 923 K) over a wider range
of applied stress (50-350 MPa).
4.2 Base metals
4.2.1 Optical microstructure
Optical microstructures of the steels having boron (P91BN) and without boron (P91) in
the normalized and tempered (NT) conditions are given in Fig. 4.1. The tempered martensitic
microstructure was observed in the steels with prior austenite grain (PAG) size of 45 ± 10 µm,
55 ± 10 µm, 60 ± 15 µm and 48 ± 10 µm in P91 (N=0.050), P91BN-1 (B=0.006, N=0.011),
P91BN-2 (B=0.010, N=0.0047) and P91BN-3 (B=0.009, N=0.010) steels respectively under
similar heat-treated conditions (Fig. 4.1 (a-d)). The PAG size relatively decreased with increase
in nitrogen content. Comparatively similar PAG size has been reported in the 9Cr-W steel with
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and without boron [92]. PAG size of about 30-50 µm in 9Cr-3W steel and ~100 µm in the 10Cr
steel were observed under similar normalizing temperature [93,94]. In general, boron containing
steel with lower nitrogen (<0.003% N) content exhibits higher PAG size [94].

Fig. 4.1 OM micrographs of (a) P91, (b) P91BN-1, (c) P91BN-2 and (d) P91BN-3 steels in the
normalized and tempered condition.
4.2.2 Phase transformations
The differential scanning calorimetry (DSC) thermograms for P91 and P91BN steels are
shown in Fig. 4.2 in which  to  phase transformation occurs during heating. The temperature at
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which α to γ transformation starts is commonly referred to as Ac1, and the finish temperature
(complete transformation to  phase) is called as Ac3. This phase transformation occurs over a
range of temperatures, and the region between these critical temperatures (Ac1 and Ac3) is
known as intercritical region. The Ac1, Ac3, and Curie temperatures for P91 and P91BN steels at
a heating rate of 10 K min-1 are given in Table 4.1. P91BN steels containing boron have
exhibited about 20 K higher Ac1 and Ac3 transformation temperatures than the P91 steel. These
transformation temperatures among the P91BN steels were comparable.

Fig. 4.2 DSC thermograms for P91, P91BN-1, P91BN-2 and P91BN-3 steels during heating at
the rate of 10 K min-1.
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Fig. 4.3 DSC thermograms for P91, P91BN-1, P91BN-2 and P91BN-3 steels for martensite
thermal arrest at 10 K min-1.
The DSC thermograms for P91 and P91BN steels are shown in Fig. 4.3 where  to ' phase
transformations occurs during cooling. The temperature at which martensite starts forming is
referred to as Ms temperature, and the finish temperature is called as Mf temperature. The Ms
temperature was low in the P91BN-1 and P91BN-2 steels as compared to P91 steel. Boron
addition leads to decrease the Ms temperature in P91BN steels. However, the difference in Ms
temperature between the P91BN-3 steel and P91 steel is less. The Ms and Mf temperatures for
P91 and P91BN steels at a cooling rate of 10 K min-1 are given in Table 4.1.
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Table 4.1 The Ac1, Ac3,Ms, Mf, and Curie temperatures for P91 and P91BN steels at the heating
and cooling rate of 10 K min-1.
Steel

On - heating

On-Cooling

+ carbide  γ

Martensite

Tc

Transformation
K

Ac1

Ac3

Ms

Mf

K

K

K

K

P91 steel

1008

1112 5

1144 5

726 8

590 8

P91BN-1

1008

1131 5

1171 5

715 8

617 8

P91BN-2

1008

1132 5

1165 5

708 8

613 8

P91BN-3

1008

1132 5

1171 5

730 8

614 8

4.2.3 SEM, EBSD, and TEM microstructures
SEM micrographs of the P91 and P91BN-1 steels in the NT condition are given in Fig.
4.4. The PAG, packet, block and lath boundaries were decorated by M23C6 precipitates (Fig.4.4).
The -ferrite was not observed in the P91 and P91BN steels. MX precipitates were
predominantly observed in the intra-lath regions (Fig. 4.5). The energy dispersive spectroscopy
(EDS) spectrum of M23C6 precipitates in P91 and P91BN steel are given in Fig. 4.6. Finer M23C6
and MX precipitates, and lath structure having higher dislocation density were present in
P91BN-1 steel as compared to P91 steel (Fig. 4.7). Boron nitride (BN) formation was not
observed in the present steel, which is generally observed in steels containing higher levels of
nitrogen and boron [92,95,96]. Formation of borides would lead to ineffective utilization of
boron in providing creep strength [92]. The increased concentration of vacancy at high
temperature is thermodynamically introduced, the complex of vacancy-boron is formed due to
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their attractive interaction; under lower cooling rate tend to vacancy-boron complex segregate at
the prior-austenite grain boundaries, which acts as sink to the vacancies. Hence, boron atoms are
segregated at the grain boundaries [97]. Higher normalizing temperature in addition to
compositional control has generally been employed to avoid formation of boron enriched
compounds so that free boron is available in the matrix. Boron enriches into M23C6 precipitates
during tempering treatment, which stabilizes the boundaries against migration. The M23C6
precipitates which are near to boundaries have higher boron content as compared to those which
are far from the boundaries [4,97]. Phases present in P91BN (Fig. 4.8) and P91 (Fig. 5.2) steels
are predicted by Thermo-Calc. M23C6 precipitates are in general less stable than MX precipitates.
The size of M23C6, MX precipitates, and lath width were respectively 125, 30 and 700 nm in P91
steel while in P91BN-1 steel these were 115, 25 and 500 nm respectively. Finer precipitates pin
the dislocation structure and boundary more effectively, which led to delay in recovery of
dislocation structure and migration of boundaries against deformation. M23C6 precipitates size
about 70 nm has been reported in boron added 9Cr-W steel [98]. Boron addition in P91 steel
resulted in finer M23C6 precipitates and consequent increase in stability of various boundaries.
The decrease in Ms temperature due to presence of boron in P91BN steels (Fig. 4.3 and Table
4.1) resulted in higher transformation induced dislocation density. Relatively higher dislocation
density in the P91BN steels presumably enhanced the MX precipitation during tempering at
intra-lath region, which contribute to strengthening through stabilization of dislocation networks
against recovery of dislocation structure. These led to increase in hardness in P91BN steels
(220±5 HV10 in P91BN-1; 230±5 HV10 in P91BN-2; 212±5 HV10 in P91BN-3; 210±5 HV10 in
P91) (Fig. 4.9). Researchers have reported that relatively higher hardness in the boron containing
9Cr-3W steel normalized at 1323 K [92].
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Fig. 4.4 SEM SE micrographs of (a, c) P91 and (b, d) P91BN-1 steels in the NT condition.

Fig. 4.5 SEM SE high magnification micrographs of (a) P91 and (b) P91BN-1 steels in the NT
condition depicts the presence of M23C6 and MX precipitates.
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Fig. 4.6(a) EDS spectrum of (i) matrix and (ii) M23C6 precipitates in the P91 steel, (b) EDS
spectrum of (i) matrix and (ii) M23C6 precipitates in the P91BN-1 steel.
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Fig. 4.7 TEM micrographs of (a) P91 and (b) P91BN-1steels in the NT condition.

Fig. 4.8 Predicted equilibrium phases in P91BN-1 steel with temperature using Thermo-Calc
program.
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Fig. 4.9 Vickers hardness in P91 and P91BN steels in the NT condition.

SEM-EBSD study:
EBSD inverse pole figure (IPF) Z-map superimposed with grain boundary map revealed
the presence of significantly finer lath structure in the P91BN steels (Fig. 4.10(a-c)). IPF color
legend is shown in Fig. 4.10(d). The PAG and packet size increased in the P91BN steels as
compared to P91 steel. The subgrain structure size of 1.64, 1.69, 1.87 and 1.91 µm were
observed in the P91BN-1, P91BN-2, P91BN-3, and P91 steels respectively. P91BN steels
possess finer lath width as compared to P91 steel (Figs. 4.10 and 4.7). The HAGBs were higher
in the P91 steel, and were comparable within P91BN steels. The ratio of HAGB to LAGBs was
lower in the P91BN steels, which depicted the significant existence of block/lath structure.
Fraction of low misorientation angle (MOA) boundaries (at 1.5) was higher in the P91BN-1 and
P91BN-2. MOA in the P91BN-3 and P91 steels were comparable. Relatively less low MOA
boundaries in the P91 steel depict the less lath structure (Fig. 4.11(a)). This leads to contribute
less resistance against creep deformation of the steel as compared to P91BN steels. The CSL
boundary map (colour lines) and distribution in frequencies (%) for P91BN steels are shown in
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Fig. 4.12. CSL map overlapped with boundary map depicted existence of CSL character
predominantly in the block and lath boundaries. The fractions of CSL boundaries (Σ3, Σ11 and
Σ25b) were noticed to be relatively higher in the P91BN-1 and P91BN-3 steels (Fig. 4.12) than
in P91BN-2 steel. CSL boundaries in the P91 and P91BN-2 steels were comparable. The
presence of finer precipitates, lath structure and higher CSL boundaries in the P91BN steels
leads to provide better resistance against deformation in the steel.

Fig. 4.10 EBSD-IPF map for (a) P91BN-1, (b) P91BN-2, (c) P91BN-3 steels, and (d) IPF colour
legend.
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Fig. 4.11 EBSD misorientation angle from (a) P91 and (b) P91BN-1 steels in the NT condition.
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Fig.4.12 CSL boundary map (colour lines) for (a,b) P91BN-1, (c,d) P91BN-2 & (e,f) P91BN-3
steels.

Fig. 4.13 Recovery of substructure (blue), substructure (yellow) and deformed (red) regions in
the (a) P91BN-1, (b) P91BN-2, (c) P91BN-3 steels, and (d) frequency (%) of microstructural
conditions in the steels.
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Fig. 4.14 EBSD KAM map depicting the strain distribution in the (a) P91BN-1, (b) P91BN-2, (c)
P91BN-3 steels, (d) colour legend for KAM, and (e) frequency of KAM angle in the steels.
Microstructure conditions of the steel such as (i) recovered (recovery of dislocation
structure), (ii) substructure (lath and block) and (iii) deformed structure (consisting of more
dislocations at intra-lath region or at interfaces) vary in P91 and P91BN steels. Substructure
frequency (%) in the P91BN-1 and P91BN-2 steels was higher than the P91BN-3 steel, whereas
recovered and deformed structure was relatively lower in the P91BN-1 and P91BN-2 steels
(Fig.4.13(a, b)). In the case of P91 and P91BN-3 steels recovered and substructure and deformed
structure frequencies were comparable. Kernel average misorientations maps for P91BN steels
are shown in Fig.5.14. The color legend for KAM distribution is given in Fig.4.14(d), and this
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depicts the variations in strain distribution within the blocks and packets. The more recovered
structure possessing less strain is evident in the P91BN-3 steel (Fig.4.14(c)). The average KAM
value was used to evaluate the dislocation density from the following relationship i.e,
. Evaluated boundary dislocation density in the P91BN-1, P91BN-2 and
P91BN-3 steels were about 0.427 x 1014, 0.405 x 1014, and 0.255 x 1014 m-2 respectively. The
dislocation density of P91BN-3 steel is relatively comparable with the P91 steel. Higher
dislocation density evaluated through EBSD study is in line with the reported lower Ms
temperature in the DSC study, where the decrease in Ms temperature lead to increase in the
dislocation density, and consequent increase in hardness (Fig. 4.7).
4.2.4 Tensile properties
Tensile tests were carried on the P91 and P91BN steels over the temperature range 300 - 923
K. Engineering stress-strain curves of the steels tested at the selected characteristic temperatures
of 300 K, 573 K and 923 K are shown in Fig.4.15. At 300 K, classical tensile curves of tempered
martensitic ferritic steels with smooth transition from elastic to plastic deformation are observed
with P91BN steel having higher work-hardening capability than the P91 steel. The increase in
testing temperature to intermediate temperatures around 573 K, decreased the deformation
capability of the steel probably due to the occurrence of dynamic strain ageing (DSA), even
though no serrated flow except a few jerks, a manifestation of DSA, was observed. Serrated flow
behaviour due to DSA in grade 91 steel having different microstructures was reported by
Chandravathi et al [99], showing reduced DSA activity with increase in strength of the steel.
Enhanced interaction between dislocations and solute atoms during DSA restrict the motion of
the dislocations in planer manner to reduce the plastic deformation capability [100]. On
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increasing the testing temperature above around 773 K, enhanced recovery of dislocation
substructure decreased the tensile strength quite drastically. In this temperature zone, even
though the total elongation of the steel increased, the uniform elongation decreased significantly
with yield stress and UTS values are close to each other. The post necking elongation was more
in the P91BN steel than in the P91 steel, showing higher resistance against strain concentration
during necking in the P91BN steel.
Variations of 0.2% off-set yield stress (YS) and ultimate tensile strength (UTS) of the P91 and
P91BN-1 steels with temperature are shown in Figs.4.16 (a) and (b), respectively. In both the
steels, the tensile strength variation with temperature exhibited three distinct regimes such as
lower temperature at around 300-473 K, intermediate temperature at around 473-723 K and high
temperature regime at around 773-923 K. The deformation over the temperatures around 300 to
473 K is dominated by planar slip of dislocation at low strain and cross slip of dislocation at high
strain and the increase in temperature, facilitates the deformation processes resulting in decrease
in tensile strength with increase in temperature [101]. A shallow-decrease or plateau in the
variation of tensile strength with temperature was observed in the intermediate temperature range
(473 to 723 K). The occurrence dynamic strain aging due to enhanced interaction of dislocations
with solute atoms during tensile deformation in the intermediate temperature leads to the
shallow-decrease in tensile strength with temperature in the regime [101]. However, clear
serrations were not observed in tensile flow curve in the present investigation except mild
appearance at 573 K. The negative strain rate sensitivity in a tempered martensitic steel even in
the absence of serrated flow to establish the occurrence of DSA has been reported by researchers
[99], probably this is applicable in the present case also. Further increase in test temperature (>
723 K) led to rapid decrease in strengths due to the dominance of dynamic recovery of
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dislocation structure over the strain hardening [101]. The yield stress (YS) of the P91 and P91BN
steels were comparable up to around 823 K where recovery was not so dominant. The P91BN
steel possessed quite higher yield stress than the P91 steel at temperatures beyond 823 K. The
P91BN steel has 30-40 MPa more yield stress at temperatures above 823 K than the P91 steel
(Fig.4.16(a)), indicating high recovery resistant characteristic of the P91BN steel over the P91
steel. Similarly, the P91BN steel has higher ultimate tensile strength than the P91 steel.
Significant increase in UTS of the P91BN steel (~30MPa) at temperatures above 823 K was
observed (Fig. 4.16(b)). Work-hardening capability of the steels at three characteristic
temperatures of 300, 573 and 923 K are compared in Fig.4.17. At temperatures around in the
range 300 - 423 K, work-hardening capability of the P91BN steel is slightly more than the P91
steel (Fig.4.17(a)). Refined martensitic microstructure of the P91BN steel than that in the P91
steel (Figs.4.5, 4.7 and 4.10) probably has increased the work-hardening capability in P91BN
steel over the P91 steel. In the DSA temperature range around 573 K, work-hardening capability
of the steels are comparable (Fig.4.17(b)) as in the tensile strength (Fig. 4.16). Generally, DSA
activity is more pronounced in the relatively softer structure [99] and the enhancement in workhardening and tensile strength of the P91 steel to the levels of P91BN steel probably had
occurred. Above the temperature domain (more than around 823 K) where the recovery is
dominant, the work-hardening capability of the P91BN steel is much more than that of the P91
steel (Fig. 4.17(c)). This clearly indicates that the P91BN steel has remarkably higher resistance
against recovery than in the P91 steel. The phenomenon like creep deformation in ferritic steels
where recovery takes a dominant role than the hardening, creep behaviour is expected to be
better in P91BN steel than in the P91 steel, as discussed subsequently. Studies have been carried
out on the relaxation behaviour of the steels on tensile deformation. Relaxation of stress
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(straining up to 2.3 % at 873 K, relaxed stress is normalized by the peak stress) is much more
sluggish in the P91BN steel than in the P91steel (Fig.4.18), once again indicating higher
recovery resistance capability in the steel on microalloying with boron particular at high
temperatures where creep is important.
The elongation (%) and reduction in area (%) for both the steels are shown in Fig.4.19.
The elongation (%) decreased marginally with increase in temperature from 300 K to
intermediate temperature, and increases with further increase in temperature with a minimum in
the intermediate temperature (473 to 723 K) regime. It may be noted that the increase in
elongation (%) in P91BN steel is relatively more significant than the P91 steel especially at
higher test temperature. The reduction in area (%) increased with increase in temperature with a
plateau in the intermediate temperature range. The P91BN steel has shown lower reduction in
area up to intermediate temperature range than the P91 steel, while both the steels show
comparable reduction in area with further increase in temperatures. The P91BN steel exhibited
slightly higher uniform elongation (UE) than P91 steel at lower test temperature and comparable
UE at higher temperature.
In materials, fracture toughness is a property which describes the ability of a material to
resist fracture, and is considered as one of the most important properties of any material for
design. The area under the stress-strain curve is considered as a measure of the energy required
to fracture a material by tensile deformation and provides an indication of fracture toughness of
the material. Variations of the fracture energy (area under the stress-strain curve) of the P91 and
P91BN steels with test temperature are shown in Fig.4.19(c). Boron microalloying of the P91
steel increased its tensile strength (Fig. 4.16) along with ductility (Figs.4.19(a) and (b)), which is
reflected in the increase in fracture energy. Refined martensite microstructural features of fine
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lath size along with fine distribution of precipitate particles on boron micro alloying in-spite of
higher dislocation density (Figs.4.7 and 4.14) increased its fracture toughness.
Fractographic investigation of the tensile specimens tested at 300 K and 923 K are shown in
Figs.4.20 and 4.21, respectively. Relatively lesser ductile dimple mode of failure and lower
reduction in area with distinct radial cracks has been observed in P91BN steel at 300 K
(Fig.4.21(b)). However, at higher test temperature (923 K) both P91 and P91BN steels exhibited
ductile mode of failure. Impact toughness value of 200 J at 300 K were obtained in the P91BN
steels and were comparable with the P91 steel.

Fig.4.15 Typical tensile stress-strain curves of P91 and P91BN-1 steels at 300 K, 573 K and
923K.

Fig. 4.16 Variation of (a) yield stress and (b) ultimate tensile strength with test temperatures for
P91, P91BN-1 and P91BN-2 steels.
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Fig. 4.17 Work hardening (θ) behaviour of P91 and P91BN-1 steels at (a) 300, (b) 573 and (c)
923 K.

Fig. 4.18 Stress relaxation behaviour of P91 and P91BN-1 steels at 873 K.
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Fig. 4.19 Variation of (a) elongation (%), (b) reduction in area (%), (c) fracture energy with test
temperatures for P91 and P91BN-1 steels.
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Fig. 4.20 Fracture surface of specimens tensile tested at 300 K of P91 steel [(a),(c)] and P91BN1 steel [(b),(d)].

Fig. 4.21 Fracture surface of specimens tensile tested at 923 K of P91 steel [(a),(c)] and P91BN1 steel [(b),(d)].
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4.2.5 Creep deformation behaviour
The creep curves of P91 and P91BN-1 steels at 823, 873 and 923 K are shown in Fig.
4.22. The creep curves were characterized by well defined primary, secondary and accelerating
tertiary creep regimes in both the steels at the investigated temperature and stress regimes. Creep
ductility in both the steels was comparable. P91BN steel has experienced longer creep exposure
period as compared to P91 steel under similar test conditions. Variation of creep rate with time at
different test conditions (stress and temperature) are shown in Fig. 4.23 for P91 and P91BN-1
steels. The creep rate decreases with time and reaches minimum value followed by accelerated
creep rate regime. Significant decrement in creep rate occurred in the transient creep regime in
P91BN-1 steel due to contribution of predominant hardening by finer lath width, M23C6 and MX
precipitates, and higher dislocation density than in P91 steel. Subsequently, the difference in
creep rate between P91 and P91BN steels increased extensively in the secondary creep regime.
Although, significant decrease in creep rate in P91BN steels occurred at high temperature due to
addition of boron in the steel, the influence of boron in the steel is predominantly realized with
decreasing temperature and applied stress. The secondary creep rate in P91BN-1 steel were
lower by about two orders of magnitude at 823 and 873 K, and one order at 923 K have been
noticed as compared to P91 steel. Remarkable decrement in minimum creep rate under lower
stress level has been reported in the boron containing 9Cr-W steel [92]. The work hardening
contribution is counter-balanced by recovery mechanisms such as annihilation and
rearrangement of dislocations in the secondary creep regime [98]. The delay in onset of tertiary
creep deformation in P91BN steels occurred due to stabilization of various boundaries
predominantly by finer M23C6 precipitates, in addition to the contribution of MX precipitates
against recovery of intra-lath dislocation structure. Accelerated onset of tertiary creep has been
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reported in 9Cr-3W-3CoVNb steel with boron, but excess nitrogen content leading to formation
of BN, thus limiting the availability of free boron [92]. Stabilization of subgrain structure and
boundaries by finer and stable pinning particles plays a vital role in delaying the creep damage in
tertiary creep regime [2,4,6,7,102,103]. The creep strain to reach minimum creep rate was found
to decrease with decrease in applied stress and increase in temperature (Fig. 4.24). The creep
strain to reach minimum creep rate was more or less same in both the steels. Creep strain
accumulations up to onset of tertiary creep regime in both the steels were about 0.5 to 3.5% (Fig.
4.25(a)). Relatively U-type creep curve at lower temperature and changes towards V-type creep
behaviour at higher test temperature were exhibited in both the steels. This demonstrate the
microstructural instability with increase in temperature. Researchers have reported similar
behaviour in the 9Cr-ferritic steel [103,109,111]. The time spent in each creep regime was
significantly higher in P91BN-1 steel than the P91 steel (Fig. 4.25 (b, c)). This is due to
enhanced microstructural stability in P91BN-1 steel.
4.2.5.1 Stress and temperature dependencies of minimum creep rate
The minimum creep rate with applied stress for P91 and P91BN-1 steels at different
temperatures are shown in Fig. 4.26. The reduction in minimum creep rate in P91BN-1 steel
about two orders of magnitude at 823 and 873 K, and one order of magnitude at 923 K have been
observed as compared to P91 steel. The minimum creep rate ( ̇ with applied stress () variation
followed Norton’s power law of creep as ̇

 , where A is a constant and n is the stress

exponent of the matrix. The stress exponent values about 16.3, 14.6 and 12.9 for P91 steel and
20.6, 15.7 and 15.1 for P91BN-1 steel at 823, 873 and 923 K respectively were obtained,
indicating dislocation creep to be operative in the investigated conditions (Table 4.2). Stress
exponent (n) over the investigated range of applied stress was not changed in both the steels.
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Fig. 4.22 Creep curves of P91 (a,c,e) and P91BN-1 (b,d,f) steels at 823 K (550 C), 873 K (600
C) and 923 K (650 C).
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Fig. 4.23 Creep rate with time curves of P91 (a,c,e) and P91BN-1 (b,d,f) steels at 823 K (550
C), 873 K (600 C) and 923 K (650 C).
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Fig. 4.24 Creep rate with creep strain curves of P91 (a,c,e) and P91BN-1 (b,d,f) steels at 823 K
(550 C), 873 K (600 C) and 923 K (650 C).
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Fig. 4.25 (a) Variation of creep strain up to onset of tertiary with time to onset of tertiary creep of
P91 and P91BN-1 steels; Time spent in primary, secondary and tertiary creep regimes of (b) P91
and (c) P91BN-1 steels at 823 K (550 C), 873 K (600 C) and 923 K (650 C).
Higher n values were observed in P91BN-1 steel than in P91 steel at all temperatures due to finer
microstructural constituents in the former. A change in n with decreasing stress level (high and
low stress regimes) has been reported by researchers in Grade 91 steel [5,104], indicating a shift
in creep deformation mechanism [16]. Value of n=3 to 5 for dislocation creep and 1 for diffusion
creep are generally observed. However, higher n values have been reported in particle
strengthened materials. Higher n values in the range about 9 to 18 for modified 9Cr-1Mo steel,
5.8 to 15 for P92 steel and 13 to 38 for 9Cr-3W-3Co steel have been reported [5,93].
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The stress () and temperature (T) dependence of creep rate for pure metals and single
phase alloys are described by Bird-Mukherjee-Dorn (BMD) as [1,26],
̇

( )

where, D = D0 exp (-Qc/RT)) is the diffusion coefficient, D0 is the frequency factor, Qc is
the activation energy for creep deformation, R is the gas constant, T is the temperature in
Kelvin,

is the shear modulus, b is the burgers vector, k is the Boltzmann constant, n is the

stress exponent, A is a dimensionless constant. Qc was evaluated from slope of the Arrhenius
(ln( ̇min) versus 1/T) plot at two constant applied stress values, namely 150 and 200 MPa (Fig.
4.27). For P91 steel these values were 571 and 519 kJ/mole for 150 and 200 MPa respectively,
while for P91BN-1 steel 919 and 828 at 150 and 200 MPa stress respectively. The Qc value
obtained for P91 steel is comparable to the reported values of 510 kJ/mole [105] and 510 to 545
kJ/mole [27,28] for P91 steels, and for Fe-with various Cr concentrations [106]. The Qc value
about 678 kJ/mole has been reported for P91B steel containing 0.01 wt.% B and 0.0021 wt.% N
[30], which is lower than the present study. The n and Qc values obtained for P91BN-1 steel are
higher than those for P91 steel. Higher Qc values observed for both the steels in comparison with
those reported for solid solution Fe-based single phase alloys can be attributed to strong
interaction between precipitates and mobile dislocations, grain and subgrain boundaries, which is
generally described by threshold stress [107].
Threshold stress (σth) values have been determined for P91 and P91BN-1 steels at
different temperatures in order to assess the influence of boron on the stability of precipitates and
therefore on interactions between precipitates and mobile dislocations. Threshold stress for a
specific creep mechanism is described as the stress below which creep deformation does not
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occur by that mechanism. Hence, the effective stress rather than the applied stress is considered
as responsible for creep deformation where the alloy is strengthened by particles or precipitates
[5]. The modified version of Mukherjee-Bird-Dorn creep equation can be used to evaluate the
threshold stress (σth) as [1,26-32],

̇

(

)

where, A is a constant, n is the matrix stress exponent,

is the applied stress, Qc is the creep

activation energy, T is the temperature in Kelvin, µ is the shear modulus, k is the Boltzmann’s
constant. For pure metals, n value of about 4, and QC = QD (the activation energy for lattice self
diffusion) have generally been reported [107]. The threshold stress is evaluated from plots of ̇1/4
versus

applied stress, assuming n=4 (Fig. 4.28). The intercept on the stress axis at zero strain

rate provides

threshold stress at various temperatures. These are presented in Table 4.3.

Threshold stress decreased with increase in temperature in both P91 and P91BN-1 steels. The
evaluated threshold stress for P91 steel in the present work is comparable with the values
reported for P91 steel in literature [5,105,108]. The increase in threshold stress (about 31 MPa at
823 and 873 K; 17 MPa at 923 K) in P91BN-1 steel as compared to P91 steel is due to presence
of fine microstructural constituents, and increased resistance to coarsening of precipitates,
recovery of dislocation structure, and migration of sub-grain and grain boundaries in P91BN
steel under creep exposure. The threshold stress obtained at 923 K for P91BN-1 steel is
comparable with the reported value for 9Cr-3W-3Co-CuVNbBN steel in literature [93].
The variation of minimum strain rate ( ̇min) with effective stress normalized by shear
modulus ((σa -σth)/µ) for P91 and P91BN-1 steels are shown in Fig. 4.29(a) and (b). The stress
exponent value ~4 in P91 and P91BN steels have been obtained at different temperatures (4.0,
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3.6 and 3.5 in P91 steel; and 4.2, 4.0 and 4.0 in P91BN steel at 823, 873 and 923 K respectively).
The true creep activation energy (Qc) for P91 and P91BN-1 steels have been evaluated from
ln( ̇min) versus 1/T plot at constant normalized stress ((σa -σth)/µ) of 9.86x10-4. Creep activation
energy (Qc) about ~ 250 kJ/mole in P91 and P91BN-1 steels has been obtained from the slope of
the Arrhenius plot, these values are similar to the activation energy for self diffusion of α - iron,
241 kJ/mole [5]. The true creep activation energy value of 244 kJ/mole for precipitation
strengthened Fe-19Cr steel has been reported by researchers [55]. The variation of minimum
creep rate normalised by creep activation energy with effective stress normalised by shear
modulus values at different temperatures fall into a single line and slope, which is generally
rationalized with matrix stress exponent of 4 and creep activation energy 244.1 kJ/mole [5, 93].

Fig. 4.26 Variation of minimum creep rate with applied stress of P91 and P91BN-1 steels at 823
K (550 C), 873 K (600 C) and 923 K (650 C).
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Fig. 4.27 Evaluation of creep activation energy from strain rate vs (1/T) for (a) P91 and (b)
P91BN-1 steels.
Table 4.2 Stress exponent (n and n1) for P91 and P91BN-1 steels at different temperature.
Temperature
(K)
823
873
923

̇
P91
16.3
14.6
12.9

tr= A1


P91BN-1
20.6
15.7
15.1

P91
17.3
13.7
10.3

P91BN-1
19.9
14.5
10.1

Fig. 4.28 Evaluation of threshold stress of P91 and P91BN-1 steels at 823 K (550 C), 873 K
(600 C) and 923 K (650 C).
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Fig. 4.29 Variation of creep rate with shear modulus compensated effective stress (a) P91 and (b)
P91BN-1 steel.
Table 4.3 Threshold stress (th) for P91 and P91BN-1 steels at different temperature.
Temperature
(K)
823
873
923

th (MPa)
P91
175
124
83

P91BN-1
206
155
100

4.2.5.2 Creep rupture behaviour
The variation of creep rupture life (tr) with σa at 823, 873 and 923 K for P91 and P91BN1 steels are shown in Fig. 4.30. P91BN-1 steel possessed higher creep rupture life in comparison
with P91 steel over the investigated temperature and applied stress range. Creep rupture life of
P91 steel evaluated at different temperatures in the present study is comparable with rupture life
of this steel reported by researchers [5,105,106,108,110]. The differences in creep rupture life
between P91BN and P91 steels increased with decreasing test temperature. The enhancement in
creep rupture life by one order at 923 K and more than one order at 873 and 823 K in P91BN
steel under similar test conditions has been observed. Addition of boron with controlled nitrogen
content led to improvement of about 70, 40 and 20 MPa in the creep rupture strength of P91BN
steel at 823, 873 and 923 K respectively as compared to P91 steel. Creep rupture life of P91B
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steel at 873 K and 120 MPa applied stress reported in literature is comparable with the steel
without boron, this might be due to lower normalizing temperature, which precludes the boron
benefit by forming boron-nitride and lower nitrogen content [54,55]. The variation of creep
rupture life (tr) with σa at 873 K for P91, P91BN-1, P91BN-2 and P91BN-3 steels are shown in
Fig. 4.31. The P91BN-1 to 3 steels has shown significantly higher creep rupture life than the P91
steel. The difference in creep rupture life between P91 steel and P91BN steels increases under
longer creep exposure. The differences in creep rupture life between P91BN steels are relatively
less as compared to that of P91 steel. However, P91BN-1 has exhibited higher rupture life
(optimum boron and nitrogen combination) (creep test >20000 h duration was conducted), and
P91BN-2 and P91BN-3 steels possessed comparable rupture life at 873 K. The variation of
nitrogen content in the steels having same content of boron (P91BN-2 and P91BN-3) has not
influenced the creep rupture life significantly at 873 K. P91BN-1 steel containing 0.006 wt.% B
and 0.011 wt.% N has exhibited an improvement in creep rupture strength about 40 MPa at 873
K for 104 h as compared to the P91 steel and P91B [30] steel. Creep rupture life variation in both
the steels with applied stress followed linear trend, within the investigated stress regime. A
change in slope of tr- plots reported to occur in P91 steel under long-term creep exposure
around 50000 h at 923 K [110]. Where the coarsening of M23C6 precipitates and lath width,
formation of Z-phase, loss of solute elements in the matrix and recover of dislocation structure
predominantly observed under long-term creep exposure. The creep rupture strength of P91BN
steel is comparable with the Fe-9Cr-3Co-1.8WVNb steel containing boron and nitrogen [111] at
923 K.
The variation of rupture life with applied stress obeyed the power law as tr = A1 -n1,
where A1 is the stress coefficient and n1 is the stress exponent. The n1 values of 17.3, 13.7, 10.3
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in P91 steel and 19.9, 14.6, 10.1 in P91BN-1 steel at 823, 873, 923 K respectively were obtained
(Table 4.2). The stress exponent decreased with increase in temperature in both the steels. The
relationship between creep rupture life, applied stress and temperature is expressed as tr=A1σ-n1
exp (Qc1/RT), where Qc1 is the apparent activation energy for creep rupture, R is the gas constant,
T is the temperature in K. Qc1 values of 570 kJ/mole in P91 steel and 728 kJ/mole in P91BN-1
steel have been obtained (Fig. 4.32(a)). Qc1 values for various 9% Cr ferritic steels in the range
599-624 kJ/mole have been reported [105,106,108]. The comparable values of n and n1, and Qc
and Qc1 for P91 and P91BN-1 steels indicate that the similar operating mechanisms of creep
deformation and rupture are same for both the steels. However, the addition of boron with
controlled nitrogen in P91BN steel led to relatively finer microstructural constituents that lead to
enhanced creep rupture strength as compared to P91 steel.
The variation of reduction in area (%) and elongation percentage (%) for P91 and
P91BN-1 steels at different temperatures and applied stresses are shown in Fig. 4.32(b).
Although P91BN-1 steel experienced longer creep exposure than the P91 steel, reduction in area
and elongation observed in P91BN-1 steel were comparable with P91 steel except for the creep
test at 823 K. The elongation (%) in both P91 and P91BN-1 steels varied between 15 to 20 %
with a marginal increase in elongation with increase in temperature and stress. The reduction in
area (%) and elongation (%) for P91 steel were comparable with the values reported by other
researchers [5,105]. At 823 K, the P91BN-1 steel exhibits relatively lower reduction in area as
compared to P91 steel. This may be attributed to the higher resistance to recovery of dislocation
lath structure offered by stable fine M23C6 precipitates. The reduction in area increased with
increase in temperature in both the steels due to increased recovery of dislocation structure and
coarsening of precipitates, which led to softening of the matrix. The loss of load bearing capacity
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due to reduction in cross section through external surface (oxidation) and internal cross section
due to formation, growth and coalescence of cavity in addition to microstructural degradation at
high temperature lead to fracture in 9Cr-1Mo steel [5,105].
4.2.5.3 Creep rate-rupture life relationships
The variation of tr with ̇min minimum creep rate at different temperatures are given in
Fig. 4.33(a) and (b) respectively for P91 and P91BN-1 steels. The relationships between ̇min
minimum creep rate and tr can be expressed by the Monkman-Grant (MG) equation as [5,55,105108,112],
̇
where α is the constant close to unity and CMG is the

constant. The value of constant (α) in

P91 and P91BN-1 steels are found to be 0.95  0.06 and 0.91  0.03 respectively, which exhibits

Fig. 4.30 Variation of creep rupture life with applied stress of P91 and P91BN-1 steels at 823 K
(550 C), 873 K (600 C) and 923 K (650 C).
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Fig. 4.31 Variation of creep rupture life with applied stress of P91, P91BN-1, P91BN-2 and
P91BN-3 steels at 873 K (600 C).

Fig. 4.32 (a) Arrhenius plot of temperature dependence of creep rupture life for P91 and P91BN1 steels; and (b) variation of reduction in area (%) and elongation (%) with rupture life of P91
and P91BN steels at 823 K (550 C), 873 K (600 C) and 923 K (650 C).
the validity of MG relation. Several single-phase materials and precipitation hardened alloys
have been found to obey MG relationship [5,55,105-108,112]. CMG values of 0.037  0.01 and
0.028  0.01 were obtained in P91 and P91BN-1 steels respectively. The lower values of CMG
depicted the lower creep strain accumulation in the secondary creep as compared to tertiary creep
regime. P91BN-1 steel exhibited lower value of CMG as compared to P91 steel, which depicted
the relatively lower creep strain accumulation in P91BN steel. CMG values ~0.04 in P91 steel has
been reported by researchers [5]. For materials that exhibiting shorter secondary creep
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deformation regime and larger tertiary creep deformation regime modified Monkman-Grant
relationship has been proposed as [5,55,105-108,112],

̇

where

is the strain to failure,

is a constant close to unity, and CMMG is the modified

Monkman-Grant constant. The plots of tr/

against ̇min for P91 and P91BN-1 steels are given in

Fig. 4.34(a) and (b) respectively. The value of constant

for P91 and P91BN-1 steels are

similar (about 0.96  0.05 and 0.95  0.05 respectively), which is close to 1. The CMMG value is ~
0.338  0.06 in P91 and 0.298  0.06 in P91BN-1 demonstrating the higher creep strain
accumulation in the tertiary creep regime in the steels. However, for P91BN-1 steel, the creep
strain accumulation was relatively lower than the P91 steel. Both P91 and P91BN-1 steels
obeyed the Monkman-Grant and modified Monkman-Grant relationship. Values of CMMG ranging
from 0.1 to 0.83 have been reported for various ferrous and non-ferrous alloys [112].
Plots of variation of time to onset of tertiary creep (tot) (initiation of accelerated creep rate
regime) with tr for P91 and P91BN-1 steels have been shown in Fig. 4.35, this variation followed
a linear relationship as tot = f.tr, where f is a constant. The f value about 0.299  0.08 in P91 steel
and 0.289  0.06 in P91BN-1 steel demonstrated that both steels spent more than 70% of the
creep exposure time in the tertiary creep regime as generally observed in various 9-12% Cr steels
[2,105,106]. A creep damage tolerance factor
been
̇

defined

as

inverse

of

based on continuum damage mechanics has

modified

Monkman-Grant

ductility

as

[1,26-31]. The value of  for various alloys ranges from 1 to 20. Low value of

 indicates brittle mode of fracture with low tertiary creep strain and higher values indicate
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ductile fracture accommodating higher creep strain in tertiary without local cracking [1,26].
Creep damage by cavity growth when  lies in the range from 1 to 2.5. Necking dominant
damage is exhibited when the value of  ranges from 2.5 to 5, and values higher than 5
corresponds to fracture caused by coarsening of precipitates, subgrains and decrease in
dislocation density [1,26]. In this investigation, value of  about 3.5 to 5.5 and 4.4 to 8.4 were
obtained in P91 and P91BN-1 steels, which demonstrates necking and dominant microstructural
instability caused fracture in the steels. Damage tolerance factor about ~4 to 5 for grade 91 steel
and about 6 for P92 steel have been reported [5]. Ashby and Dyson have proposed a creep
failure diagnostic diagram [5,110]. Creep failure diagnostic diagram constructed for P91 and
P91BN-1 steels (( ̇

x 100) vs

) are shown in Fig. 4.36. Loss of section and necking

dominant creep failure predominantly observed at 823 K in P91 and P91BN-1 steels.
Modification in microstructural constituents such as coarsening of precipitates and subgrain,
reduction in dislocation density influenced the creep fracture in P91 and P91BN-1 steels at
higher temperature. Shrestha et al have reported that the dominant microstructural degradation in
grade 91 steel and void growth based dominant creep fracture in iron resulted in creep fracture
(creep tested at 873-973 K) [5,105].

Fig. 4.33 Variation of rupture life with minimum creep rate of (a) P91 and (b) P91BN-1 steel at
823 K (550 C), 873 K (600 C) and 923 K (650 C).
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Fig. 4.34 Variation of normalized rupture life by strain to failure with minimum creep rate of (a)
P91 and (b) P91BN-1 steels at 823 K (550 C), 873 K (600 C) and 923 K (650 C).

Fig. 4.35 Variation of time to onset of tertiary with rupture life of (a) P91 and (b) P91BN-1 steels
at 823 K (550 C), 873 K (600 C) and 923 K (650 C).

Fig. 4.36 Diagnostic diagram for creep failure of P91 and P91BN-1 steels.
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4.2.5.4 Creep rupture life prediction
Larson-Miller parameter method is used in order to predict the creep rupture strength of
the steels under longer creep exposure. Larson-Miller parameter has been expressed as, LMP = T
(log(tr) + C), where T is in K, tr is in h and C is a constant. For this class of steels C=31 has been
widely used. The applied stress with LMP (Larson-Miller parameter) for P91 and P91BN-1 steels
are shown in Fig. 4.37(a). The creep data of P91 steel presented in the present study was
comparable with the creep rupture data reported in the literature [5,105,106,113-116]. The creep
strength of P91BN-1 steel was significantly higher than the strength of P91 steel reported in the
present study and literature. The prediction of creep rupture strength at different temperatures for
105 h duration was performed based on LMP plot and given in Table 4.4 and Fig. 4.37(b). The
predicted creep rupture strength of P91 steel for 105 h duration at different temperatures were
compared favorably with the values reported by RCC-MR code [114]. An improvement in the
105 h creep rupture strength about 16, 25, 33 and 37 (%) at 773, 823, 873 and 898 K respectively
were observed in P91BN-1 steel as compared to P91 steel. However, microstructural stability
over the longer creep duration is required for both the steels to avoid error in the predicted creep
rupture strength value.
4.2.5.5 Fractography and microstructural investigation of creep exposed steels
Fracture surface of P91 and P91BN-1 steels creep tested at 823, 873 and 923 K are
shown in Figs. 4.38 and 4.39. Ductile mode of fracture with dimple features was observed in
both the steels over the investigated temperature region. Number of dimples in the P91BN-1
steel was higher as compared to P91 steel. The dimple size increased with increase in test
temperature in P91 steel, which demonstrates the dominance of recovery of dislocation structure
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in P91 steel. However, dimple size in P91BN-1 steel has not changed significantly with test
temperature over the investigated duration, which confirms the stable microstructural
constituents and less straining during creep as compared to P91 steel.
P91 steel derives its high temperature strength from (i) transformation induced
dislocation density, (ii) PAG, packet, block and lath/subgrain boundaries stabilized by (iii) MX
and M23C6 precipitates predominantly at the intra-lath region and boundaries respectively and
(iv) solid solution strengthening from Mo. The stability of dislocation network and boundaries
against mobility depends on the stability of precipitates pinning at them. MX carbonitride
precipitates that are rich in V and Nb is thermally more stable as compared to M23C6 precipitates
[97,98,117]. The reliability of creep rupture strength of 9Cr ferritic-martensitic steel under long
term exposure is important, as this class of steel has been widely used in harsh environments
(high temperature and neutron flux), which relies on the stability of microstructure [97,117].
Researchers [117] have reported the increased Cr/Fe ratio in coarser M23C6 precipitates that are
near to PAG boundaries under creep. Coarsening of precipitates is depends on the diffusion of
solute elements, energy at the precipitate-matrix interface and strain/dislocation density in the
steel. An addition of boron with controlled nitrogen in P91BN-1 steel led to finer lath width,
M23C6 precipitates and higher number of precipitates per unit area. The incorporation of boron in
the M23(CB)6 [97,118] and segregation of boron at the interfaces led to reduce the diffusivity of
elements required for coarsening of precipitates [97,118]. Microstructure of P91 and P91BN-1
steel creep exposed are shown in Figs. 4.40 and 4.41. The coarsening of M23C6 precipitates was
reduced in P91BN-1 steel as compared to the P91 steel; it is imperative to note that the fine
precipitates presence in the P91BN-1 steel effectively resist the movement of boundaries under
complex stress state (necked region) (Fig. 4.40(e,f)). The coarsening of M23C6 precipitates was
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reduced significantly in P91BN-1 steel as compared to the P91 steel under long term creep
exposure at 873 K and 160 MPa stress (Fig. 4.42). In the case of P91 steel boundaries were
almost parallel to the stress direction near the fracture region, while in the case of P91BN-1 steel
distinct impingement of boundaries by fine precipitates exerting higher pinning pressure has
been noticed (Fig. 4.40(e,f)). Segregation of boron at the interfaces/boundaries led to reduces the
energy at interfaces/boundaries [97]. Hence, coarsening resistance of M23(CB)6 phase is more as
compared to M23C6 because of decreased energy at the Fe{110}// M23(CB)6 {111} interfaces
[98,119-122]. An addition of boron in P91BN steels with controlled nitrogen lead to increase the
stability of microstructural constituents as compared to P91 steel, thus results in significant
enhancement of creep rupture strength (P91BN-1 steel - optimum combination of boron and
nitrogen).

Fig. 4.37 (a) Larson–Miller creep parameter plot of P91 and P91BN-1 steels, (b) 105 h creep
rupture strength estimated from LMP at different temperature for P91 and P91BN-1 steels.
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Temperature
(K) / stress
(MPa)
823 K

P91 steel

(210 MPa;
tr=1307.2 h)

873 K

(180 MPa;
tr=96.8 h)

923 K

(100 MPa;
tr=1139.2 h)

Fig. 4.38 Fracture surface of crept P91 steel at (a, b) 823 K, (c, d) 873 K and (d, e) 973 K.
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Temperature
(K) / stress
(MPa)
823 K

P91BN-1 steel

(260 MPa;
tr=2855.0 h)

873 K

(180 MPa;
tr=3100.1 h)

923 K

(110 MPa;
tr=5808.4 h)

Fig. 4.39 Fracture surface of creep exposed P91BN-1 steel at (a, b) 823 K, (c, d) 873 K and (d, e)
973 K.
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Fig. 4.40 SEM micrographs of creep exposed (a, b) P91 [tr=96.8 h] and (c, d) P91BN-1
[tr=3100.1 h] steels at 873 K and 180 MPa stress in the gauge region. Boundaries pinned by
precipitates against migration at the necked region (e) P91 (160 MPa) and (f) P91BN-1 (200
MPa) steels at 873 K.
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Fig. 4.41 TEM micrographs of creep exposed at 873 K and 180 MPa stress in the gauge region of
P91 (a) and P91BN-1 (b) steels.

Fig. 4.42 SEM micrographs of creep exposed at 873 K and 160 MPa stress in the necked region
of (a) P91 and (b) P91BN-1 steels.
Table 4.4 RCC-MR minimum creep rupture stress for 105h, and predicted creep rupture stress for
105h life for P91 and P91BN-1 steels by LMP.
Temperature
(K)

773
823
873
898
923

Predicted creep rupture stress (MPa)

P91

P91BN-1

240
156
100
72
51

280
196
133
99

Strength enhancement in
P91BN-1 than P91 steel (%)
16.6
25.6
33
37.5

137

Minimum creep
rupture stress (MPa)
for P91
RCC-MR
186
116
63
43
28
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4.3 Weld joints
In this section, creep deformation and rupture behaviour of P91, P91BN-1, P91BN-2 and
P91BN-3 steels weld joints fabricated by A-TIG welding processes have been presented. The
microstructural and hardness investigations across the joints in the pre-creep and creep exposed
conditions have been carried out.
4.3.1 Microstructure and hardness variations across the weld joints
Optical micrographs across the A-TIG weld joint of P91 and P91BN-1 steels after PWHT
are shown in Fig. 4.43 and 4.44. Three distinct macro-region of the weld joint are BM, weld
fusion zone (WM) and HAZ between the base metal and fusion zone. Weld metal exhibited the
significantly lengthy martensitic structure. In both the joints, microstructure in HAZ was found
to consist of CGHAZ, FGHAZ and ICHAZ region in an order away from fusion zone to
unaffected base metal. In the weld fusion zone and fusion boundary (FB) close to the CGHAZ,
-ferrite was observed in the P91BN steels weld joints. However, -ferrite was not observed in
the HAZ and BM of P91BN steels. -ferrite was not observed in the P91 steel weld joint. Prioraustenite grain size of the BM, CGHAZ, FGHAZ and ICHAZ of the P91 steel A-TIG weld joint
was found to vary significantly across it. Whereas in the case of P91BN steels joints, the regions
having coarse grains were higher than the regions of FGHAZ and ICHAZ in it. The boundaries
in the ICHAZ region were not clearly evident in both the steel joints as compared to other
regions across the weld joints. However, ICHAZ of P91BN steels weld joints possessed higher
PAG size in comparison with that of ICHAZ of P91 steel joint.
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Fig. 4.43 Optical micrographs across the weld joint of P91 steel (a) WM, (b) fusion boundary
(FB), (c) CGHAZ, (d) FGHAZ, (e) ICHAZ and (f) BM.
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Fig. 4.44 Optical micrographs across the weld joint of P91BN-1 steel (a) WM, (b) FB, (c)
CGHAZ, (d) FGHAZ, (e) ICHAZ and (f) BM.
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Fig.4.45 Variations of hardness across the P91, P91BN-1, P91BN-2 and P91BN-3 steels weld joint

in the PWHT conditions.
Variation of hardness across the P91, P91BN-1, P91BN-2 and P91BN-3 steels weld joint
in the PWHT conditions are shown in Fig. 4.45. The hardness values obtained across the aswelded condition in the WM, CGHAZ and FGHAZ regions were comparable. However, the
decrease in hardness from outer edge of the FGHAZ to BM with a dip in the ICHAZ was
observed. The similar hardness values of WM, CGHAZ and FGHAZ in the as-welded condition
might be due to the similar dislocation density obtained by martensite transformation during
weld thermal cooling cycle. The variation of hardness across the PWHT weld joint were
exhibited the decrease in hardness from WM to BM about 300 VHN to 210 VHN with hardness
trough in the ICHAZ about 199 VHN in the P91 steel weld joint (Fig.4.45). The variation of
hardness across the P91BN steels weld joints were exhibited the decrease in hardness from WM
to BM about 300 VHN to 219 VHN with hardness trough in the ICHAZ about 214-229 VHN.
The hardness variation across the P91 steel joint is significantly higher as compared to P91BN
steels joints. The considerable softening in the ICHAZ of the PWHT weld joint has been
attributed to the coarsening of M23C6 precipitates, and the replacement of martensite laths

141

Chapter 4: Influence of boron with controlled nitrogen content on creep deformation and
rupture behaviour of P91BN steels and weld joints
structure with high dislocation density by formation of sub-grains with decreased dislocation
density. These effects are relatively less in the P91BN steels, which led to show higher hardness
than the ICHAZ of P91 steel joint. The formation of soft ICHAZ has been expressed by other
investigators in different 9-12 % Cr-ferritic steels weld joint [25,55,65,77,85,86].
4.3.2 Tensile properties across the weld joint
Tensile tests were carried on the specimens extracted across the weld joints of P91BN
steels at a strain rate of 3 x 10-4 s-1. Engineering stress-strain curves of different regions in the
P91BN-1 and P91BN-3 steels joints at 300 K and 873 K are shown in Fig. 4.46. ICHAZ of the
joints possessed lower tensile strengths with higher ductility as compared to other regions in the
joint. Variations of 0.2% off-set yield stress (YS) and ultimate tensile strength (UTS) of different
regions of the P91, P91BN-1, P91BN-2 and P91BN-3 steels joints are shown in Figs. 4.47.
Tensile strengths (YS and UTS) and ductility were found to vary significantly across the weld
joints. P91BN steels have shown relatively higher tensile strengths with comparable ductility.
The variation of tensile strengths across the P91 steel weld joint was higher as compared to that
of P91BN steels weld joints. The ICHAZ region has shown lower strengths and higher ductility
than the other regions in the weld joints. CGHAZ has shown higher strength in the P91 steel.
FGHAZ and BM strengths were comparable in the P91 steel. However, in the case of P91BN
steels joints, tensile strengths of CGHAZ, FGHAZ and BM were relatively comparable. In
P91BN steels, WM has shown lower tensile strengths and ductility than the CGHAZ, FGHAZ
and BM, might be due to presence of -ferrite in the region. In comparison with ICHAZ, WM
possessed higher tensile strengths and lower ductility. Boron addition in the steel led to reduce
the heterogeneity in tensile strengths across the weld joints. The reduction in heterogeneity
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across the joint led to reduce the constraint in different region across the weld joint by adjacent
regions.

Fig. 4.46 Tensile stress-strain curves of (a,b) P91BN-1 and (c,d) P91BN-3 steels weld joints
regions at 300 K and 873 K.

Fig. 4.47 Variation of tensile strength across the (a) P91BN-1, (b) P91, P91BN-1, P91BN-2 and
P91BN-3 steels weld joint in the PWHT conditions at 300 and 873 K at a strain rate of 3x10-4s-1.
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4.3.3 Creep deformation
The creep curves of the weld joints have even though little practical relevance since the
joint is composed of the different microstructural gradient, the creep curves exhibited primary
creep regime followed by an apparent steady state creep deformation and an accelerating tertiary
creep regime as observed in the base metals. The tertiary stage of creep deformation in the weld
joints was found to initiate much early than the base metals. Extensive microstructural changes
(higher rate of recovery of dislocations and coarsening of subgrain boundaries in the ICHAZ)
and localized creep deformation in the selected constituents of the joints have been considered
for the early onset of tertiary stage of creep deformation in the steel weld joints in comparison
with the base metal. The early initiation of tertiary creep deformation in the P91 steel joint is
attributed to the higher deformation constraint imposed on the soft ICHAZ by adjacent region.
Boron in the P91BN steels leads to delayed initiation of tertiary creep deformation in the weld
joints. This is attributed to lesser deformation constraints in ICHAZ caused by relatively less
heterogeneity in mechanical properties across the weld joint. The variations of rupture life with
applied stress for the P91 and P91BN steels base metal and weld joints of P91BN steels at 873 K
are shown in Fig. 4.48. The P91BN steels weld joints possessed comparable rupture life with its
base metals. However, the difference in the rupture life between the weld joints and base metal
was increased at lower applied stress [54,55]. The P91BN-1 and P91BN-2 steels weld joints have
shown higher rupture life in comparison with P91BN-3 weld joint. The P91BN-1 steel weld joint
has exhibited higher rupture life at 873 K, but the difference in rupture life between P91BN-1
and P91BN-2 weld joints is relatively less. The variations of rupture life with applied stress for
weld joints of P91, P91BN-1, P91BN-2, P91BN-3 steels at 923 K are shown in Fig. 4.49. P91
steel weld joint has shown a significantly lower rupture life than the P91BN steels weld joints.
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P91BN-2 steel weld joint possessed a higher rupture life as compared to P91BN-1 and P91BN-3
joints. The P91BN steels weld joint creep rupture life is comparable with the creep rupture
strength of P91 steel base metal at 923 K (Fig. 4.50).Higher content of boron with controlled
nitrogen content in the P91BN steel (P91BN-2) led to provide better resistance against type IV
cracking in the weld joint at the higher temperature (923 K) (Fig. 4.49).

Fig. 4.48 Variations of rupture life with applied stress for (a) P91, P91BN-1, P91BN-2 and
P91BN-3 steels base metals and weld joints, (b) P91BN steels weld joints at 873 K.

Fig. 4.49 Variations of creep rupture life with applied stress for the weld joints of P91, P91BN-1,
P91BN-2, P91BN-3 steels at 923 K.
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Fig. 4.50 Variations of creep rupture life with applied stress for P91 and P91BN-1 steels and its
weld joints at 923 K.
4.3.4 Creep ductility and fracture
The P91BN steels weld joints creep ruptured specimens at 923 K and 80 MPa stress is
shown in Fig. 4.51. The failure location of the weld joint has not changed with applied stress in
the investigated regime. However, the reduction in creep ductility has been evidenced with the
decrease in applied stress. The localized creep deformation was observed in the ICHAZ. The
variation of reduction in the area of the weld joints at 923 K and 80 MPa is shown in Fig. 4.52.
The weld joint possessed lower reduction in area as compared to its base metal. The drastic
reduction in rupture ductility occurred in the weld joints as compared to the base metal with
decrease in applied stress. P91 steel possessed relatively higher reduction in area as compared to
the P91BN steels weld joints (Fig. 4.52), which experienced significantly shorter creep exposure
than P91BN steel joints. Very low ductile intercritical HAZ failures were reported on the P91
steel weld joint by Rui Wu et al. [123]. The fracture surfaces of the P91 and P91BN steels weld
joints creep tested at 923 K, 80 MPa stress is shown in Fig. 4.53. The fracture surface
observation of the creep tested specimens revealed the existence of a mixed mode of fracture
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(ductile and brittle) with the predominant ductile mode of fracture in the ICHAZ of P91 steel
(Fig. 4.53 (a)). The mixed mode of failure in the P91BN steels joint have been observed with the
relatively predominant brittle fracture. The brittle mode of failure was higher in the P91BN-2
joint, the joint that has sustained the longer creep exposure (Fig.4.53(c)).

Fig. 4.51 P91BN steels weld joints creep ruptured specimens at 923 K and 80 MPa stress.

Fig. 4.52 Reduction in area (%) of P91 and P91BN steels joints creep exposed at 923 K, 80MPa.
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Fig. 4.53. Fracture surfaces of the creep tested weld joints of (a) P91, (b) P91BN-1, (c) P91BN-2
and (d) P91BN-3 steels at 923 K, 80 MPa stress.
4.3.5 Microstructure and hardness of crept weld joints
Microstructural investigation at the intact side of the creep exposed joint revealed that
creep failure of the weld joint occurred in the ICHAZ, and that exhibited lower hardness before
creep testing (Fig. 4.54 and 4.55). The type IV failure in the ICHAZ at 873 K and 923 K have
been observed in the all investigated stress level. However, the localization of creep deformation
and reduction in ductility were predominantly increased with decrease in applied stress. P91BN
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steels weld joints (Fig. 4.55 (g)) experienced more prolonged creep exposure have exhibited
relatively lower localized creep deformation as compared to the P91 steel weld joint (Fig. 4.54
(a)). The preferential creep cavitation in the ICHAZ was observed in the P91 and P91BN steels
weld joints (Fig. 4.54, 4.55 and 4.56). The type IV cracking observed in the P91BN-2 steel weld
joint is shown in Fig. 4.55(e), which undergone longer creep exposure. The flow of the low creep
resistance region is restricted by the surrounding stronger creep resistance region results in the
development of higher triaxial state of stress in the soft ICHAZ. The creep damage accumulation
due to strain incompatibility between the creep strong and creep weak regions was reported in
the P91 welds [68,79,123].
The hardness measurement across the weld joints on creep exposed at 80 MPa and 923 K
specimens exhibited the reduction of hardness in comparison with the pre-creep test condition of
the weld joints (Fig. 4.57). ICHAZ has shown lower hardness as compared to other regions in the
weld joints. Hardness across the P91BN steels weld joints exhibited relatively higher hardness as
compared to the P91 steel weld joint. ICHAZ of P91 steel weld joint has displayed lowest
hardness (where the weld joint experienced shorter creep exposure) as compared to ICHAZ of
P91BN steels weld joints. The extensive coarsening of M23C6 precipitates was observed in the
ICHAZ of P91 steel (Fig. 4.56(a)). The pinning of dislocation subgrain and network by the
chromium rich M23C6, and V, Nb-carbonitides respectively, is very important for stabilizing the
dislocation subgrain and network against long-term creep exposure and unavoidable high
temperature exposures during welding. The coarsening of M23C6precipitates led to accelerating
the recovery process of the steel, which led to a decrease in its strength drastically [25]. Finer
M23C6 precipitates were observed in the ICHAZ of P91BN steels weld joints (Fig. 4.56), which
has experienced significantly longer creep exposure as compared to the P91 steel weld joint.
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Boron in the P91BN steels leads to finer M23C6 precipitates and more MX precipitates (due to
higher dislocation density on martensite transformation). The decreased M23C6 precipitates
coarsening, which stabilizes the martensitic lath structure, and relatively lesser extent of
heterogeneity in mechanical properties across the weld joints of the P91BN steels led to higher
creep rupture life as compared to that the steel having without boron (P91 steel).
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Fig. 4.54 Optical micrographs across the P91 steel weld joint at 923 K, 80 MPa stress, (a)
localised deformation in the ICHAZ, (b) WM, (c) FB, (d) CGHAZ, (e) FGHAZ, (f) ICHAZ, and
(g) BM.

151

Chapter 4: Influence of boron with controlled nitrogen content on creep deformation and
rupture behaviour of P91BN steels and weld joints

Fig. 4.55. Optical micrographs across the P91BN-2 steel weld joint at 923 K, 80 MPa stress, (a)
WM, (b) FB, (c) CGHAZ, (d) FGHAZ, (e) ICHAZ, (f) BM, and (g) localised deformation in the
ICHAZ (localised deformation is less as comapred to P91 steel).
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Fig. 4.56 SEM micrographs of ICHAZ in the weld joints of (a) P91, (b) P91BN-1, (c) P91BN-2
and (d) P91BN-3 steels at 923 K, 80 MPa stress.

Fig. 4.57 Variations of hardness across the P91, P91BN-1, P91BN-2 and P91BN-3 steels weld
joints in the creep exposed at 923 K, 80 MPa stress conditions.
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4.4 Intercritical heat treated P91 and P91BN-4 Steels
In the present section, creep properties of the intercritically heat-treated (ICHT) boron free
(P91) steel and boron containing P91 steel (P91BN-4) were investigated at 923 K. The
normalized and tempered P91 and P91BN-4 steels (Table 4.5) were subjected to ICHT at 1148 K
for 5 minutes followed by water quenching. Subsequently, these heat-treated steels were
tempered at 1033 K for 1 hour in a similar line to that of PWHT commonly performed on P91
weld joints. This heat treatment has been carried out to reproduce the microstructure of the
ICHAZ of the weld joint. The steels in this condition are referred to as P91-IC and P91BN-4-IC.
4.4.1 Microstructure and hardness of the steels
The optical and secondary electron (SEM-SE) micrographs of P91 and P91BN-4 steels base
metal are shown in Fig. 4.58(a, c) and (b, d) respectively. The microstructure of both the steels
consist of tempered lath martensite, and M23C6 precipitates decorating the prior-austenite grain
boundaries and lath-boundaries. P91BN-4 steel has exhibited finer lath width and M23C6
precipitates than the P91 steel (Fig. 4.59). Energy dispersive spectroscopy (EDS) spectrum of
M23C6 observed from TEM in P91BN-4 steel is shown in Fig. 4.59(c). For quantification, low
atomic number elements are rejected to avoid error in the estimation. Quantified values are given
in as an insert on the Fig. 5.59(c). Similar results are seen in the M23C6 precipitate present in P91
steel. SEM-SE micrograph of the P91-IC and P91BN-4-IC steels are shown in Fig. 4.60 (a, c)
and (b, d) respectively. The prior austenite grain size of P91 and P91BN-4 base metals are
comparable. After ICHT, substructure size about 5-7 μm in P91-IC steel and 10-15 μm in
P91BN-4-IC steel were observed. However, it was predominantly observed in P91-IC steel as
compared to P91BN-4-IC steel. The features of the two steels after ICHT are given in Table 4.5.
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The hardness value (500 gf load and 15 seconds dwell time) of the intercritical heat-treated steels
was comparable with the intercritical region (ICHAZ) of the actual weld joints fabricated from
the P91 and P91BN-4 steels [54].

Fig. 4.58 SEM micrograph of (a) P91 and (b) P91BN-4 steels base metal in the normalized and
tempered condition.
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Fig. 4.59 TEM micrograph of (a) P91 and (b) P91BN-4 steels base metal in the normalized and
tempered condition and (c) EDS spectrum of M23C6 precipitate.

Table 4.5 The features of the P91-IC and P91BN-4-IC steels after ICHT.
Steel

P91-IC

P91BN-4-IC

5-7

10-15

Size of M23C6 (µm)

0.090

0.090

Area fraction of precipitates (%)

14.1

8.9

Hardness, HV0.5

180

207

Substructure size (µm)
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Fig. 4.60 SEM micrographs of ICHT (a, c) P91-IC and (b, d) P91BN-4-IC steels.
4.4.2 Creep deformation behaviour
The creep curves of P91-IC and P91BN-4-IC steels are shown in Fig. 4.61 (a) and (b). Creep
strain accumulation in the P91-IC steel is higher than in P91BN-4-IC steel. The creep curves
normalized by the respective rupture life at different stress levels are shown in Fig. 4.62. Figure
indicates lower creep strain accumulation in P91BN-4-IC steel than P91-IC steel. The variations
in creep rate with time at different stress levels are shown in Fig. 4.63. The decrease in creep rate
with time has been observed in the primary creep regime followed by shorter steady state and
longer accelerating creep rate regime. Longer tertiary creep regime has been generally observed
in the 9% Cr ferritic steels [115]. The microstructure of NT P91 steel is ever evolving;
dislocation density, size of precipitates and lath size changes continuously during creep [3,25].
Creep rate of both ICHT steels is higher as compared to their respective base metal. The
variation in minimum creep rate (έs) with applied stress () for P91-IC and P91BN-4-IC steels
are shown in Fig. 4.64. The variation in minimum/steady state creep rate with applied stress for
both the steels obeyed Norton’s power law relation as έs= A n. The stress exponent values of
P91-IC and P91BN-4-IC steels are 6.5 and 8.7 respectively. The formation and growth of sub157
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structure and coarsening of M23C6 precipitates in the inter-critical region are known to enhance
creep deformation rate in boron free P91 steel. Presence of boron in P91BN-4 steel increased the
resistance against formation and coarsening of sub-structure, and coarsening of M23C6 precipitate
resulting stabilization of lath martensite [25].
In order to understand the influence of precipitates in the P91-IC and P91BN-4-IC steels,
the threshold stress (σth) has been evaluated, which arises due to the interaction of dislocations
and precipitates. The effective stress (σa-σth) has been considered to be more appropriate than the
applied stress in describing the stress dependence of creep deformation in precipitate
strengthened 9-12 wt.% Cr steels [105,107]. The threshold stress (σth) can be calculated using the
modified version of Mukherjee-Bird-Dorn creep equation [14,15],

̇

(

)

Stress exponent value about 4, and similar activation energy for creep (QC) and lattice self
diffusion (QD) have been observed in pure metals [14,15]. The threshold stress is evaluated from
minimum creep rate ( ̇min1/4) versus applied stress plot, where the value of stress exponent of the
matrix was chosen as 4 (Fig. 4.65). The intercept of stress line values at zero strain rate provides
threshold stress. Threshold stress values of 28 MPa and 38 MPa were obtained for P91-IC and
P91BN-4-IC steels respectively. The higher threshold stress in the P91BN-4-IC steel than the
P91-IC steel has been attributed to the relatively stable M23C6 precipitates and lath structure in
P91BN-4-IC steel on high temperature exposure.
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Fig. 4.61 Creep curves of (a) P91-IC and (b) P91BN-4-IC steels at 923 K.

Fig. 4.62 Variation of creep strain (%) with normalized time to rupture (t/tr) of P91-IC and
P91BN-4-IC steels at 923 K.

Fig. 4.63 Variation of creep rate with time for (a) P91-IC and (b) P91BN-4-IC steels at 923 K.
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Fig. 4.64 Variation of minimum creep rate

Fig. 4.65 Variation of minimum creep rate with

with applied stress of P91-IC and P91BN-4-IC

applied stress of P91-IC and P91BN-4-IC steels

steels at 923 K.

at 923 K.

4.4.3 Creep rupture behaviour
The variations of creep rupture life with applied stress for intercritical heat treated steels are
shown in Fig. 4.66. The creep rupture life with applied stress variation obeyed an inverse power
law relation (tr=A -n ) with n value of P91-IC and P91BN-4-IC steels are 6.1 and 7.1
respectively as observed in the relation between minimum creep rate and applied stress (Fig.
4.64). The P91-IC steel possessed lower rupture life as compared to P91BN-4-IC steel. For stress
levels above 65 MPa, the rupture life of P91BN-4-IC were higher by a factor of 2, whereas at 50
MPa this factor increased (>4). The higher stability of M23C6 precipitates in P91BN-4-IC steel
arises due to the incorporation of boron in these precipitates. The boron effect would be
pronounced at lower stress levels as seen in the large divergence in the rupture life between P91IC and P91BN-4-IC steels.
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Creep rupture life of P91-IC is 2800 h at 50 MPa. Under similar stress condition, the creep
test of P91BN-4-IC steel progressed up to 11500 h (test interrupted) (Fig. 4.66). This shows a
significant improvement in creep rupture life at a lower stress level. The variations in elongation
(%) and reduction in area (%) with rupture life have been shown in Fig. 4.67(a) and (b). The
elongation has been observed to be lower in the P91BN-4-IC steel as compared to P91-IC steel,
indicating that the P91BN-4-IC steel is resistant against deformation at high temperature. Similar
observation has been made in accumulation of creep strain in the steels (Fig. 4.62). The increased
elongation in the P91 steel has been attributed to the coarsening of M23C6 precipitates and
coarsening of sub-structure resulting in decrease in dislocation density. Interestingly reduction in
area in both steels remains similar. The fractographs of crept specimens tested at different stress
levels are shown in Figs. 4.68 and 4.69. From the fractographs, it is apparent that both the steels
possessed ductile mode of failure in the investigated applied stress range.

Fig. 4.66 Variation of rupture life with applied stress of P91-IC and P91BN-4-IC steels and its
base metal at 923 K.
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Fig. 4.67 Variation of % elongation and % reduction in area with rupture time of P91-IC and
P91BN-4-IC steels at 923 K.
ICHT

P91-IC

P91BN-4-IC

100 MPa

65 MPa

Fig. 4.68 Fractography of creep ruptured P91-IC and P91BN-4-IC steels in different applied
stress conditions at 923 K.
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ICHT

P91-IC

P91BN-4-IC

65 MPa

Fig. 4.69 Fracture surface appearance of P91-IC and P91BN-4-IC steels at 923 K and 65 MPa.
4.4.4 Precipitation strengthening
SE micrographs of crept specimens of P91-IC and P91BN-4-IC steels are shown in Fig.
4.70(a). It is evident that precipitate size increases with decrease in stress levels, and it is more
pronounced in P91-IC steel. In addition to the size of precipitate, size of sub-structure is
significantly bigger in P91-IC steel compared to P91BN-4-IC steel at 50 MPa (Fig. 4.70). Fig.
4.70(b) shows variation in precipitate size with creep rupture time. The size of the precipitates
has been varied from 0.30 to 0.44 µm and 0.28 to 0.33 µm size in P91-IC and P91BN-4-IC steels
respectively. It is evident that precipitate size increases monotonically in P91-IC steel whereas it
has reached saturation in P91BN-4-IC steel at 200 h. No significant coarsening of precipitate has
been observed for the 11500 h duration in P91BN-4-IC steel. These precipitates were of Cr rich
M23C6 type. Arrows in the figure marks those precipitates. The presence of finer precipitates
delays the onset of accelerating creep in P91BN-4-IC steel than P91-IC steel at a given stress
level. It can be concluded that presence of fine and stable precipitates in the boundaries in
P91BN-4-IC steel led to enhance the stability of martensite lath structure, which has been
attributed to higher sub-boundaries hardening in P91BN-4-IC steel. Thus, the addition of boron
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in P91 steel enhances the creep rupture strength of the intercritical (ICHT) region of the weld
joint in comparison with boron free P91 steel.
(a)

P91-IC

P91BN-4-IC

50 MPa

Fig. 4.70(a) SEM micrographs of crept P91-IC and P91BN-4-IC steels at 923 K and 50 MPa, and
(b) precipitates size variation with rupture life of P91-IC and P91BN-4-IC steels at 923K.
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4.5 Conclusions
Based on the studies on microstructure, tensile, creep deformation and rupture behaviour of
base metal and weld joints of P91 steel and P91BN steels (boron along with controlled nitrogen
content), following conclusions have been drawn.
a) P91BN steel containing boron (0.0060 wt.%) with controlled nitrogen content (0.0100
wt.%) resulted in finer martensite lath width, enhanced number density of finer M23C6
and MX precipitates, and higher dislocation density than in the P91 steel.
b) Tensile strength of the P91BN-1, P91BN-2 and P91BN-3 steels was higher than the P91
steel, which became more significant at higher temperature and was associated with
higher ductility, fracture energy (area under stress-strain curve) and stress relaxation
resistance.
c) The time spent in each creep regime was increased significantly in P91BN steels as
compared to P91 steel.
d) The presence of boron in P91BN steels decreased the minimum creep rate predominantly
with decrease in temperature and applied stress. P91BN steel exhibited higher threshold
stress than the P91 steel.
e) P91BN-1, P91BN-2 and P91BN-3 steels possessed significantly enhanced creep rupture
life at 823, 873 and 923 K as compared to P91 steel under similar test conditions
associated with comparable ductility. Both P91 and P91BN-1 steels obeyed Monkman
and modified Monkman-Grant relationships.
f) Sluggish coarsening of M23C6 and finer MX precipitates significantly delayed the
recovery of dislocation structure and migration of boundaries in P91BN steels than in
P91 steel. An improvement in the 105 h creep rupture strength about 16, 25, 33 and 37
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(%) at 773, 823, 873 and 898 K respectively in P91BN-1 steel as compared to P91 steel
were evaluated using Larson-Miller parametric method.
g) P91BN-1 steel base metal and weld joint has shown higher creep rupture life as compared
other P91BN steels base and weld joints at 873 K.
h) P91BN-1, P91BN-2 and P91BN-3 steels weld joints has exhibited significantly higher
creep rupture strength than the P91 steel weld joint. The loss of creep rupture strength of
P91BN-1, P91BN-2 and P91BN-3 steels weld joint is relatively less as compared its base
metals at 873 K.
i) The P91BN-2 steel weld joint having higher boron with controlled nitrogen possessed
higher creep rupture life than the other P91BN steels weld joints at 923 K. The P91BN
steels weld joints creep rupture life is comparable with the creep rupture strength of P91
steel base metal at 923 K. The reduction in heterogeneous mechanical properties across
the weld joint enhances the type IV cracking resistance of P91BN steels as observed in
the weld joint in the P91BN-1 steel.
j) Minimum creep rate in P91B-IC steel is lower as compared to P91-IC steel.
k) The size of M23C6 precipitate reached saturation value at 200 h in P91B-IC whereas it
increased monotonically in P91-IC steel.
l) P91B-IC steel has exhibited higher creep rupture life. The differences in creep rupture
life between P91-IC and P91B-IC steels increased with decrease in applied stress.
Presence of boron in the P91B-IC steel led to stable precipitates and lath structure results
in higher creep rupture strength than P91-IC steel.
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Thermomechanical Treatment of Modified 9Cr-1Mo Steel and its Influence
on Type IV Cracking
5.1 Introduction
In this chapter, thermomechanical treatment (TMT) viz. deforming in the austenite phase
field of modified 9Cr-1Mo steel is explored in order to enhance the long term creep resistance of
base metal and weld joints. This refines the microstructure and increases MX precipitation. The
extent of deformation in TMT is optimized based on the microstructure, hardness and creep
resistance (at 923 K). Detailed studies have been carried out on TMT steel with 15, 25, 40 and
50% deformation. The influence of TMT processing on type IV cracking in the joint was
evaluated by comparing the behaviours of joint prepared using 25% TMT steels with that of joint
fabricated from conventionally heat treated normalized and tempered (NT) steel. Process
diagrams for NT and TMT of modified 9Cr-1Mo steel details are given in chapter 3.3.
5.2 TMT processing of modified 9Cr-1Mo steel
5.2.1 Microstructure
Optical micrographs of the modified 9Cr-1Mo (P91) steel in the NT condition and after
TMT processing with different degrees of deformation viz. 15, 25, 40 and 50% are shown in Fig.
5.1. The NT as well as 15 and 25% TMT steels show typical martensite microstructure, but in the
40 and 50% TMT steels martensite structure with some amount of ferrite was observed. Ferrite
formation was extensive in 50% TMT steel. Prior-austenite grain (PAG) size of the NT steel was
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18±3 µm (Fig. 5.1(a)). Coarser PAGs were observed in the TMT processed steel in comparison
with the NT steel. PAG sizes of the 15, 25, 40 and 50 % TMT processed steel were about 61±5,
105±15, 59±10 and 43±10 μm, respectively (Fig. 5.1(b-e)). Increase in PAG size with
normalization temperature and coarser PAG size in the TMT processed steel have been reported
in 9Cr-steels [99,124]. PAG size increases up to 25% TMT and then decreases with further
increase in TMT deformation. The equilibrium phases present in modified 9Cr-1Mo steel is
predicted using Thermo-Calc program (Fig. 5.2). M23C6 precipitates are present up to 1173 K,
whereas VNb(C,N) carbonitride precipitates are present up to 1373 K. Almost complete
dissolution of primary niobium carbonitride (Nb(C,N)) precipitates during normalization at
temperatures above 1423 K leads to enhanced grain growth. Lengthy blocks were predominantly
observed in the TMT steel as compared to NT steel, it was higher in the 25% TMT steel. Fine
lath structure in the 50% TMT steel as well was observed, in those regions in the steel that has
not transformed to ferrite (Fig. 5.3(e)). Normalization at 1423 K in TMT processing (Fig. 2.1)
was chosen with an intension of dissolving all the prior existing (V,Nb)(C,N) particles so as to
precipitate them during ageing after deformation in TMT process as secondary particles to offer
resistance to subsequent martensite transformation. Formation of ferrite along the prior austenite
grain boundary is evident from Fig. 5.1(e). Formation of -ferrite on normalization at high
temperature in modified 9Cr-1Mo steel has been reported by Chandravathi et al. [99], leading to
grain refinement. In 40%TMT and 50%TMT steels, the grain refinement is due to the formation
of ferrite. The absence of such ferrite in the 15%TMT and 25%TMT steels indicates that it is not
-ferrite and forms during the deformation/ageing parts of 40 and 50%TMT processing as ferrite. The CCT diagram of modified 9Cr-1Mso steel (Fig.2.1(b)) [72] indicates that hold time
of 40 minutes (10 minutes deformation + 30 minutes ageing) should not lead to the formation of
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pro-eutectoid ferrite provided the induced deformation has little effect. Evidence of no ferrite
formation up to 25% TMT steel supports the view expressed in the CCT diagram of modified
9Cr-1Mo steel. The extensive formation of ferrite in the 50%TMT steel is due to the effect of
deformation in enhancing ferrite formation on holding in the austenite phase.
SEM microstructures of the NT and TMT steels are shown in Fig. 5.4. The TMT processed
steel exhibited enhanced precipitation, which is homogeneously distributed. The ferrite phase in
the 40 and 50%TMT processed steel is found almost free of M23C6 precipitates due to lack of
interfaces (Fig. 5.3(c)). High resolution FEG-SEM micrographs reveal more detailed
precipitation of the NT and 25% TMT steels (Fig. 5.4). Energy dispersive spectroscopy (EDS)
spectrum reveals that the precipitates are chromium rich M23C6 on interfaces, and V and Nb-rich
MX precipitates (Fig. 5.5) in the intragranular regions, as reported in these steels earlier by many
investigators [3,4,58-64]. More importantly, the SEM micrographs reveal that the M23C6
particles on the grain boundaries and martensite interfaces are much less in area fraction as well
as in size in the 25% TMT steel. The sizes of the M23C6 precipitates in the 25%TMT and NT
steels were 8010 nm and 9310 nm, respectively. The area fraction of M23C6 precipitates about
7.4% and 8.6% are observed in the 25%TMT and NT steel, respectively. This clearly indicates
that the TMT processing of the steel reduces the precipitation of M23C6 since these require
interfaces for nucleation. In TMT processing, the austenite offers lesser interfaces, namely only
the PAG boundaries as opposed to numerous martensite transformation induced interfaces in
normalized steel, which enhances precipitation of MX and therefore, the strength of the steel.
MX precipitates observed in the TMT steels were finer than NT steel. The stored dislocation
energy in the austenite matrix due to deformation prior to ageing plays a major role on strain
enhanced precipitation of MX [68]. The dislocations generated during hot deformation in the
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austenitic regime provides nucleation sites for precipitates and channels for the diffusion of
carbon and nitrogen atoms assisting in predominant nucleation of MX precipitates in the steel. In
the present study, the MX precipitates are significantly finer in the TMT processed steel (20 ± 5
nm) than those in NT (30±5 nm) steel (Fig. 5.5). Also, the number of MX precipitates per unit
area is relatively higher in the TMT processed steel (13/µm2) than in the NT (9/µm2) steel. MX
particles were observed also on the interfaces in the TMT processed steel (Fig. 5.5). Further, a
detailed examination of the grain structure in the steels was carried out by EBSD.
The inverse pole figure (IPF) Z-map superimposed with grain boundary map revealed the
presence of significantly coarser prior austenite grain structure composed of finer substructure
(elongated lath structure) in the TMT steels than in the NT steel (Fig. 5.6). Lath width in the
TMT steels decreased with increase in degree of deformation in the austenite phase field,
although ferrite phase was extensively present in the 50%TMT steel (Fig. 5.6(e)). IPF color
legend is shown in Fig. 5.6(f). Uniformity of IPF color shade within the packet boundary (packet
consists of sub-blocks and lath) depicts the nearly single grain orientation within packets.
Distribution of grain boundary angles in the NT and 15%, 25%, 40% and 50%TMT steels are
shown in Fig. 5.7(a-e). Grain boundary angles ranging from 1 to 5 shown in green mainly
consist of lath boundaries, 5 to 10 shown in red mainly consist of packet and block boundaries,
and high angle grain boundaries (HAGB) (θ >10; black). The HAGBs were higher in the
50%TMT steel than in other conditions. The ratios of HAGB to LAGBs in different regions
across the joint are summarized in Fig. 5.7(f). The ratio was lower in the 15-25% TMT steel than
in the 50%TMT, indicating the significant existence of block/lath structure in the steel up to
25%TMT steel. The variation of misorientation angle (MOA) in different conditions of the steel
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are shown in Fig. 5.8(a-e). Fraction of low MOA boundaries (at 1-2) was higher in the 15%,
25% and 40%TMT steels than in the NT and 50%TMT steels which were comparable.

Fig. 5.1 Optical micrographs of the modified 9Cr-1Mo steel in the (a) NT, (b) 15%, (c) 25%, (d)
40% and (e) 50%TMT processed conditions.
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Fig. 5.2 Predicted equilibrium phases in modified 9Cr-1Mo steel with the temperature using
Thermo-Calc program.

Fig. 5.3 SEM-SE micrographs of the modified 9Cr-1Mo steel in the (a) NT, (b) 25% and (c)
50%TMT processed conditions.
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Fig. 5.4 FEG-SEM micrographs of the modified 9Cr-1Mo steel in the (a) NT and (b) 25%TMT
conditions.

Fig. 5.5 Energy dispersive spectroscopy (EDS) spectrum of (a) matrix, (b) M23C6 and (c) MX
(VC) precipitates.
The CSL boundary map (colour lines) and distribution in frequencies (%) in NT and TMT steels
are shown in Fig. 5.9(a-e). CSL map overlapped with boundary map depicting the existence of
CSL character predominantly in the block and lath boundaries. The fractions of CSL boundaries
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(Σ3, Σ11 and Σ25b) were noticed to be lower in the NT and 50%TMT (boundary length is
relatively low in the steel) steels (Fig. 5.9(a and e)) than in other TMT steels. Higher fractions of
CSL boundaries in the 15%, 25% and 40%TMT steels are expected to increase the creep strength
as compared to NT and 50%TMT steels. It has been reported in P91 steel that CSL boundaries
improve the creep strength by minimizing the boundary sliding [62,125].
Microstructure of this steel can be considered to consist of the following types; (i)
recovered (recovery of dislocation structure), (ii) substructure (lath and block) and (iii) deformed
structure (consisting of more dislocations at intra-lath region and at interfaces). Relative amounts
of these structures vary in the steel in different conditions (Fig. 5.10). Substructure and deformed
structure frequency (%) in the TMT steels are relatively higher than NT steel except for
50%TMT steel due to formation of ferrite in the 50%TMT condition, whereas recovered
structure was found to be lesser in the 15%, 25% and 40%TMT steels. (Fig. 5.10(b,c,d)). Higher
substructure content was observed in the 25%TMT steel than in other conditions. More deformed
structure in the 40%TMT steel results from more precipitates and less lath width in the steel
(though the steel suffers from ferrite phase formation). In the case of NT and 40%TMT steels,
recovered and substructure frequencies were comparable; but the deformed structure in the
40%TMT steel was relatively higher than in the NT (Fig. 5.10(a,d)). It may be noted that the
presence of softer (recovered) structure in the 50%TMT steel leads to significant loss of creep
strength as compared to other TMT conditions and NT steel in short term creep. Presence of MX
precipitates, however, may contribute to higher strength in the long term creep exposure than the
NT steel. On the other hand, presence of extensive ferrite in the 50%TMT steel excludes the
advantage of TMT process in the steel. Kernel average misorientation (KAM) maps in the NT
and TMT steels are shown in Fig. 5.11(a-e). The color legend for KAM distribution is given in
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Fig. 5.11(f). The nonuniform color distribution depicts the variations in strain distribution within
the blocks and packets. Formation of equiaxed ferrite structure during TMT processing is
predominantly existent in the 50%TMT steel (Fig. 5.11(e)). The 25% and 40%TMT steels
exhibited higher strain than the NT and other TMT conditions. The strain in the NT and
15%TMT steels were comparable with that in the untransformed martensite region in the
50%TMT steels (Fig. 5.11(a, b, e)).
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Fig. 5.6 EBSD-IPF map of modified 9Cr-1Mo steel in the (a) NT, (b) 15%, (c) 25%, (d) 40% and
(e) 50% TMT conditions. (f) IPF colour legend.
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Fig. 5.7 Boundary map of P91 steel (1 <  > 5 Green; 5 <  > 10 Blue; 10 <  Black) in the (a)
NT, (b) 15%, (c) 25%, (d) 40% and (e) 50% TMT conditions, and (f) ratio of HAGB/LAGB in the P91
steel in NT and TMTs conditions.
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Fig. 5.8 Misorientations angle distribution of modified 9Cr-1Mo steel in the (a) NT, (b) 15%, (c)
25%, (d) 40% and (e) 50% TMT conditions.
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Fig. 5.9 CSL boundary map (colour lines) of modified 9Cr-1Mo steel in the (a) NT, (b) 15%, (c)
25%, (d) 40% and (e) 50% TMT conditions.
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Fig. 5.10 Recovery of substructure (blue), substructure (yellow) and deformed (red) regions of
modified 9Cr-1Mo steel in the (a) NT, (b) 15%, (c) 25%, (d) 40%, and (e) 50% TMT conditions. (f)
frequency (%) of microstructural conditions in NT and TMT steels.
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(f)

KAM angle (0 - 2)

Fig. 5.11 EBSD KAM map depicting the strain distribution in the modified 9Cr-1Mo steel in the (a)
NT, (b) 15%, (c) 25%, (d) 40% and (e) 50% TMT conditions. (f) KAM colour legend
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TEM micrographs of NT, and 25% and 50% TMT processed steels are given in Fig. 5.12.
The microstructure of the NT and 25%TMT steel consists of tempered martensitic lath structure.
The lath boundaries and intra-lath regions are decorated with M23C6 and intragranular MX
precipitates. The TMT processed steel has finer lath structure as compared to those in the NT
steel as shown in Figs. 5.12 and 5.6. TMT 50% steel possessed lower dislocation density as
compared to TMT 25% and NT steel (Fig. 5.12(c)). Selected area diffraction (SAD) pattern of
M23C6 and MX precipitates are given in Fig. 5.12((d) and (e)), indicating their identification. The
lath width was about 558±10 nm in the NT steel (Fig. 5.12(a)) and 460±10 nm in the 25%TMT
steel (Fig. 5.12(b)). It is known that the strength of austenite affects the nucleation of martensite
by providing resistance to the motion of dislocations involved in the martensite transformation
process [126]. The increase in volume accompanied with the transformation of FCC austenite to
body centred tetragonal (BCT) martensite creates stress in the austenite, which is accommodated
by deformation. Stronger austenite leads to finer martensite lath size as counter force opposing
driving force for martensite formation will be realized with reduced growth of the lath, which
stops further martensite formation unless the temperature is decreased to increase the driving
force. In the austenite phase of the TMT processed steel, change in the lath size on subsequent
cooling can result from (i) coarse austenite grains due to higher normalization temperature, (ii)
enhanced dislocation density due to deformation (which may also recover substantially at 973
K), (iii) precipitation of MX and M23C6 (possibly) on ageing and (iv) reduction in carbon,
niobium, vanadium and chromium contents due to precipitation. Since precipitation and
deformation induced dislocations provide higher strengthening against the loss of strength due to
increase in grain size and reduction in solute elements, the reduction in martensite lath size on
TMT processing over the NT process as observed (Fig. 5.6) is expected. The increase in alloy
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content in the solution at high normalizing temperatures leads to decrease in Ms temperature,
resulting in finer lath width. It has been reported that [3,4] lath size decreases with increase in
tungsten content, apparently due to increase in strength of austenite. Decrease in M s temperature
due to deformation in the austenite phase field was reported by Zang et al. [125]. Also, increase
in PAG size leads to increases in Ms temperature [127]. Larger PAG size imposes less plastic
constraint on martensite transformation resulting in longer martensite lath structure [125]. An
increase in Ms temperature and low carbon content in the matrix thus leads to low dislocation
density. Austenite in the TMT processed steel is stronger due to the precipitation of MX and can
accommodate the stresses generated by nucleation and growth of martensite with less
deformation, leading to decrease in Ms temperature. In the present investigation, it is evident that
the TMT processing of modified 9Cr-1Mo steel produced finer lath structure, M23C6 and MX
precipitates, and enhanced MX precipitation homogeneously distributed in matrix as well as on
interface than those in NT steel. XRD patterns in different degrees of TMT conditions of the P91
steel is shown in Fig. 5.13. The presence of M23C6 precipitates in all the conditions of the steel,
and enhanced Nb-rich precipitates in 25%TMT steel has been noticed.
Vickers hardness of the steel in the NT, 15%, 25%, 40% and 50% TMT conditions are
shown in Fig. 5.14. Hardness increased on TMT processing, and increase in deformation from 40
to 50 % decreased it further. Lower hardness of 50% TMT steel (~200 HV 10) than that of 15, 25
and 40% TMT steel is considered to be due to the presence of ferrite predominantly. TMT
processing up to 25% imparted in avoiding the ferrite formation to attain enhanced high
temperature strength.
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Fig. 5.12 TEM micrographs of (a) (NT), and (b) 25%TMT and (c) 50%TMT processed steels.
SAD patterns of (d) M23C6 and (e) MX precipitates.
5.2.2 Creep deformation and rupture behaviour
In order to study the effect of TMT on the creep behaviour, tests were carried out on NT
and all the TMT steels at 923 K and 100 MPa. The creep curves of the modified 9Cr-1Mo steel
in the NT, 15%, 25%, 40% and 50%TMT conditions at 923 K and 100 MPa are shown in Fig.
5.15. The creep curves for the material in all the conditions exhibited primary, secondary and
tertiary creep regimes. Creep strain accumulation in the all the TMT steels was comparable
except for the 50%TMT steel which shows relatively lower strain accumulation than the other
TMT steels. NT exhibits relatively higher creep strain accumulation than the TMT steels.
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Fig. 5.13 XRD patterns in different conditions of the P91 steel (TMTs) depicting the presence of
M23C6 precipitates, and enhanced Nb-rich precipitates in 25%TMT steel.
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Fig. 5.14 Hardness values at different conditions of the steel.
Secondary creep regime was longer in the 15, 25 and 40 %TMT steels than NT and 50%TMT
steels. Creep deformation regimes in the NT and 50% TMT steels were comparable. The
variation of creep rate with time for the NT and TMT steels are shown in Fig. 5.15. The creep
rate decreased with time and reached a minimum value, depicting less secondary stage of creep
deformation and subsequently accelerated creep rate in the tertiary creep regime leading to
failure. The initial creep rate was higher in the NT and 50%TMT steel than other TMT
conditions. The transient creep rates in the 15%, 25% and 40%TMT steels were comparable, and
it was lower than that of NT and 50%TMT steel. The 15%, 25% and 40%TMT steels exhibit
relatively extended secondary creep regimes in comparison with the NT and 50%TMT steels.
The presence of fine and higher number of MX precipitates in the 15%, 25% and 40%TMT steel
leads to extended secondary creep regime with lower minimum creep rate (Fig. 5.15(b)).
Minimum creep rates in the NT and 50%TMT steels were comparable and higher than in the
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other TMT conditions. However, onset of tertiary creep deformation was early in the 15 and
40%TMT steels; it was significantly early in the 40%TMT steel. Presence of -ferrite phase in
the 40 and 50%TMT steels precludes the possible benefit of TMT in these conditions. The
variations of creep rate with creep strain of the steels at 923 K and 100 MPa are shown in Fig.
5.15(c). The creep rate decreased with increase in creep strain up to onset of tertiary creep in all
conditions of the steel, this decrement in creep rate was profoundly observed in the 15%, 25%
and 40%TMT steels. The minimum in creep rate occurred between 1 to 2% of creep strain at all
TMT levels and in NT steel. The creep rate variations with creep strain in the NT and 50%TMT
steels were comparable as expected from creep curves. TMT processing of the steel with up to
25% deformation led to a quite appreciable decrease in the minimum creep rate. However,
presumably due to the presence of ferrite further increase in deformation reduced this beneficial
effect of TMT on the minimum creep rate compared to that of the NT steel. This clearly
emphasized the need for avoidance of ferrite formation in the TMT processing. The presence of
coarser PAG, fine lath width, and fine M23C6 and MX precipitates and higher number density of
MX precipitates in the 15%, 25% and 40%TMT steels led to increase in creep deformation
resistance by delaying the recovery of dislocation substructure, and 25%TMT is optimum. The
enhanced resistance to deformation has also been confirmed by the tensile stress relaxation
behaviour. The deformation behaviour of the NT and 25% TMT steel has been studied at 873 K
by subjecting the steel to 2% tensile deformation and observing the stress relaxation behaviour
by holding cross-head of the testing machine. The deformation behaviour observed from the
stress relaxation tests showed that the 25%TMT steel has greater resistance to creep deformation
than the NT (Fig. 5.16).

187

Chapter 5: Thermomechanical treatment of modified 9Cr-1Mo steel
The variation of minimum creep rate ( ̇

) with applied stress (σa) for NT and 25%TMT

steels (Fig. 5.17) followed Norton’s power law of creep as ̇

= Aσn, where A is a constant, n is

the stress exponent. As already mentioned TMT processing with 25% deformation leads to a
significant decrease in the creep rate compared to the NT steel; the difference increased with
decrease in applied stress. This indicates better microstructural stability of the 25% TMT steel
over the NT steel on high temperature creep exposure. The stress exponent values are 18 and 25
for NT and 25%TMT steels, respectively. Classically, dislocation creep results in ‘n’ value of 4
or 5, whereas for diffusional creep it is 1. However, no change in deformation mechanism is
expected under the presently investigated stress and temperature ranges. The higher values of ‘n’
in precipitation-hardened alloys could not be interpreted by conventional creep theories. The
creep deformation of precipitation hardened alloys can be rationalized by conventional
dislocation creep theories by expressing creep rate in terms of the effective stress
difference between the applied stress (

and the threshold stress (

i.e., the
rather than

applied stress. The threshold stress is associated with the mechanism by which the dislocations
bypass the particles to cause creep deformation [5,107]. Considering the threshold stress (σth),
the creep rate according to Mukherjee-Bird-Dorn [5,107] can be expressed as,

̇

(

)

where A is a constant, n is the matrix stress exponent,

is the applied stress, Qc is the creep

activation energy, T is the temperature in Kelvin, µ is the shear modulus, and k is the
Boltzmann’s constant. Stress exponent value of about 4, and activation energy for creep (Qc)
similar to that for lattice self-diffusion (Qd) have been observed in pure metals [5,107].
Lagneborg and Bergman [128] proposed a graphical method to estimate the threshold stress
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by plotting (
straight-line (
present study,

̇ )1/4 against applied stress a (Fig. 5.18). The stress intercept by extrapolating the
̇ )1/4 against applied stress a plot to zero-creep rate gives

values. In the

values of 87 MPa for NT and 98 MPa for 25%TMT steel were obtained. The

higher resistive stress in the 25%TMT steel in comparison with NT steel has been attributed to
the presence of finer and higher number density of MX precipitates along with finer martensite
lath structure, which more effectively pin the dislocations.
The variation of creep rupture life at 923 K and 100MPa with extent of deformation is shown in
Fig. 5.19. Rupture life increased with increase in TMT deformation up to 25%, further increase
in deformation resulted in decrease in creep rupture life due to formation of ferrite in the steel.
Creep rupture life of NT, 40% and 50%TMT steels were comparable. The variation of tr with a
for NT, 25% and 50%TMT steels at 923 K are shown in Fig. 5.20. Significant increase in creep
rupture life (tr) of the 25%TMT processed steel in comparison with the NT was observed;
however 50%TMT had lower tr than NT though the difference decreased with decreasing stress.
The difference in tr between the 25%TMT steel and NT steel increased with decreasing a, due
to enhanced contribution of the precipitates under lower stress level by pinning of dislocations
and the subsequent delay in the climbing event to overcome from barrier (Fig.5.16) also delaying
the recovery process.
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Fig. 5.15 (a) creep curves, creep rate with (b) time and (c) creep strain curves of modified 9Cr1Mo steel in NT and TMT (15, 25, 40 and 50%) conditions at 923 K and 100 MPa.

Fig. 5.16 (a) Stress relaxation test graph of NT and 25%TMT steels at 873 K and (b) stress
relaxation behaviour of NT and 25% TMT steels at 873 K.

Fig. 5.17 Variation of minimum creep rate with applied stress of modified 9Cr-1Mo steel in the
NT and 25%TMT processed conditions at 923 K.
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Fig. 5.18 Variation of strain rate ( ̇ 1/4)

Fig. 5.19 Creep rupture life with different

versus applied stress plot for NT steel and

conditions of modified 9Cr-1Mo steel at

25%TMT conditions at 923 K.

923 K and 100 MPa.

Fig. 5.20 Variation of creep rupture life

Fig. 5.21 Variation of elongation (%) and

with applied stress plot for NT and TMT

reduction in area (%) with rupture life of

(25% and 50%) steels at 923 K.

NT and TMT (25% and 50%) steels at
923 K.
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Fig. 5.22 Fracture surfaces of creep ruptured (b) 15%, (c) 25%, (d) 40% and (e) 50% TMT steels
at 923 K and 100 MPa.
The variations of elongation (%) and reduction in area (%) with tr are shown in Fig. 5.21.
Both the TMT processed steels exhibited lower strain accumulation in comparison to NT steel.
The reduction in area was comparable in the NT and TMT processed steels. However, the
reduction in area of all the steels did not change significantly in the investigated creep duration in
NT and 25%TMT steels. Relatively lower elongation in the 25%TMT steel has been attributed to
reduction in rates of recovery and coarsening of precipitates with creep exposure than the NT
steel. Examination of the fractured surfaces of creep ruptured 15%, 25%, 40% and 50%TMT
processed steels revealed ductile mode of failure (Fig. 5.22).
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5.2.3 Microstructure evolution under creep
Microstructural features of tempered martensite F/M steels and their role in strengthening
against creep deformation have been discussed by many investigators [3-5]. From their detailed
analysis pertaining to the effect of volume fraction and diameter of each kind of precipitates,
dislocation density and subgrain size on Orowan stress Maruyama et al. [3] concluded that
dislocation substructure is the major obstacle controlling the creep deformation, if it does not
recover significantly during creep. Similar view has been expressed by many investigators
[41,78,129,130]. The mobile dislocation density within subgrain/lath decreases and the
subgrain/lath width increases with creep exposure [3,4], leading to a decrease in their
strengthening role with creep exposure. For relatively long-term creep strength, the material
should have high dislocation density and fine substructure, and more importantly they must be
stable at high temperature. The precipitates, both on subgrain boundaries and inside grains, play
an important role in stabilizing the microstructural features by pinning them against recovery.
The M23C6 and MX precipitates on the subgrain boundaries and intragranular MX provide
stability of the respective microstructural features [3,4]. It has been shown that M23C6 provides
the highest pinning force on subgrain boundaries whereas MX on dislocations are most effective
in pinning them [3]. However, stability is reduced because of the coarsening of M23C6
precipitates and the replacement of fine MX with coarser Z-phase on long term creep exposure
[3,4]. Fortunately, the modified 9Cr-1Mo steel is not much prone to Z-phase formation.
Naturally, much attention has been paid to increase the coarsening resistance of M23C6
precipitates by alloying with tungsten, boron etc. [3,4]. Alternatively, it has been thought to
replace M23C6 on the subgrain with more stable MX precipitates. A schematic microstructural
view of such steel is shown in Fig. 5.23, as conceived by Abe in ferritic steel [4]. Reduction in
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carbon content with appropriate increase in nitrogen content has been reported to increase creep
strength of F/M steel by elimination of M23C6 precipitates by MX precipitates. However, in high
nitrogen steels, the replacement of MX with Z-phase on long exposure is a concern. Attempts to
reduce M23C6 and increase MX in the microstructure through TMT processing has been studied
in order enhance creep strength [131-133]. Microstructures of the NT, and 25% and 50%TMT
steels creep fractured at 923 K and 100 MPa are shown in Fig. 5.24. Extensive pinning of the
dislocations and substructure precipitate particles are seen in the gauge section (Fig. 5.24(b)). At
the neck region (i.e., near fracture surface), which has undergone extensive recovery under triaxial state of stress, many of the microstructural features remain. Presence of ferrite on TMT
processing (40 and 50%), however, is a concern, and optimization of TMT parameters needs to
be considered to avoid it. Optimum creep strength has been observed in the 25% processed TMT
steel.

Fig. 5.23 Schematic of microstructural constituents of modified 9Cr-1Mo steel in the NT,
25%TMT and 50%TMT conditions.
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Fig. 5.24 TEM microstructures of (a) gauge region and (b) necked regions of 25%TMT
processed steel creep exposed at 923 K and 100 MPa depicted the dislocation structure
pinned by finer MX precipitates.

5.3 Creep behaviour of NT and TMT steels weld joints
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Macrostructure of electron beam weld joint (EB) of modified 9Cr-1Mo steel fabricated
from normalized and tempered (NT), and optimized 25%TMT steel are shown in Fig. 5.25.
5.3.1 Microstructure and hardness variations across the weld joints
The weld joint consists of weld metal, narrow heat affected zone (HAZ) of ~250 to 300
µm width and base metal. SEM micrographs observed across both the weld joints are shown in
Fig. 5.26. The prior-austenite grain (PAG) size was found to vary significantly across the weld
joint; In the NT steel weld joint, CGHAZ, FGHAZ, ICHAZ and base metal regions these were
32 m, 21 m, 13 m and 30 m respectively. In TMT steel weld joint, the PAG size of
CGHAZ, FGHAZ, ICHAZ and base metal regions were 24 m, 13 m, 7 m and 60 m
respectively. The dissolution and stability of precipitates, transformation kinetics of the steel
with weld peak temperature resulted in significant variations in PAG size in the HAZ. The PAG
sizes in the HAZ regions of TMT steel joint were relatively small in comparison with those in
NT steel joint. Specifically, the PAG size of ICHAZ was significantly lower than its adjacent
regions in the weld joint. The ICHAZ region of TMT steel joint possessed lower PAG size (7
m) than that in the NT steel joint (13 m) (Fig. 5.27). The presence of more MX precipitates is
expected to lead to finer PAG size across the TMT joint by suppressing grain growth upon
heating during weld thermal cycle. The steel derives its high temperature strength predominantly
from tempered martensite lath structure, dislocations, M23C6 and MX carbonitrides, solute atoms,
grain and sub-grain boundaries. The SEM microstructure observed at different regions of the NT
and TMT weld joints are shown in Fig. 5.28. The microstructure consists of tempered martensitic
lath structure, and decoration of PAG and sub-boundaries by M23C6 precipitate, and MX
precipitates in the intra lath regions. MX precipitates possess relatively higher thermal stability in
comparison with the M23C6 precipitate [6]. Hence, the M23C6 precipitate size has been examined
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at different zones in the weld joint (Fig. 5.28). Energy dispersive spectroscopy (EDS) spectrum
of M23C6 precipitate observed in the steel is given in Fig. 5.29. M23C6 precipitate size and
tempered martensite lath width across the different regions of both the weld joints reveals
significant variations. The variation in size of M23C6 precipitate between the weld metal,
CGHAZ and base metal regions was relatively less as compared to ICHAZ (Fig. 5.30). In both
the weld joints, coarser M23C6 precipitate, and coarser lath width accompanied by subgrain
formation has been noticed in the ICHAZ than in the adjacent regions. However, the extent of
coarsening of M23C6 precipitates and lath width in the ICHAZ were relatively lesser in TMT joint
as compared to NT steel joint (Figs. 5.28 and 5.30).
The average size of M23C6 precipitates in the weld metal, CGHAZ, FGHAZ, ICHAZ and
base metal are 118, 133, 139, 143 and 127 nm in NT joint whereas these are 104, 116, 128, 137
and 110 nm in TMT joint respectively. In general, the average size of M23C6 precipitates in
different regions of the weld joint was lower in the TMT steel than in the NT steel. Presence of
these fine precipitates in TMT steel leads to effective pinning of the boundaries. Pinning of
dislocations by MX precipitates delays the recovery of dislocation structure at the high creep
temperature. The average size of M23C6 precipitates observed in the ICHAZ region of EB joint of
the NT steel 137 µm was comparable with that in the joint made using shielded metal arc
welding process. Presumably the lesser availability of carbon in the TMT steel matrix due to
consumption of carbon for formation of MX (MCN) precipitates leads to reduced coarsening of
M23C6 precipitates during subsequent weld thermal cycles. Enhanced MX precipitation
(increased number density and finer size) through TMT processing and its influence on the
improvement of creep strength of modified 9Cr-1Mo steel have been reported by researchers
[58,62,63,133]. The variations in hardness across both the NT and TMT weld joints are given in
197

Chapter 5: Thermomechanical treatment of modified 9Cr-1Mo steel
Fig. 5.31. A decrease in hardness values from weld metal to base metal with a hardness trough in
the ICHAZ has been observed in both the weld joints. The lowest hardness has been observed in
the ICHAZ in both NT and TMT steel joints. Formation of soft ICHAZ has been reported by
other researchers in different 9-12Cr steel weld joints [81, 133]. This softening is due to
coarsening of M23C6 precipitates and sub-grain formation with decreased dislocation density in
the ICHAZ of the weld joint during weld thermal cycle (Fig. 5.28). Dislocation cell structure
formation which causes dip in the hardness has been reported in the HAZ of electron beam
PWHT weld joint of T91 steel [134]. The hardness values in the ICHAZ region of weld joints
were about 2272 VHN in TMT steel and about 2222 VHN in NT steel. The observed higher
hardness in ICHAZ of TMT steel joint than in the ICHAZ of NT steel joint is consistent with the
presence of finer M23C6 and MX precipitates, and more number of MX precipitates in the TMT
steel.

Fig. 5.25 Macrographs of (a) NT and (b) 25%TMT steels weld joints.
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Fig. 5.26 SEM microstructures across the NT (a,b,c,d,e) and 25%TMT (f,g,h,i,j) steel weld joints
depicting the different regions (WM, CGHAZ, FGHAZ, ICHAZ and BM).
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Fig. 5.27 Variation of grain size across the NT and 25%TMT steel weld joints.
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Fig. 5.28 SEM microstructures across the NT (a,b,c,d,e) and 25%TMT (f,g,h,i,j) steel weld joints
depicting the different regions (WM, CGHAZ, FGHAZ, ICHAZ and BM).
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Fig. 5.29 EDS spectrum of M23C6
precipitates.

Fig. 5.30 Variation of M23C6 precipitates size
across the NT and 25%TMT steel weld joints.

Fig. 5.31 Variation of hardness across the (a) NT and (b) 25%TMT steel weld joints.
5.3.2 Creep deformation and rupture behaviour of the weld joints
The creep curves of base metal and weld joints are shown in Fig. 5.32. The base metal
and weld joints exhibited clear primary creep regimes followed by secondary creep and an
accelerating tertiary creep regime. The weld joint of NT steel has exhibited higher creep strain
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with a failure at the BM region, and shown lower rupture life as compared to TMT weld joint
(Fig. 5.32(a)). The TMT weld joint exhibited lower creep strain in comparison with its base steel
(Fig. 5.32(b)). The creep rate curves of TMT base metal and its weld joints are shown in
Fig.5.33. The creep rates of both base metal and weld joint decreased with time and reached a
minimum in the secondary creep regime and exhibited the accelerated creep rate in the tertiary
creep regime. The microstructural instability of the tempered martensitic steels under creep
exposure has generally been considered as the reason for the absence of predominant steady state
creep regime in this class of steels [25]. The base metals and the weld joints show similar creep
rates in the primary and secondary regimes. However, the tertiary creep regime was initiated
early weld joints in comparison with base steel (Fig. 5.33). The significant microstructural
changes (enhanced rate of recovery of dislocation structure and coarsening of precipitates in the
ICHAZ) and localized creep deformation in the selected constituents of the joints because of
deformation constraints imposed on the soft zone by the adjacent stronger regions have been
considered responsible for the early initiation of tertiary stage of creep deformation in the weld
joints in comparison with the base steel. Comparison of the variations of creep strain with time
for TMT and NT weld joints at 100 MPa and 923 K shows that the creep deformation of TMT
weld joint was significantly lower in comparison with the NT steel weld joint. However, under
lower stress levels, NT weld joint is expected to accumulate lower creep strain. Lower creep
strain than the base metal has been observed in the modified 9Cr-1Mo steel weld joint made
from SMAW and TIG welding process under lower stress levels [134]. The enhanced number
density and smaller size MX precipitation obtained through TMT processing resulted in effective
pinning of the dislocations or formation of dislocation networks leading to delayed the recovery
of dislocation structure in the ICHAZ of TMT joint than in the ICHAZ of NT joint. Although
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higher number of fine MX precipitates is present in the TMT steel joint (ICHAZ), the
heterogeneity in mechanical properties across the joints led to accelerated localized
damage/deformation which ultimately resulted in the early initiation of tertiary creep regime as
well in the TMT weld joint. However, TMT weld joint possessed higher creep rupture time than
the NT base steel.
The variation of creep rupture life (tr) with applied stress (a) for the base metal and weld
joint of NT and 25%TMT steels at 923 K is shown in Fig. 5.34. The base metals or weld joints
do not exhibit significant difference in tr between NT and TMT steels at 923 K at a stress of 110
MPa. At lower stress levels, the difference in creep strength between the two weld joints was
significantly higher than that between the two base metals. This has generally been observed at
high temperature and low stress levels in the 9-12 %Cr ferritic steel weld joints [81,134]. A
reduction in creep strength of TMT weld joint in comparison with its base metal has been noticed
at 100 MPa. The tr of NT steel weld joint was comparable with its base steel at 100 MPa; under
low stress level it is expected to reduce drastically. Drastic reduction in tr of NT modified 9Cr1Mo steel weld joint made from SMAW and TIG welding process has been observed under
stress level < 80 MPa [134]. It is interesting to note that although TMT weld joint failed
prematurely in comparison with its base metal at 100 and 80 MPa in the outer edge of HAZ
accompanied with localized deformation, the tr of the TMT weld joint was significantly higher
than that of the NT base metal by about a factor of 2. This clearly depicts the importance of TMT
processing of ferritic steel leading to significant increases in number density of fine MX
precipitates in improving the creep strength by providing relatively stable microstructures
thereby delaying the recovery of dislocation structure through pinning. Thus, TMT processing of
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modified 9Cr-1Mo steel led to enhanced creep strength of not only the steel but also for the weld
joints prepared from it.
Fracture location in the weld joint was found to change with applied stress. At high stress
regime (110 MPa), fracture of the weld joint took place in the base metal, whereas in the case of
low stress regime (at 100 MPa or lower) failure occurs in the ICHAZ, where the lowest hardness
has been observed in the pre-creep test condition (Fig. 5.31 and 5.35). The creep ductility is, in
general higher in the specimen fractured at base metal region under high stress regime (>100
MPa). However, under low stress regime, significant reduction in ductility coupled with
localized deformation in the ICHAZ was observed. This clearly demonstrates that type IV
cracking occurs predominantly by brittle mode. The Type IV cracking in the TMT weld joint has
been identified based on change in fracture location (at high stress - the base metal region of the
weld joint failed exhibiting cup-cone ductile failure; at low stress - weld joint failed in the
ICHAZ exhibiting significantly lower reduction in area and localized deformation in the outer
HAZ) and distance of the fractured region identified by the hardness measurement on the
unbroken HAZ side of tested specimen. Weld joint of the NT steel failed in the base metal at 923
K under 100 MPa; Type IV cracking in this joint may possibly be observed under even still
lower stress level. TMT weld joint has shown type IV failure under similar testing conditions;
however the rupture life of the TMT weld joint was higher than the NT steel joint which
fractured in the base metal region. SEM investigations on the fracture surface of the creep tested
specimens revealed that the specimens those fractured in base metal region displayed ductile
mode of failure. The specimens fractured in the ICHAZ displayed lesser dimple features
(predominantly brittle mode of failure) (Fig. 5.36). At higher stress level, the deformation was
found to occur with gradual reduction in area across the gauge length of the specimen, whereas
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under lower stress level it occurred in a localized manner in the soft ICHAZ. Type IV cracking is
found to occur in TMT steel weld joint at higher stress levels than in NT steel weld joint because
of the longer rupture life of TMT joint.

Fig. 5.32 Creep strain versus time curves of (a) NT and 25%TMT steel weld joints, and (b)
25%TMT steel base metal and weld joint at 923 K.

Fig. 5.33 Creep rate versus time curves of

Fig. 5.34 Creep rupture life as a function of

25%TMT base metal and weld joint at 923 K.

applied stress of NT and 25%TMT steels and
their weld joints at 923 K.
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Fig. 5.35 Optical macrostructure creep exposed at 923 K and 100 MPa 25%TMT steel weld
joint.

Fig. 5.36 Fracture surface of creep exposed (a) NT and (b) 25%TMT steel weld joints at 923 K
and 80 MPa applied stress.
5.3.3 Microstructure evolution under creep
SEM observations of the microstructure across the weld joint of creep exposed TMT
specimen are shown in Fig. 5.37. Coarser precipitates have been observed in the ICHAZ (Fig.
5.37(a)) and FGHAZ (Fig. 5.37(b)) regions of the HAZ than in the BM, WM and CGHAZ, Figs.
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5.37 (c), (d) and (e) respectively. Size of the M23C6 precipitates across the weld joint after creep
test at 923 K and 100 MPa is shown in Fig. 5.37(f). It may be noted that significant coarsening of
M23C6 precipitates occurred in the ICHAZ of the joint in comparison with the pre-creep
condition. The variation in the size of the precipitates across the different regions of the weld
joint follows more or less the same pattern as that in PWHT condition (Fig. 5.30). Predominant
coarsening of M23C6 precipitate in the ICHAZ of modified 9Cr-1Mo steel (NT) weld joint under
creep condition has been reported earlier [134]. The coarser M23C6 precipitates in the ICHAZ
region of NT joint led to accelerated recovery process by loss of effective pinning of
dislocations, which results in lower creep strength of (reduction in precipitation strengthening).
The mechanical constraint imposed on the soft ICHAZ by adjacent stronger region resulted in
predominant coarsening of M23C6 precipitate subsequent recovery of dislocation structure and
localized deformation. The deformation constraint on the ICHAZ led to predominant cavitation.
The presence of less carbon in the matrix of the TMT steel joint resulted in lower extent of
M23C6 precipitate coarsening. Hardness variations across crept TMT weld joint Fig. 5.38
indicates a lower hardness in comparison with pre-creep condition and a dip at the ICHAZ (Fig.
5.31(b)). The coarsening of M23C6 precipitate, and recovery of dislocation structure in the
ICHAZ under creep exposure accompanied with deformation constraint imposed by adjacent
stronger regions resulted in its further weakening. The enhanced MX precipitation through TMT
processing of modified 9Cr-1Mo steel and consequent reduction in coarsening of M23C6
precipitates under weld thermal cycle as well as during creep led to improvement in type IV
cracking resistance of TMT steel weld joint significantly.
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Fig. 5.37 SEM microstructures of (a) ICHAZ, (b) FGHAZ, (c) BM, (d) WM, (e) CGHAZ and (f)
variation of precipitate size of creep exposed 25%TMT steel weld joint, creep tested at 923 K
and 100 MPa.
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Fig. 5.38 Variation of hardness across the creep exposed 25%TMT steel weld joint, creep tested
at 923K and 100 MPa.

5.4 Conclusions
Based on the detailed investigation on the effect of the extent of deformation in austenite
phase field during TMT processing of modified 9Cr-1Mo steel on the microstructure and creep
behaviour (Type IV cracking behaviour), the following conclusions have been drawn:
(i)

TMT processing leads to a refinement of the microstructure of modified 9Cr-1Mo steel
with more uniform precipitation of fine MX particles with finer martensite lath structure
along with uniform and fine M23C6 precipitation. High degree of TMT deformation (
40%) led to ferrite formation.
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(ii)

The deformation behaviour assessed by stress relaxation testing revealed less relaxation
indicating better microstructural stability on high temperature exposure for the TMT
processed steel.

(iii) Creep deformation resistance and rupture strength of the steel improved remarkably
with extend of deformation up to 25% compared to NT steel due to sluggish recovery of
the dislocation substructure pinned more effectively by the stable MX particles. TMT
processing for 40 and 50% deformation precludes the benefits of TMT due to presence
of ferrite phase.
(iv) Extent of deformation in the austenite phase field during TMT processing is important.
It is shown that 25%TMT is optimum to ensure that there is no ferrite phase formation,
which decreases creep resistance.
(v)

The enhanced MX precipitation through TMT processing and reduction in coarsening of
M23C6 precipitates under thermal cycle resulted in improved creep rupture life of TMT
joint than the NT joint. Thermo-mechanical processing led to significant enhancement
of type IV cracking resistance of modified 9Cr-1Mo steel.
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CHAPTER 6
Type IV Cracking Behaviour in P92 Steel

6.1 Introduction
In this chapter, creep deformation and rupture behaviour of 9Cr-1.8W-0.5Mo-VNb
steel (P92), and weld joints of this steel fabricated by employing NG-TIG and TIG welding
processes have been studied in order to understand the influence of solid solution
strengthener W in this steel. Creep tests were carried out on the base steel in the applied stress
range of 80 - 220 MPa at 873, 923 and 973 K, weld joints (80 - 150 MPa stress at 923 K) and
HAZ constituents (120 - 170 MPa stress at 923 K). Tensile tests at 300 and 923 K at a strain
rate of 3 x 10-3 s-1 have been carried out on different constituents of HAZ. The microstructural
evolution was assessed by performing detailed metallography on base steel and weld joints to
have insight of the creep deformation and damage/failure mechanism. Creep rupture life of
base steel and weld joint, tensile strengths and creep rupture life of the various HAZ regions
in the joint and WSRF for the weld joint have been discussed in this chapter.
6.2 P92 steel base metal
6.2.1 Microstructure of the steel
Microstructure of the P92 steel in the normalized and tempered condition is shown in
Fig. 6.1(a). The prior-austenite grain size of the steel was around 20 µm. Microstructure of
the steel consists of tempered martensitic lath structure (Fig. 6.1(b) and (c)) with
transformation-induced high dislocation density of about 7 x 1014 m-2 [135]. The width of the
martensitic lath structure was ~ 400 nm. Prior-austenite grain boundaries and sub-grain
boundaries were decorated with M23C6 precipitates. Average size of the M23C6 precipitate
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measured from TEM micrograph was  90 nm. The energy dispersive spectroscopy (EDS)
spectrum analysis of the precipitates depicted the enrichment of tungsten about 7 - 8 wt. %
(Fig. 6.1(d)). Presence of tungsten in the steel reduces the coarsening rate of M23C6
precipitates at high temperatures [136]. The MX type of V and Nb-rich carbide and carbonitride precipitates (around 30 nm as measured from FEG-SEM micrograph) in the intra-laths
regions were observed in the steel. The presence of M23C6 and MX precipitates in the prioraustenite, sub-grain boundaries and intra-lath regions resists the movement of boundaries and
dislocations respectively.
6.2.2 Creep deformation behaviour of the steel
Creep curves of P92 steel at 923 K over a stress range of 110 to 170 MPa are shown
in Fig. 6.2(a). The variations of creep strain with creep exposure exhibited the instantaneous
strain on loading, distinct primary creep, narrow region of secondary creep and prolonged
tertiary creep regimes at 923 K. Similar creep deformation behaviour has been noticed at 873
and 973 K too. Narrow region of secondary and prolonged tertiary creep regimes have
generally been observed in 9% Cr ferritic-martensitic steels [78,115,130,137,138]. However,
clear primary creep regime was not observed under lower stress levels at 973 K (Fig. 6.2(b)
and (c)). Longer secondary creep regime observed at 973 K under low stress level in the steel
might be due to increase in solid solution strengthening contribution from tungsten by not
forming Laves phase (Fe2W) particles. The variations of creep rate with creep exposure at
873 and 923 K over a stress range of 110 to 220 MPa are given in Fig. 6.3. Creep rate of the
steel with creep exposure decreases significantly in the primary creep regime, and
subsequently shows the minimum creep rate regime followed by a faster rate of creep
deformation in tertiary stage till the time of fracture. Maximum duration was spent in the
tertiary state of creep deformation at all test conditions except under the low stress level at
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973 K. Variation of creep rate with creep strain at various temperatures and stresses are given
in Fig. 6.4. The creep rate decreases with increase in creep strain in the primary regime due to
work hardening by dislocation multiplication and their interactions. Stabilized creep rate
occurs in the short secondary strain regime where the work hardening effect is counter
balanced by the recovery process such as dislocation annihilation and rearrangement. Rapid
increase in creep rate in the tertiary creep strain is attributed to enhancement in recovery
process, growth of precipitates and cavities [78,130,138]. However, the decreasing creep rate
behaviour from initial deformation was not clearly observed under lower stress level at 973 K
(Fig. 6.4(c)). This might be due to faster annihilation of dislocations generated in the primary
creep region or increase in remobilization of immobile dislocations due to higher
temperature. Strain to reach onset of tertiary creep varied with applied stress and test
temperatures (Fig. 6.4 and 6.5); onset of tertiary creep deformation occurred at ~ 2 % creep
strain at 873 K. However, strain to reach onset of tertiary creep decreases from 2% to 1%
with decrease in stress level at 923 K. The change (decrease) in dislocation density up to
secondary stage of deformation is relatively higher as compared to tertiary creep regime,
where change in precipitation behaviour and boundary dimensions were considerably lower
up to 1% of creep strain or minimum creep rate regime [130,139]. Creep strain
accumulation of about 1% for the onset of tertiary creep has been reported in W strengthened
steels at 923 K [130,138]. Creep strain for onset of tertiary creep in the range of 0.5 to 2.5 %
has been observed at 973 K (Fig. 6.5). The decrease and increase in creep strain accumulation
to onset of tertiary creep (t) at 923 K and 973 K respectively under lower stress level might
be due to decrease in recovery rate of dislocation structure at 923 K, increase in recovery rate
of dislocation structure and solid solution strengthening by tungsten at 973 K.
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Fig. 6.1. P92 steel in the normalized and tempered condition (a) SE-SEM, (b) FEG-SEM and
(c) TEM micrographs depicts the prior-austenite boundaries and lath regions decorated by
M23C6 and MX precipitates, and (d) EDS spectra obtained from the M23C6 precipitate.
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Fig. 6.2 Variation of creep strain (%) with time of Gr.92 steel at (a) 873 K (600 C) and (b)
973 K (650 C) over stress range of 80 MPa to 170 MPa, and (c) magnified primary creep
regime at 873 K (600 C), 923 K (650 C) and 973 K (700 C).

Fig. 6.3 Variation of creep rate with time of Gr. 92 steel at (a) 873 K (600 C) and (b) 923 K
(650 C) over stress range of 110 MPa to 220 MPa.
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Fig. 6.4 Variation of creep rate with creep strain (%) of Gr.92 steel at (a) 873 K (600 C), (b)
923 K (650 C) and (c) 973 K (700 C) over stress range of 80 MPa to 220 MPa.

Fig. 6.5 Variation of strain to onset of tertiary creep with time to onset of tertiary creep
regime of Gr.92 steel at 873 K (600 C), 923 K (650 C) and 973 K (700 C).
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6.2.3 Stress and temperature dependence of minimum creep rate
The variation of minimum creep rate

̇

with applied stress at 873, 923 and 973 K

are shown in Fig. 6.6. The variation of minimum creep rate ( ̇
followed Norton’s power law of creep as ̇

) with applied stress (σ)

= Aσn, where A is a constant, n is the stress

exponent of the matrix. The variation in n value is found to represent the change in creep
deformation mechanisms in the materials; n =1 for Harper-Dorn creep where the dislocation
density is invariant with stress and n=3 corresponds to the dislocation glide controlled by the
rate of migration of solute atoms that are attached to the moving dislocations (solute-drag
creep). n=5 corresponds to creep by dislocation climb controlled process. This is generally
observed in materials which show sub-grain structure formation and power law breakdown
(PLB) behaviour. When creep deformation occurs under constant microstructure a value of
n=8 is observed under dislocation climb controlled creep. PLB occurs due to excess vacancy
generation at higher stresses, and cross slip and obstacle controlled glide [140]. In the present
investigation, stress exponent values of 15.1, 12.3 and 5.8 have been observed at 873 K, 923
K and 973 K respectively (Table 6.1). n value for this steel does not change with stress in the
investigated stress range. However, significant breakdown of stress exponent under longer
creep exposure (> 10000 h) in P92 steel at 923 K has been reported [135]. The obtained n
values are higher than the diffusion controlled dislocation based creep deformation models
[107,140]. n values of 12 and 13 have been reported in literature in P92 type steels at 923 K
[141]. A decrease in n value with increase in test temperatures occurred in the steel due to
extensive microstructural changes at higher test temperatures such as formation (Laves
phase) and coarsening of precipitates (Laves phase, M23C6). Also, a decrease in coherency
strain between MX precipitates and matrix results in lower stress dependence of minimum
creep rate [78,107,130,141,142]. The  and temperature (T) dependencies of creep rate of

219

Chapter 6: Type IV cracking behaviour in P92 steel
pure metals and single phase alloys are generally described by Bird-Mukherjee-Dorn (BMD)
relationship as [105],
̇

( )

where D=D0 exp (-Qc/RT)) is the diffusion coefficient, D0 is the frequency factor, Qc is the
activation energy for creep deformation, R is the gas constant, T is the temperature in
Kelvin,

is the shear modulus, b is the burgers vector, k is the Boltzmann constant, n is the

stress exponent, A is a dimensionless constant. The creep parameters n and Q are used to
identify the operating creep mechanisms. From the slope of the Arrhenius plot ln( ̇min) versus
1/T, Qc was evaluated at constant stress (Fig. 6.7) as 619.6 kJ/mole which is comparable to
the reported activation energy for Fe with various Cr concentrations [106]. Also, the Qc
evaluated from the present investigation is comparable with the reported energy values of 510
kJ/mole and 510 to 621 kJ/mole for ferritic steels [5,107]. The observed values of n and Qc
are high compared to those for the solid solution Fe-based single phase alloys because of
strong interaction between precipitates and mobile dislocations, which is generally described
by threshold stress [105,107,113] and is discussed in the next section.
6.2.3.1 Threshold stress and true creep activation energy
In order to understand the interactions between precipitates and mobile dislocations in
P92 steel, threshold stress (σth) has been evaluated. Threshold stress for a specific creep
mechanism is generally defined as the stress below which creep deformation does not occur
by that mechanism. Hence, an effective stress has been considered as responsible for creep
deformation instead of applied stress for alloys strengthened by particles or precipitates [26].
The threshold stress (σth) can be determined using the modified version of Mukherjee-BirdDorn creep equation as [105,107,113],
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̇

(

)

Stress exponent value about 4, and similar activation energy for creep (QC) and lattice self
diffusion (QD) have been observed in pure metals [105,107]. The threshold stress is evaluated
from strain rate ( ̇1/4) versus applied stress plot, where a value of 4 has been used for the
stress exponent of the matrix (Fig. 6.8). The intercepts on the stress axis at zero strain rate
provides the σth at various temperatures; values of 138, 83 and 30 MPa were obtained at 873,
923 and 973 K respectively. It is significant to note that the threshold stress decreases with
increase in temperature due to the increase in precipitates size and decrease in dislocation
density on high temperature exposure.
The variation of ̇min with effective stress normalized by shear modulus ((σa- σth)/µ) is
shown in Fig. 6.9. Stress exponent values of 3.54, 3.13 and 3.90 were obtained at 873, 923
and 973 K respectively. The true creep activation energy (Qc) from the ln( ̇min) versus 1/T
plot was evaluated at constant normalized stress ((σa-σth)/µ) of 4.91x10-4 as shown in Fig.
6.10. A value of Qc 244 kJ/mole has been obtained from the slope of the Arrhenius plot. This
value is similar to the activation energy for self diffusion of α - iron, 241 kJ/mole [104]. True
activation energy value of 244 kJ/mole has been reported for creep deformation of
precipitation strengthened Fe-19Cr steel [107]. Fig. 6.11 shows the variation of minimum
creep rate normalized by creep activation energy with effective stress normalized by shear
modulus, where the values for different temperatures collapse into a single line and slope,
which is rationalized with matrix stress exponent of 4 and creep activation energy 244.1
kJ/mole [105].
6.2.3.2 Creep mechanisms
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The following creep mechanisms were considered to explain the existence of
threshold stress in precipitation strengthened metals: (i) detachment of dislocations from
precipitates, (ii) shearing of precipitates, (iii) bypassing of precipitates by Orowan dislocation
looping and (iv) dislocation climb over precipitates [107,142]. The detachment of
dislocations from precipitates is not likely where the coherent precipitates exist in the matrix.
This mechanism is not considered in the steel since the precipitates (MX and M23C6) exist in
high degree of coherency with the matrix [78,130,141,142]. Shearing of precipitates is
another possible mechanism, and precipitates shearing stress can be evaluated as given below
[107],

(

sh

)

where M = 2.9 is the mean orientation factor for bcc matrix, b = 0.248 nm is the burgers
vector,

is the volume fraction of precipitates,

interface energy is given as,

, where

is the particle-matrix interface energy. The
is the shear modulus of the matrix (61.6,

59.3 and 57.0 GPa at 873, 923 and 973 K respectively),
0.45,

is the misorientation angle, A is

is the Poisson ratio (0.3). The interface energy has been evaluated from the above

equation by considering misorientation angle 1.5 deg at different temperatures. The interface
energy was about 0.11 J/m2. The energy of interface does not change significantly with
temperature, whereas it changes significantly with misorientation angle. A value of about
0.75 J/m2 for the interface energy has been reported in the literature [106]. The shearing
stress was evaluated for P92 steel using =0.23% for MX and 0.8 % for M23C6. The shearing
stresses for precipitates were evaluated as 283, 273 and 264 MPa for MX and 513, 495 and
477 MPa for M23C6 at 873, 923 and 973 K respectively. The shearing stress values were
higher than the threshold stress in the steel, hence the precipitates shearing mechanism was
excluded. The Orowan dislocation looping stress is given by [107],
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( √

)

√
where R is the radius of precipitate,

is the distance between the precipitates, M, µ, b and v

are same as mentioned previously. The precipitates size was measured from the FEG-SEM
and TEM micrographs. The precipitates in the size ranges about 30 nm were considered as
MX, and those about 50 nm and above were considered as M23C6. The inter-particle average
distance was ~ 175 nm. The Orowan stress at different temperatures was estimated as 177,
170 and 163 MPa for MX (MX type of precipitate is mainly considered in this investigation
which is generally maximum inside the laths region), and 197, 189 and 182 MPa for M23C6 at
873, 923 and 973 K respectively. These values are higher than the observed threshold stress
in the steel, and hence, dislocation looping of precipitates has not been considered as creep
deformation mechanism in the steel. The climb of dislocations is another possible creep
mechanism, which generally occurs at stresses below that required for dislocation looping
around the precipitate. The threshold stress arises due to increase in dislocation length during
climb over the precipitates. Magnitude of threshold stress is found to change with the
geometry of the dislocation climbing event [143]. Threshold stress normalized with Orowan
stress ranges about 0.03 - 0.06 for general climb and 0.4 - 0.7 for local climb of dislocations
[107]. A true activation energy value of 244 kJ/mole has been obtained in the steel, which is
comparable to the self diffusion of the α-Fe 241 kJ/mole. The threshold stress normalized by
Orowan looping stress values of 0.77, 0.48 and 0.18 have been obtained at 873, 923 and 973
K respectively. The obtained values of th/or ~ 0.18 - 0.77 and creep activation energy 244.1
kJ/mole demonstrate the occurrence of creep deformation by lattice diffusion assisted
localised climb of dislocations at 873 K and 923 K, and transformation towards lattice
diffusion assisted general climb of dislocation at 973 K in P92 steel.
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Fig. 6.6 Variation of minimum creep rate

Fig. 6.7 Arrhenius plot of temperature

with applied stress of Gr.92 steel at 873 K

dependence of minimum creep rate.

(600 C), 923 K (650 C) and 973 K (700
C).

Fig. 6.8 Variation of minimum creep rate

Fig. 6.9 Variation of minimum creep rate

(έmin)1/4 with applied stress (σa) to obtain

with normalized effective stress by shear

threshold stress at 873 K (600 C), 923 K (650

modulus [σa-σth]/µ for P92 steel at 873 K

C) and 973 K (700 C).

(600 C), 923 K (650 C) and 973 K (700
C).
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Table 6.1 The values of stress coefficients and stress exponents for stress dependence
minimum creep rate and rupture life of P92 steel.
̇

Temperature, K

873
923
973





A

n

A1

n1

3.84 x 10-40
3.28 x 10-31
8.62 x 10-16

15.1
12.3
5.8

1.54 x 1038
5.75 x 1022
5.75 x 1015

15.3
9.4
6.9

Fig. 6.10 Arrhenius plot of temperature

Fig. 6.11 Variation of normalized

dependence of threshold stress compensated

minimum creep rate by activation energy

minimum creep rate.

with effective stress by shear modulus.

6.2.4 Creep rupture life and ductility
The variation of creep rupture life with applied stress at various temperatures is
shown in Fig. 6.12. The rupture life ( ) decreases with increase in applied stress (a) and test
temperature. This variation obeyed the power law of creep similar to the variation of
minimum creep rate with applied stress as

, where A1 is the stress coefficient and

n1 is the stress exponent. n1 values of 15.3, 9.4 and 6.9 have been obtained at 873, 923 and
973 K respectively. The stress exponent does not vary within the investigated applied stress
range. The creep rupture life with applied stress and test temperature is expressed as [133,
144],

, where Qc1 is the apparent activation energy for creep rupture
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life, R is the gas constant, T is the temperature in K. The apparent activation energy for creep
rupture of 599 kJ/mole has been obtained in this steel (Fig. 6.13) which is in close agreement
with the apparent activation energy value of 624 kJ/mole for creep rupture reported for 9% Cr
ferritic steels [133,144]. The breakdown of creep strength with decreasing applied stress has
not been noticed in the investigated range of stress. However, the breakdown of creep
strength under lower stress (> 10000 h creep exposure) regime has been reported in grade 92
steel and grade 91 steels due to significant modifications in the microstructural constituents
of the steels, where change in stress exponent and activation energy also have been reported
[144]. The breakdown of creep strength occurs early at higher temperatures [16]. The change
in creep strength of Gr.91 steel has been observed around 50000 h at 923 K, and it is not
evident up to 100000 h at 873 K [106]. The observed value of n and n1 in the present
investigation confirms a close correlation between the mechanism of creep deformation and
rupture processes.
The variations of reduction in area (%) and elongation (%) with rupture life are shown
in Fig. 6.14. The reduction in area decreased with increasing tr at all test temperatures, and
the decrement occurred earlier at higher test temperatures (Fig. 6.14 (a)). Also, the reduction
in area (%) increased with increase in temperature. The coarsening of various phases (Laves,
M23C6) led to decrease in reduction in area under lower applied stress. The elongation (%)
varied between 15 to 20 %, and no systematic change has been observed in the investigated
duration at various temperatures (Fig. 6.14 (b)). However, elongation (%) showed a small
increasing tendency with increase in creep exposure. The stress enhanced recovery and
coarsening of precipitates might have led to increased elongation (%) with creep exposure.
Enhanced softening and precipitation in the stressed region have been reported earlier in
modified 9Cr-1Mo and P92 steels [78,104,130].
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SEM fractographs of creep ruptured specimens at various stress and test temperatures
are shown in Fig. 6.15. Transgranular ductile (dimple) mode of fracture has been observed in
all test conditions. However, changes in size and number density of dimples were observed.
At low applied stress, extensive coalescence of micro-voids resulted in larger number density
of dimples (Fig. 6.15(b)). The numbers of smaller dimples were more at high stress level and
low temperature (Fig. 6.15(c) and (d)). The brittle mode of fracture accompanied by low
reduction in area and hardness have been reported under long term creep exposure (>10000
h) in P92 steel [144]. However, significant degradation in rupture ductility has been reported
only after ~25000 h at 923 K and above in P91 steel [115]. Laves phase (Fe2W) has been
observed at prior-austenite and subgrain boundaries under SEM-BSE mode (Fig. 6.16).
Presence of Laves phase is confirmed from the BSE mode SEM image in which the tungsten
rich Laves phase appeared as bright phase because of its higher average atomic number [81].
Creep cavities were associated with Laves phase. The large incoherent precipitates cause
decohesion at the interface. The stress required for decohesion is lower. Cavitation occurs in
the steel due to increase in stress concentration at the particles, which impede the motion of
dislocations. Subsequent increase in localized stress at the particle-matrix interface, which
experiences the excess localized plastic deformation led to micro-cracks.

Fig. 6.12 Variation of creep rupture life with
applied stress at 873 K (600 C), 923 K (650
C) and 973 K (700 C).
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Fig. 6.13 Arrhenius plot of temperature
dependence of creep rupture life.
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Fig. 6.14 Variation of (a) reduction in area (%), and (b) elongation (%) with rupture life at
873 K (600 C), 923 K (650 C) and 973 K (700 C).

Fig. 6.15 Fracture surface of creep ruptured specimen at various temperature and stress.
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Fig. 6.16 SEM-BSE micrograph of Gr.92 steel creep ruptured at 923 K (650 C) and 120
MPa depicting the presence of Laves phase and creep cavities.
6.2.5 Creep rate-rupture life relationships
The minimum creep rate and rupture life are related by the Monkman-Grant (MG)
equation as [2,31],
̇
where ̇min is the minimum creep rate, tr is the rupture time, α is a constant close to unity and
CMG is a Monkman-Grant constant. For materials which fail under intergranular fracture and
experience more secondary stage of creep deformation, ̇

is a measure of strain to

failure, and α and C are independent of test temperature and applied stress [5]. MonkmanGrant relationship has been modified by Dobes and Milika [5,145] for the materials which
generally exhibit larger tertiary creep deformation and shorter secondary creep deformation
regime as,

̇
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where

is the strain to failure, CMMG is the modified Monkman-Grant constant. The

variation of tr and normalized rupture time by strain to failure (tr/r) with ̇min are shown in
Fig. 6.17. P92 steel obeyed the Monkman and modified Monkman-Grant relationship. The
value of CMG and CMMG are 0.029 and 0.237 respectively (Fig. 6.17). Low values of CMG and
CMMG confirms that major part of creep strain is accumulated in the tertiary creep regime. The
validity of MG and MMG relationships in the steel shows the existence of close relationship
between the creep deformation and fracture mechanisms. The time to onset of tertiary stage
(tot) of deformation has been obtained from the time at which creep rate accelerates from
minimum or steady state creep rate. The variation of tot with tr (Fig. 6.18) followed a linear
relationships as tot = f.tr, where f is a constant. The value of f was about 0.248, which clearly
demonstrates that this steel spent maximum (~75% of tr) time in the tertiary stage of creep
deformation. The extensive creep strain accumulation (lower values of CMG and CMMG) and
larger creeping duration in the tertiary stage of deformation have been observed in the steel.
Similar behaviour has been reported in various 9 wt.% Cr ferritic steels [5].
Based on the continuum damage mechanics (CDM) approach, creep damage tolerance factor
(

has been defined as the ratio of strain to failure to Monkman-Grant ductility (MGD) as

[5,145],
̇
Creep damage occurs by loss of cross section (external-necking and internal-cavities) and
changes in the microstructural constituents such as coarsening of precipitates and
substructure, and decrease in dislocation density [5,145]. The creep damage tolerance factor
has been used to assess the creep damage mode, whose value ranges from 1 to 20 for various
structural materials. The value of =1 indicates for the materials possess low creep strain,
high value of

demonstrates the ability of materials to withstand strain concentrations
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without local cracking [5]. The value of

in the range of 1.5 to 2.5 indicates that the damage

occurs due to growth of cavities and higher than 2.5<

>5 indicates necking dominated creep

damage. The value of =5 and above indicates damages by decrease in dislocation density,
and coarsening of precipitates and sub-grain structure. Creep damage tolerance factor values
of 4 and 5 have been reported for grade 91 steel [5]. The creep damage tolerance factor =6
was observed in the present investigation (Fig. 6.19). This indicates the microstructure
evolution such as coarsening of M23C6 precipitates which formed during tempering,
formation and coarsening of Laves phase (Fe2W), sub-grain coarsening and decrease in
dislocation density coupled with limited cavity formation have contributed to damage in P92
steel.

Fig. 6.17 Variation of (a) rupture time with minimum creep rate and (b) normalized rupture
time by rupture strain with minimum creep rate at 873 K (600 C), 923 K (650 C)
and 973 K (700 C).
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Fig. 6.18 Variation of time to onset of tertiary Fig. 6.19 Variation of damage parameter with
with rupture time of Gr.92 steel at 873 K

rupture time of Gr.92 steel at 873 K (600 C),

(600 C), 923 K (650 C) and 973 K (700

923 K (650 C) and 973 K (700 C).

C).

6.3 P92 steel weld joint
In order to study the type IV cracking behaviour of the P92 steel weld joint, creep
tests have been conducted at 923 K on specimens extracted from P92 weld joints fabricated
by Narrow Gap-TIG (NG-TIG) welding process. Detailed metallographic analysis of the
creep ruptured specimens has been performed to gain an insight into the operating failure
mechanism based on the evolution of precipitates and cavitation under creep. Creep rupture
behaviour of NG-TIG and A-TIG weld joints have been compared. The details of the
investigations and the results are presented in the following sections.
6.3.1 Microstructure and hardness of the weld joint
Microstructure details of P92 steel in the normalized and tempered (NT) condition has
been given in section 6.2. The plates were edge prepared with groove angle of 15 and butt
welded using narrow-gap TIG welding process using 1.2 mm diameter filler wire.
Macrograph of NG-TIG weld joint depicting weld metal, HAZ and base metal is shown in
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Fig. 6.20. The optical micrographs observed at different regions across the joint such as
CGHAZ, FGHAZ, ICHAZ and base metal are shown in Fig. 6.21(a-d). The prior-austenite
grain size at different regions of HAZ depicts the different peak temperatures experienced
during weld thermal cycle, which influenced the dissolution and coarsening of precipitates in
addition to austenite transformation under weld heating cycle [3,10,146]. The PAG size
decreased from fusion boundary to base metal with a predominant dip at the ICHAZ region
which is close to unaffected base metal of the joint (Fig. 6.22). The dissolution of precipitates
(MX and M23C6) in the steel adjacent to fusion boundary during weld heating cycle led to
coarsening of austenite grains (Fig. 6.21(a)). The presence of MX precipitates (that remain
undissolved due to the lower temperature experienced) resists the mobility of austenite grain
boundary, which assists to form fine grains (FGHAZ) between CGHAZ and ICHAZ region
(Fig. 6.21(b)). Finer PAGs were observed in the ICHAZ (Fig. 6.21(c)) which undergoes the
partial transformation to austenite and predominant coarsening of M23C6 precipitates upon
heating between Ac3 and Ac1 temperature regime [71,130,146]. Microstructure of the
unaffected base metal is presented in (Fig. 6.21(d)). The average PAG size of the CGHAZ,
FGHAZ, ICHAZ and base metal were 275 m, 113 m, 82 m and 215 m
respectively. PAG size influences the type-IV cracking behaviour in addition to other
microstructural constituents in the 9-12% Cr ferritic steel weld joints [91].
SEM SE and BSE mode micrographs observed at the different regions of weld joint
are shown in Fig. 6.23. The PAG, packet, block and lath boundaries were decorated by M23C6
precipitates. MX precipitates were observed predominantly in the intra-lath region, which are
relatively finer in comparison with M23C6 precipitates. Laves phase was not observed in the
pre-creep condition of weld joint (Fig. 6.23(b,d,f,h,j)) [71,81]. The M23C6 precipitates were
coarser in the ICHAZ (164 nm), compared to those in the weld metal (110 nm), CGHAZ (135
nm), FGHAZ (140 nm) and base metal (154 nm) (Fig. 6.24). The dissolution of M23C6
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precipitates during welding and subsequent formation of M23C6 precipitates during PWHT
results in finer M23C6 precipitates in the CGHAZ (Fig.7.23(c)) and FGHAZ (Fig. 6.23(e)) as
compared to ICHAZ (Fig. 6.23(g)) and BM (Fig. 6.23(i)). During welding as well as PWHT
predominant coarsening of M23C6 precipitates occurs in the ICHAZ region than in other
regions. M23C6 precipitates formed in the BM during tempering coarsen under PWHT. TEM
micrographs observed in the CGHAZ, FGHAZ and ICHAZ regions are shown in Fig. 6.25.
Coarser M23C6 precipitates and subgrain formation with decrease in dislocation density were
predominantly noticed in the ICHAZ (Fig. 6.25(c)) as compared to CGHAZ (Fig. 6.25(a))
and FGHAZ (Fig. 6.25(b)) regions due to weld thermal cycle. The finer precipitates
effectively pin the boundaries and dislocations, which delay the recovery of dislocation
structure in comparison with the coarser precipitates. The M23C6 and MX precipitates were
analyzed by energy dispersive spectroscopy (EDS) (Fig. 6.26). MX [V(C,N)] is thermally
more stable than M23C6 and Laves phase (Fig. 6.26(b)). About 8 to 12 wt. % tungsten was
found to be present in the M23C6 carbide in P92 steel (Fig. 6.26(a)), which led to decrease in
the M23C6 precipitate coarsening under weld thermal cycle and creep due to lower mobility of
the constituent elements. In the ICHAZ region, the boundaries were relatively free from fine
M23C6 precipitates due to partial transformation to austenite upon heating and formation of
new boundaries during weld thermal cycle, which led to reduction in boundary strengthening.
The variation of hardness with distance across the weld joint is shown in Fig. 6.27. A
decrease in the hardness from the weld metal (about 300 VHN) to the base metal (240 VHN)
with a dip in the ICHAZ region (about 210 VHN) was observed. The hardness of the
CGHAZ and FGHAZ was about 270 VHN and 220 VHN respectively. The decrease in
hardness from the weld metal through HAZ indicates the decrease in austenisation
temperature and reduced dissolution of precipitates/increase in coarsening of precipitates
during weld heating cycle. The coarsening of M23C6 precipitates and tendency of sub-grain
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formation with reduction in dislocation density results in lower hardness at the ICHAZ and
FGHAZ in comparison with its adjacent regions. The predominant loss of hardness in the
ICHAZ as compared to other regions in the steel weld joint has been attributed to the
coarsening of M23C6 precipitates reducing their effectiveness in strengthening along with loss
of carbon and alloying elements reducing the solid solution strengthening, loss of precipitates
at the boundaries and sub-grain formation with reduction in dislocation density (Fig. 6.25(c)).
The steels with lower hardness in the pre-creep condition are reported [81,146] to have lower
creep rupture life.

Fig. 6.20 Macrograph of P92 steel NG-TIG weld joint.
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Fig. 6.21 Optical microstructure observed across the HAZ (a) CGHAZ, (b) FGHAZ, (c)
ICHAZ and (d) base metal of P92 steel NG-TIG weld joint.

Fig. 6.22 Variation of PAG size with distance across the NG-TIG weld joint of P92 steel.
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Fig. 6.23 SEM SE/BSE mode microstructures observed across the NG-TIG weld joint of P92
steel (a, b) WM, (c, d) CGHAZ, (e, f) FGHAZ, (g,h) ICHAZ and (i, j) base metal.
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Fig. 6.24 Variation of M23C6 average precipitate size with distance across the NG-TIG weld
joint of P92 steel.

Fig. 6.25 TEM micrographs of (a) CGHAZ, (b) FGHAZ and (c) ICHAZ of P92 steel weld joint
depicting the lath boundary (LB), M23C6 and MX precipitates.
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Fig. 6.26. EDS spectra of (a) M23C6 and (b) MX precipitates observed in the P92 steel NG-TIG joint.

Fig. 6.27 Variation of hardness with distance across the NG-TIG weld joint of P92 steel.
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6.3.2 Creep behaviour of the weld joint
The creep curves of P92 steel weld joint at 923 K over a stress range of 100 MPa to
140 MPa are shown in Fig. 6.28. The creep curves of the base metal and the joint at 110 MPa
are presented in Fig. 6.29(a). The base metal and the weld joint (Fig. 6.29(a)) exhibit clear
primary, secondary and accelerating tertiary creep regimes. Lower creep strain accumulation
has been observed in the weld joint than in the base metal. The plot of creep rate with time
(logarithmic scale) for the base metal and weld joint at 110 MPa are shown in Fig. 6.29(b).
The creep rate decreased with creep exposure to minimum value followed by accelerated
increase with no predominant secondary creep regime. In the transient regime, the weld joint
possessed relatively lower creep rate as compared to the base metal. This is due to the
constraints imposed by adjacent stronger regions and localized deformation at the particular
zone in the weld joint and subsequent strain calculation based on the entire gauge length.
However, the tertiary creep in the weld joint initiated early as compared to the base metal.
The time spent in the tertiary creep regime was higher than the time spent in the transient
regime similar to that observed in the base metal. The continuous changes in the
microstructural constituents of the tempered martensite ferritic steels with the creep exposure
has been considered to result in absence of predominant steady state creep regime [25]. The
inhomogeneous deformation along the weld results in a mechanical notch at the soft region
(ICHAZ/FGHAZ) which imposes a local deformation constraint leading to early onset of
tertiary creep.
The variation of tr of base metal and weld joint with a at 923 K is shown in Fig. 6.30.
The base metal and weld joint show comparable lives at high stress level (>130 MPa). The
weld joint displays lower rupture life in comparison with the base metal under lower applied
stress (130 MPa and below). The difference in tr between base metal and weld joint
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significantly increased with decreasing applied stress. The loss of creep rupture strength of
weld joint under long term exposure occurs due to changes in the microstructural constituents
(coarsening of precipitate, reduction in dislocation density, softening of matrix by loss of
solution strengthening elements) and internal creep cavitation damage in the localized region
(FGHAZ). Higher maximum principal stress and higher triaxial state of stress in the FGHAZ
due to constraints imposed on it by the adjacent regions, results in significant reduction in
creep rupture life of the joint [147]. Premature creep failures of the steel weld joints
fabricated by different welding techniques in comparison with base metal in the 9Cr ferritic
steel have been reported by various researchers [147-156]. The creep rupture life of P92 steel
NG-TIG weld joint were comparable to that of the joint prepared using submerged arc
welding (SAW) process which has generally been used for joining of thick sections
[156,157]. NG-TIG weld joint exhibited lower creep rupture strength than the activated TIG
(A-TIG) joint [81]. Higher creep rupture strengths of P92 steel NG-TIG weld joint than those
fabricated using RPEB1 [156] and MMAW [157] processes have been reported.
The variation of elongation (%) and reduction in area (%) with rupture life of base
metal and weld joint are shown in Fig. 6.31(a) and (b). Comparable elongation (%) and
reduction in area (%) were observed in the base metal and weld joint at high stress levels
where the rupture took place in the base metal of the joint, where the deformation of narrow
HAZ was mechanically constrained but no localized cavitation took place. The elongation
(%) and reduction in area (%) of the weld joint decreased drastically under lower stress level
(increase in creep exposure period) where fracture occurred in the HAZ of the joint. The
extensive localized creep cavitation damage and deformation at the HAZ led to loss of creep
ductility with increase in creep exposure. The transition from ductile mode of creep rupture
associated with diffusive deformation at higher stress to the significant reduction in ductility
associated with extensive localized deformation under lower stress have been evidently seen
241

Chapter 6: Type IV cracking behaviour in P92 steel
in the ruptured specimens (Fig. 6.31(c)). Initially, all the components of the specimens viz
BM, WM, CGHAZ, FGHAZ and ICHAZ deform according to their creep resistance. The
FGHAZ and ICHAZ deform more and a local stress triaxiality develops. At higher stresses,
this stress triaxiality restricts further deformation in these regions despite of their lower creep
resistance. Continued deformation leads to failure in the BM. At low stresses, on the other
hand, sufficient time is available for the microstructural changes (as discussed section 6.3.3)
to take place and further weaken the ICHAZ and FGHAZ regions and render them more
prone to cavitation, by presence of cavity nucleation sites as well as adequate strain to cause
the nucleation and growth aided by the stress triaxiality. The rupture ductility of NG-TIG
joint is comparable with A-TIG joint [81]. SEM investigation performed on the fracture
surface of crept specimens revealed ductile mode of failure with predominant dimple features
at high stress level, whereas intergranular Type IV creep failure (less ductile and dimpled)
under low stress level have been observed in the weld joint (Fig. 6.32). It is significant to note
that such reduction in ductility due to localized deformation and internal cavitation under
long creep exposure does not lead to significant external dimensional change under service,
and can lead to catastrophic failure if dimensional change is the parameter considered for
service extension. However, the internal damage examination of the material may assist
significantly in predicting component life, which will be discussed in subsequent sections.
Low ductility creep failures at HAZ have been reported earlier on P92 steel weld joint at
applied stresses of 120 MPa and below at 923 K [71,148,158]. In the present study too, the
premature low ductility failure in the HAZ at 923 K has been observed for applied stresses of
120 MPa and below.
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Fig. 6.28 Creep curves of P92 steel NG-TIG weld joint at 923K.

Fig. 6.29 (a) creep strain and (b) creep strain rate with time curves of P92 steel base metal
and NG-TIG weld joint at 923 K and 110 MPa applied stress.

Fig. 6.30 Variation of creep rupture life with applied stress of base metal and NG-TIG weld
joint at 923K.
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Fig. 6.31 (a) variation of elongation (%) and (b) reduction in area (%) with rupture life of
base metal and NG-TIG weld joint at 923 K, (c) creep tested at 923 K specimen depicting the
transition of fracture location from base metal to the outer edge of HAZ with reduction in
ductility.
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Fig. 6.32 Fracture surface of NG-TIG weld joint creep exposed at 923K at (a, c) 130 MPa and
(b,d) 100 MPa.

6.3.3 Creep damage in the weld joint: Correlation with microstructure
In order to identify the reasons for the behaviour observed in the previous sections,
optical metallography and hardness studies were carried out. The optical macrographs of the
surface and mid-section across the intact side of the weld joint exposed to creep at 923 K and
110 MPa weld joint are shown in Fig. 6.33. Examination of the surface macrostructure
revealed no cavitation damage in the joint (Fig. 6.33(a)). The mid-thickness section of the
weld joint exhibited significant creep cavitation (Fig. 6.33(b)). Examination of the different
constituents of the weld joint revealed predominant creep cavitation in the mid-section of the
weld joint, and cavities were significantly localized in the FGHAZ of the joint (Fig. 6.34(a)).
Significantly less creep cavitation was observed in the weld metal, CGHAZ and base metal
(Fig. 6.34). The predominant localized creep cavitation in the mid-section than on the surface
region of the weld joint is due to change from plane stress condition at surface to the plane
strain condition (increased triaxial stress state) at mid-section. Extensive cavitation in the
FGHAZ (Fig. 6.34(b)) at mid-section of the joint is attributed to the deformation constraint
imposed by adjacent stronger constituents of weld joint and increased triaxial stress state.
Complex state of stress (triaxiality) promotes the cavity growth and coalescence of cavities
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leads to formation of cracks in the FGHAZ, in addition to contributions towards accelerated
changes in microstructural constituents [91]. The average creep cavity size was higher in the
FGHAZ than the adjacent constituents of the weld joint (Fig. 6.34(c)). Extensive creep voids
formation in the plate mid-thickness region than in the surface of the weld joint and localized
creep damage at the outer edge of HAZ due to higher triaxial stress state have been reported
in T/P91 and P92 steel weld joints [30-34]. Creep cavitation damage was higher in NG-TIG
joint as compared to A-TIG joint, due to the higher deformation constraint on the FGHAZ in
the NG-TIG joint due to mixed HAZ regions [81].
In order to identify the possible precipitates present in the steel, the equilibrium
phases in P92 steel has been predicted using thermo-calc program. The predicted equilibrium
phase diagram is shown in Fig. 6.35. It is observed that the phases such as VX and NbX do
not dissolve up to 1353 K and 1573 K respectively, while M23C6 precipitates do not dissolve
up to 1123 K. The Laves phase present is shown in line 6 in Fig. 6.35, clearly indicating that
the phase is present up to 923 K and is lesser stable than VX, NbX and M23C6 precipitates.
The presence of tungsten in the material increases the stability of M23C6 in P92 steel as
compared to P91 steel [25,158,159]. The formation of relatively less stable Laves phase has
been found to influence more on the degradation of creep strength of P92 steel by rapid
coarsening and decrease in tungsten content in the matrix, reducing the contribution to solid
solution strengthening [28,78,150]. The Laves phase precipitation increases with creep
exposure time by consuming tungsten from supersaturated solid solution [25]. Coarsening of
Laves phase and M23C6 precipitates leads to decrease in the pinning strength of the
boundaries [78].
SEM SE and BSE mode micrographs examined at different locations of weld joint such
as WM, CGHAZ, FGHAZ, ICHAZ and BM in the creep exposed (at 923 K and 110 MPa)
specimen are shown in Figs. 6.36 and 6.37. The PAG and sub-grain boundaries were
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decorated by M23C6 precipitates and Laves phase particles. Coarsening of M23C6 precipitates
in the different constituents of the joint under creep exposure was found to be less extensive
compared to that of Laves phase. Presence of tungsten in M23C6 precipitate reduces the
coarsening kinetics of precipitate under creep due to retardation of the diffusion of its
constituents in presence of tungsten [159]. The variation of precipitate size (Laves phase +
M23C6) with distance from weld metal to base metal is shown in Fig. 6.38(a). The average
sizes of precipitates in different regions of HAZ and base metal at the surface of specimen
were comparable (CGHAZ=183 nm, FGHAZ=187 nm, ICHAZ=178 nm and BM=189 nm).
The weld metal has shown enhanced precipitation of M23C6 finer in size compared to the
other regions (Fig.6.36). The average size of the precipitates observed across the joint in
different regions at mid-section of the specimen were comparable to that observed across the
surface of specimen (Fig. 6.38(a)) except in FGHAZ. An enhanced coarsening in the midsection of the specimen as compared to the surface region in the FGHAZ has been noticed in
the present investigation (Fig. 6.38(a)). This can be attributed to higher deformation
constraint and triaxiality which led to increased coarsening kinetics of the precipitates.
Higher triaxiality in the softer region of the joint has been earlier reported by other
researchers too [23,24,33,160]. High density of fine M23C6 carbides helps reducing the
instability of the martensitic sub-structure under creep and delays the onset of tertiary due to
microstructural instability. The increase in creep rupture strength of Gr.92 steel is considered
to be due to the higher resistance to recovery of dislocation lath structure in the presence of
solid solution strengthener tungsten [3,78,130, 150,159,161].
Coarser bright precipitates were observed in various boundaries (PAG, packet and block)
in the steel (Figs. 6.36 and 6.37), which were identified as Laves phase (higher tungsten
content) from the Energy Dispersive spectroscopy (EDS) spectrum. BSE mode SEM
micrographs have been used to identify the tungsten rich Laves phase which appeared as a
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bright phase because of its higher average atomic number [8,10,35]. Laves phase formation
across the weld joint in the grain and sub-grain boundaries at the expense of tungsten in solid
solution in the matrix was found to become more predominant with increased creep exposure
[71,146,148]. The Laves phase observed at different locations in the surface and mid-section
of the joint is shown in Figs. 6.36 and 6.37. Variation of size and area fraction (%) of Laves
phase in different regions from weld metal to base metal is shown in Fig. 6.38(b, c). Laves
phase observed at the surface of the specimen is coarser in the WM and FGHAZ region (Fig.
6.38(b)) than in the other regions being largest in the WM. However, the number density of
Laves phase particles in WM was significantly lower than the FGHAZ. Laves phase size
increased at mid-section than the surface of the specimen except in ICHAZ, which has low
dislocation density in the pre-creep condition. The localized increase in state of stress
(triaxial) in addition to the finer grain size and high dislocation density in the FGHAZ than
the ICHAZ resulted in enhanced precipitation of Laves phase both at the surface and midsection of the specimen in the joint.
TEM micrograph from FGHAZ in the creep exposed condition shows extensive tungsten
rich Laves phase and subgrain formation with reduction in dislocation density (Fig. 6.39 (a)).
The creep cavities were associated with Laves phase in the FGHAZ (Figs. 6.37(e,f) and
6.40). The deformation mismatch at the particle-matrix interface enhanced by the loss of
strength in the FGHAZ due to reduction in solid solution strengthening from tungsten by
Laves phase formation led to increased cavitation in the FGHAZ region. Further, cavitation
damage is accelerated by localized increase in triaxial state of stress in the region. Extensive
cavitation leading to Type IV cracking observed in the FGHAZ of the P92 steel NG-TIG
weld joint is presented in Figs. 6.33, 6.34, 6.37 and 6.40.
Variation of hardness across the weld joint in creep exposed condition is shown in Fig.
6.41(a). Hardness across the weld joint reduced from weld metal to base metal with a
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significant dip in the FGHAZ. General reduction in hardness is not significant in ICHAZ due
to strengthening from formation of fine Laves phase compensating for loss of W. Higher
dislocation density in general, enhances the formation and coarsening of precipitates [25].
The shift in hardness dip from ICHAZ in the pre-creep condition to FGHAZ under creep
exposure clearly depicts the role of fine grain size and high dislocation density for enhanced
diffusion of tungsten from the matrix to form Laves phase precipitate. The reduction in solid
solution strengthener tungsten in the matrix due to formation of chunky Laves phase particles
and recovery of dislocation lath structure with creep exposure (Fig. 6.39(b)) results in
considerable reduction in hardness in FGHAZ.
6.3.4 Weld strength factor
The presence of weld in the components reduces its long term creep strength
significantly. The reduction in creep rupture strength of the weld joint of Fe-9Cr ferritic steels
in comparison with its base metal is a major concern in safety as well as economy of the high
temperature plants. The following factors are considered responsible for the reduced creep
strength of the weld joints; (i) changes in the microstructural constituents during weld
thermal cycle (welding process, parameters) and its influence on mechanical properties, (ii)
heterogeneous mechanical properties across the different constituents of the weld joint
induced by microstructural constituents and its influence on adjacent regions in the steel weld
joint, (iii) changes in mechanical constraints across the weld joint due to weld geometry
(thickness of the joint, HAZ width and orientation, weld groove angle). Creep design of
welded components accounts for this by introducing a weld strength factor (WSF), which is
defined as the ratio of the uniaxial creep rupture strength of the weld joint to that of the base
metal at the same rupture life [81,91]. This factor has been used with base metal to calculate
allowable design stress for the welded component [68,114,148,]. The variation of WSF for
NG-TIG weld joint of P92 steel with creep rupture life at 923 K presented in Fig. 6.41(b)
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clearly shows the loss of creep rupture strength of the joint with increase in creep exposure
time. A 41% loss of creep rupture strength of the joint (WSF about 0.59) compared to the
base metal (at 923 K for 105 h) has been predicted in this investigation. WSF about 0.77 for
5000 h at 923 K has been observed in the joint. WSF about 0.85 for 1000 h at 923 K has been
reported by Sklenicka et al [148]. WSF about 0.49 for 50000 h at 923 K has been reported by
Mohyla et al [157]. A WSF of ~0.53 at 923 K under long term creep testing has been reported
for Gr.92 steel joint by Jonathan Parker et al [68].

Fig. 6.33 Optical macrostructure of P92 steel NG-TIG weld joint creep exposed at 923K and
110 MPa depicting (a) very less or no creep cavitation at surface and (b) predominant
cavitation at mid-section (d/2) of the specimen.
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Fig. 6.34 Variation of creep cavity density (number/area) with distance across the P92 steel
NG-TIG weld joint creep exposed at 923K and 110 MPa (a) surface and mid-section of the
specimen, and (b) optical micrograph depicting extensive creep cavitation in the FGHAZ
region of mid- section, (c) creep cavity average size with distance across the mid-section of
NG-TIG weld joint of P92 steel.

Fig. 6.35 Predicted equilibrium phases in P92 steel using thermo-calc program showing the
amount of various precipitates with the temperature.
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Fig. 6.36 SEM SE/BSE mode microstructures observed across the surface of P92 steel NGTIG weld joint creep exposed at 923K and 110 MPa stress (a, b) WM, (c,d) CGHAZ, (e,f)
FGHAZ, (g,h) ICHAZ and (i,j) base metal.
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Fig. 6.37 SEM SE/BSE mode microstructures observed across the mid-section of P92 steel
NG-TIG weld joint creep exposed at 923K and 110 MPa stress (a, b) WM, (c, d) CGHAZ, (e,
f) FGHAZ, (g,h) ICHAZ and (i, j) base metal.
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Fig. 6.38 (a) variation of average precipitate size with distance, Laves phase (b) average
precipitate size and (c) area fraction (%) across the NG-TIG weld joint of P92 steel at surface
and mid-section of specimen.

Fig. 6.39 (a) TEM micrograph depicting the recovered dislocation structure and Laves phase
in the FGHAZ, (b) EDS spectra of Laves phase (Fe2W) precipitate observed in the FGHAZ
of creep exposed P92 steel NGTIG weld joint at 923 K and 110 MPa.
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Fig. 6.40 SEM micrograph observed in the FGHAZ of creep exposed P92 steel NG-TIG weld
joint at 923 K and 110 MPa stress depicting the creep cavity associated with precipitates.

Fig. 6.41 Variation of (a) hardness with distance across the mid-section of creep exposed P92
steel NG-TIG weld joint at 923K and 110 MPa, (b) weld strength factor (WSF) with time of
P92 steel NG-TIG weld joint at 923 K.
6.3.5 Microstructure and mechanical properties of HAZ regions
In order to have a better insight to the creep cracking behaviour of the joint, different
microstructural constituents of HAZ in the joint have been simulated using isothermal heat
treatments at temperatures chosen based on peak temperature experienced by these regions
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during welding. Steel blanks have been heated to 1448, 1331, 1203, 1173, 1163 and 1133 K
for 5 minutes then oil quenched in order to simulate the CGHAZ near weld metal to ICHAZ
near base metal respectively. The steel blanks were subjected to heat treatment at 1053 K for
2 hours to simulate the PWHT.
6.3.5.1 Microstructure, hardness and tensile properties
Optical micrographs of HAZ in the weld joint and simulated at different temperatures
(1148, 1203 and 1133 K) are shown in Fig. 6.42. The microstructures across the HAZ of the
joint and simulated HAZs of the joint were comparable. The grain size of the simulated
CGHAZ, FGHAZ and ICHAZ were 25 µm, 11 µm and 6 µm respectively. The simulated
grain size of the HAZ microstructural constituents was comparable to the weld joint HAZ
constituents at particular temperature region of the weld thermal cycle. SEM micrographs of
simulated HAZ regions are shown in Fig. 6.43. Coarser precipitates were observed in the
samples heat treated at 1133 to 1173 K as compared to those at 1203-1448 K. TEM
micrographs of region simulated at different temperatures are shown in Fig. 6.44. Coarsening
of M23C6 precipitates and subgrain formation with decrease in dislocation density have been
noticed in the intercritical temperature (1163 K) as compared to that of 1448 K and base
metal. The hardness variations across the weld joint and in comparison with those of
simulated constituents of the HAZs are shown in Fig. 6.45. The hardness of the simulated
microstructural constituents of HAZ was comparable with the different HAZ constituents
hardness across the weld joint. A decrease in grain size from 25 to 6 µm and hardness from
290 – 204 VHN has been observed from the simulated CGHAZ to the ICHAZ and this is
comparable to the corresponding regions in the actual weld joint. The decrease in hardness in
the ICHAZ is due to the coarsening of the M23C6 precipitate and sub-grain formation with
lower dislocation density.
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The tensile properties of the different simulated constituents are determined at 923 K.
The yield stress of the base metal, and simulated CGHAZ, FGHAZ and ICHAZ were 372
MPa, 308 MPa, 240 MPa, 238 MPa respectively at 923 K. The ultimate tensile strength of the
base metal, and simulated CGHAZ, FGHAZ and ICHAZ were 384 MPa, 319 MPa, 262 MPa,
246 MPa respectively. It is significant to note that the strength of the ICHAZ and FGHAZ
were lower than the base metal and CGHAZ, where hardness measurements on actual weld
joint also showed similar behaviour.

Fig. 6.42 Variations of microstructures across the HAZ of weld joint of P92 ferritic steel (a)
CGHAZ, (b) FGHAZ, (c) ICHAZ and simulated (d) CGHAZ, (e) FGHAZ, (f) ICHAZ.
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Fig. 6.43 Microstructures across the simuluated HAZ of P92 steel (a) 860, (b) 890, (c) 900,
(d) 930, (e) 1050 and (f) 1175 C depicting variation in PAG, lath and precipiates size.

(a)

(b)

Fig. 6.44 TEM micrographs of simuluated HAZ of P92 steel (a) 890 and (b) 1175 C.
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Fig. 6.45 Variations of hardness across the weld joint and simulated HAZs (CGHAZ,
FGHAZ, ICHAZ) of P92 ferritic steel.

6.3.5.2 Creep deformation and rupture behaviour of HAZs
The creep curves of different simulated HAZs at 923 K are shown in Fig. 6.46 along
with that for the joint. The creep curves exhibited primary creep regime followed by an
apparent steady state creep deformation and an accelerating tertiary creep regime as in base
metal. The variations of creep rate with creep exposure time for different constituents of the
HAZs are compared in Fig. 6.46. The weld joint exhibited comparable minimum creep rate as
in the simulated FGHAZ and ICHAZ. The tertiary stage of creep deformation was found to
initiate much early in the ICHAZ of the joint than the weld joint.
Under long term creep exposure, the rupture life of FGHAZ was found to lower than
the ICHAZ (Fig. 6.47(a)). This is in line with degradation/creep failure found to shift from
ICHAZ to FGHAZ in the joint significantly. The variations of rupture life with applied stress
for the base, A-TIG weld joint and simulated HAZ of the joint at 923 K are shown in Fig.
6.47(b-c). In both the base metal and weld joint, the variation of creep rupture life with stress
showed a two-slope behaviour. The weld joint had significantly lower creep rupture life than
the base metal for applied stresses lower than around 120 MPa. The rupture life of the
simulated constituents of HAZs displayed significant differences among them. The rupture
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life of the simulated FGHAZ and ICHAZ were significantly lower than the simulated
CGHAZ of the joint and was comparable to the rupture life of the weld joint (Fig. 6.47). It
may be recalled from section 6.3.3 that extensive microstructural changes and creep
cavitation in selected constituents of the joint were considered to be responsible for the early
onset of tertiary stage of creep deformation in the weld joint. Also, hardness and
metallographic investigation of the creep exposed joint revealed that creep failure of the joint
under relatively lower applied stress occurred in the FGHAZ, even though the ICHAZ has
lower hardness (Fig. 6.45). The rupture ductility (reduction in area percentage) of the joint
and simulated zones is shown in Fig. 6.47(c). The shift in failure location from base metal to
FGHAZ with increase in rupture life (decrease in applied stress) was accompanied with the
drastic reduction in rupture ductility in the weld joint. The weld joint, base metal and
simulated ICHAZ, FGHAZ are comparable in terms of rupture ductility i.e., reduction in
area.
Microstructure investigation across the creep exposed weld joint revealed
precipitation of Laves phase in all regions across the joint. The precipitate was identified as
Fe2W and was relatively extensive in the FGHAZ in the weld joint (Fig. 6.48). Under low
stress regime the Laves phase size was higher in FGHAZ than the adjacent region of the weld
joint. Creep cavities were found to be associated with Laves phase and extensively in the
FGHAZ of the joint, where fracture occurred in the weld joint. Similarly, the investigation on
simulated HAZs show that more extensive creep cavitation occurred in the FGHAZ than the
ICHAZ and CGHAZ (Fig. 6.49) at 130 MPa stress. The cavities were larger (~12 µm) in the
simulated FGHAZ than the 5 µm observed in the (FGHAZ) of weld joint. Thus, it is
confirmed that the localized creep deformation and cavitation are responsible for the
premature Type IV failure of the components associated with weld joint under low stress and
at high temperature.
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Fig. 6.46 Creep curves of simulated microstructures of HAZ of the P92 steel joint at 923 K.

Fig. 6.47 Variations of (a) rupture life of simulated regions of HAZ, (b) rupture life with
applied stress and (c) reduction in area (%) with rupture life for base metal, weld joint and
simulated HAZs of P92 steel at 923 K.
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Fig. 6.48 TEM micrographs of creep ruptured FGHAZ of P92 steel weld joint showing
extensive Laves phase precipitation at 923 K and 100 MPa.

Fig. 6.49 Variations of creep cavities in the simulated microstructures HAZ of P92 steel at
923 K and 130 MPa, (a) CGHAZ, (b) FGHAZ, (c) ICHAZ.

6.4 Conclusions
Following conclusions have been drawn based on the investigations performed on creep
deformation and rupture behaviour of P92 steel and its weld joint made from NG-TIG, and
HAZ regions of weld joint at different temperatures (873 to 923 K) and over a stress range of
220 to 80 MPa.
i)

The stress dependence of minimum creep rate obeyed Norton’s power law with
higher apparent stress exponents of 5.8 to 15.2 and activation energy value of 619
kJ/mole.

ii)

The threshold stress values of 137.5 MPa, 83.3 MPa and 29.7 MPa were obtained
at 873 K, 923 K and 973 K respectively.
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iii)

The threshold stress compensated true stress exponent of 4 and true activation
energy of 244 kJ/mole, as well as threshold stress normalised by Orowan stress in
the range 0.18-0.77 confirm that the rate controlling phenomenon of creep
deformation in the steel is lattice diffusion assisted localised climb of dislocations
over the precipitates.

iv)

The apparent stress exponents of 6.9 to 15.3 and apparent activation energy value
of 598.8 kJ/mole obtained for creep rupture indicates that creep deformation and
rupture in P92 steel are controlled by the same mechanism.

v)

The steel obeyed Monkman-Grant and modified Monkman-Grant relationships.

vi)

Creep damage tolerance factor of 6 in the steel demonstrates that the
microstructural degradation such as coarsening of precipitates and subgrain
structure is the dominant damage mechanism in the steel.

vii)

Creep rupture life of the NG-TIG weld joint was lower than the base metal; the
difference in creep rupture life between the base metal and weld joint increased
significantly with decrease in applied stress.

viii)

The failure location in the NG-TIG weld joint was found to change from the base
metal at high stress to the fine grain (FG) HAZ (Type IV cracking) under lower
stress level.

ix)

Extensive Laves phase formation with significant loss of solution strengthening
from tungsten under creep exposure led to reduction in hardness and extensive
cavitation in the FGHAZ resulting in premature type IV failure of the weld joint.

x)

Coarsening of precipitates was predominant in the mid-section due to complex
state of stress than at the surface of the specimen.

xi)

A weld strength factor about 0.59 has been evaluated for 105 hour at 923 K in the
steel.

265

CHAPTER 7
Effect of Geometry on Type IV Cracking of Weld Joints
7.1 Introduction
From the work reported in the previous chapters, it is clear that failure due to type IV
cracking occurs by cavitation in the fine grain or intercritical region of HAZ. The orientation of
this region with respect to the applied stress is expected to be an important factor in deciding the
extent of cracking in this region. This aspect is examined in the present chapter, by studying the
effects of stress axis of the cross-weld specimen with respect to welding fusion-line on type IV
cracking behaviour. P91 steel weld joint with different groove angles and specimens fabricated
in different orientations from the P92 steel weld joint were used in this study. The influence of
groove angles on stress distribution across the P91 steel weld joints analyzed using the Finite
Element Method has been presented.
7.2 Weld groove angle
P91 steel weld joints having different bevel angles, viz., 35, 45 and 60 (included or
groove angles of 70, 90 and 120) were prepared using TIG welding process and its creep
behaviour has been discussed in this section. The edge preparation of plates for weld pads, base
metal and filler metal compositions, heat treatment and welding process parameters are given in
chapter 2.
7.2.1 Microstructure, hardness across the weld joints
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Microstructure observed across the P91 steel TIG weld joint (bevel angle 35) are shown
in Fig. 7.1. Weld metal possessed dendrite structure, delta ferrite was not observed in the weld
metal and fusion boundary. Adjacent to the weld metal region, coarse grain (CGHAZ), fine grain
(FGHAZ) and intercritical (ICHAZ) HAZ regions were observed towards the unaffected base
metal. Width of the different regions across the HAZ in the 35 joint are 1.0, 1.4 and 0.9 mm for
CGHAZ, FGHAZ and ICHAZ respectively. HAZ width in the 35, 45 joints were about ~3.3
mm and 60 joint was about ~ 4 mm. The increase in HAZ width with increase in groove angle is
due to increased number of weld passes required to fill the weld groove leading to repeated
thermal cycles experienced by the weld and HAZ. The width of the HAZ in the single-pass ATIG joint having 0 groove angle was 8.3 mm (Fig. 3.13(a)). Average PAG size of CGHAZ,
FGHAZ and ICHAZ in the 35 joint were 40, 14 and 8 µm respectively. Similar PAG sizes in
different regions of HAZ have been observed across the weld joints with all groove angles.
Coarser M23C6 precipitates in ICHAZ were observed than the other regions in the weld joint
(Fig. 7.2). M23C6 precipitates average size was higher in the ICHAZ of the 60 joint due to more
repeated thermal cycles than the ICHAZ of other joints. M23C6 precipitates size in the ICHAZ of
single pass joint with 0 bevel angle was comparable with those in 35 joint. Hardness decreased
from weld metal to base metal with a dip in the ICHAZ in all the joints. Hardness values in the
ICHAZ in the weld joint having different bevel angles were comparable in spite of the variations
in the M23C6 precipitate size. However, A-TIG weld joint (Fig. 3.13) has shown relatively lower
hardness as compared to other bevel joints.
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Fig. 7.1 Microstructure across the P91 steel TIG weld joint (bevel angle 35) (a) WM, (b)
CGHAZ, (c) FGHAZ, (d) ICHAZ and (e) BM.
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Fig. 7.2 SEM micrograph of ICHAZ in 45 bevel angle joint.
7.2.2 Rupture behaviour and microstructure of creep exposed weld joints
The creep rupture life (tr) variation of specimens from joints with different bevel angles
are shown in Fig. 7.3. Creep rupture life of the weld joint is found to decrease with increase in
bevel angles. The joint with 35 bevel angle (70 included or groove angle) shows tr higher by a
factor of 1.6 and 2.5 respectively than the joints made with 45 and 60 bevel angles (90 and
120 included or groove angle). The joint made from 60 bevel angle exhibited the lowest tr life.
The EB/A-TIG joint of 0 bevel angle exhibited the highest tr than the V-groove joints having
different bevel angles (by a factor of ~2.5 with respect to the tr of 35 joint which was the highest
among the V groove joints). The significant decrease in rupture life in the joint having higher
groove angle can be attributed to two factors; (i) microstructural damage in the HAZ by more
number of repeated weld thermal cycles during welding and (ii) alteration in the state of stress at
the ICHAZ of the joint, which is constrained by the adjacent stronger regions. Parker [68] has
reported higher tr in weld joint of groove angle 10 than in the 30 groove angle joint of P91
steel. In the present investigation, a wider range of bevel angles have been employed. Weld
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joints of 0, 35, 45 bevel angles fractured in the type IV region (Fig. 7.4(a-c)), whereas the 60
weld joint experienced fracture across the near HAZ to unaffected BM region (Fig. 7.4(d)).
Francis et al [163] have reported an increase in tr with increase in pre-heat temperature and
reduction in joint preparation angle based on neural network prediction, and also showed that the
influence of heat input on type IV cracking is relatively low compared to pre-heat temperature
and joint angle.
Creep ductility was significantly lower in the joints that failed in the type IV region as
compared to BM and the weld joint with 60 bevel angle. The % reduction in area (RA) of the
weld joint decreased with decrease in bevel angle (Fig. 7.5). Significant decrease in RA has been
observed in the joints with 0, 35 and 45 bevel angles as compared to the 60 joint. However,
the reduction in area of 0 and 35 joints were comparable. The microstructure of the 35 weld
joint crept at 60 MPa and 923 K is shown in Fig. 7.6. Localized creep deformation and cavitation
in the ICHAZ were observed in the weld joints that ruptured in the type IV region (Fig. 7.4 and
7.6). The predominant creep cavitation was observed in the ICHAZ than the other regions in the
weld joint. Creep cavitation damage was extensive in the mid-section of the specimen than the
surface of the joint due to the increased triaxial state of stress in the mid-section. The extent of
cavitation damage was higher in the joint with lower bevel angles 0 and 35 (Fig. 7.7). Creep
cavitation, in terms of both size and number density, was lesser in the joint having 45 than those
with 0 and 35. Creep damage in the 0 and 35 joints was comparable; these have undergone
longer creep exposure too. The critical size of the cavity for type IV fracture is about ~30 µm,
which has been obtained from the intact side of the HAZ and type IV fractured region of the
weld joint (Fig. 7.7). Alteration in state of stress by the groove angle of the weld joint has been
examined in electron beam weld (EBW), laser weld (LW) and TIG weld joints of P122 steel
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[160]. It has been concluded that the reduction in HAZ width or groove angle of the joint led to
improvement in creep rupture life [160]. Siefert et al have reported that in a weld joint, the
region possessing higher angle has shown higher damage than the regions having lower angle
[8]. In Figs. 7.7 and 7.8, predominant recovered structure from martensitic lath structure is
evident at the cavitated region in the ICHAZ. Kimura et al [14,115] have reported that the
internal stresses at the vicinity of PAG boundaries are higher than the interior of the grain.
Higher grain boundary area led to increase the rate of recovery of subgrain lath structure [65]. It
is clear from Fig. 7.7 that there is a significant decrease in cavitation in the ICHAZ with
increasing bevel angle. In spite of this, and the fact that failure occurred in this region for all the
specimens (except that from 60 bevel angle joint), the rupture life tr decreased with increasing
bevel angle.
The occurrence of creep fracture across the HAZ to BM in the 60 bevel angle joint is
due to (i) extensive microstructural change in the ICHAZ during welding and (ii) reduction in
deformation constraint due to change in the orientation of stress axis with respect to HAZ.
Coarse M23C6 precipitates were observed in the ICHAZ of the creep exposed weld joints and it
was predominant in the joint having 0, 35 and 45 than the 60 (Fig. 7.8). The size of M23C6
precipitates in the joints with 0 and 35 bevel angles were comparable. The 0 bevel angle joint
was single pass, and did not experience repeated thermal cycles. However, it experienced longer
creep exposure due to the fine precipitates and less recovery of the martensitic structure and
presence of unmixed regions of HAZ. The multi-pass joints that experienced more weld thermal
cycles resulted in coarser M23C6 precipitates (35 and 45) and heterogeneity due to mixed
regions of HAZ in the joints. Precipitate coarsening under creep exposure was less in the 60
bevel joint as compared to other joints (Fig. 7.8). Although HAZ orientation moves towards
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stress axis of the specimen with increasing the bevel angle which led to change in the constraint
towards the BM region, the microstructural damage (coarsening of precipitates and recovered
martensitic structure) which occurred during multiple weld thermal cycle precludes the
advantage derived from HAZ orientation with respect to stress axis, this resulted in earlier failure
than the single pass joint having unmixed regions. This effect is evident in the weld joint having
60 bevel angle. The variation of hardness in the crept weld joints having different bevel angles
with distance across is shown in Fig. 7.9. The hardness decreased from WM to BM with a dip in
the ICHAZ in all the joints. The fracture is evidently seen at the region where lower hardness
was observed in the joints. However, joint having 60 bevel angle was fractured across near
HAZ to BM.

Fig. 7.3 Variation of creep rupture life of the weld joints with the bevel angle.
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Fig. 7.4 Specimens of joints with different groove angles creep ruptured at 60 MPa and 923 K.

Fig. 7.5 Reduction in area (%) of joints with different bevel angles at 60 MPa and 923 K.
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Fig. 7.6 Microstructure in different regions of crept P91 steel weld joint having 35 bevel (70
groove) angle at 60 MPa and 923 K.
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Fig. 7.7 The ICHAZ of crept weld joints specimen (60 MPa and 923 K) from different bevel
angles (a) 0, (b) 35, (c) 45 and (d) 60 showing different extents of cavitation.

Fig. 7.8 SEM micrographs of ICHAZ of the weld joints crept at 923 K and 60 MPa (a) 0, (b)
35, (c) 45 and (d) 60 bevel angles.

275

Chapter 7: Effect of geometry on type IV cracking of weld joints

Fig. 7.9 Variation of hardness across the weld joints having different groove angles at 60 MPa
and 923 K.
The joint having 35 has exhibited higher tr than those with higher bevel angles due to
less microstructural damage since the weld thermal cycles are limited. Thus, the V-groove joints
having bevel angle of 35 or lower value (0) is preferred to have better creep rupture strength of
the components with weld joints.
7.2.3 Finite element analysis of weld joints
Two dimensional elastic-creep FEM analysis of P91 weld joints having 35 and 60 bevel
angles using the elastic and creep properties of WM, CGHAZ, FGHAZ, ICHAZ and BM were
carried out to study the variations in distribution of principal stress, hydrostatic stress, VonMises and stress triaxiality with groove angle. The details are presented in the following sections.
7.2.3.1 Material Properties
The Norton’s power law of creep constitutive equation ( ̇

= Aσn) was employed for the

analysis. The creep properties of different HAZ regions were obtained from tests conducted on
276

Chapter 7: Effect of geometry on type IV cracking of weld joints
furnace simulated specimens, i.e., blanks were exposed to different peak temperatures to obtain
the microstructure of various regions in the HAZ (details are given in section 2.3.2). All-weld
specimens extracted from the weld joint were tested to derive the weld metal creep properties.
The material properties at 923 K used in the FEM analysis are given in Table 7.1. Young’s
modulus and Poisson’s ratio of 160 GPa and 0.33 respectively were used in the analysis. The
FEM analysis was carried out with an applied stress of 60 MPa for 35 and 60 bevel angled
joints.
Table 7.1 Materials constants for P91 steel WM, BM, and simulated HAZ regions obtained from
uniaxial creep at 923 K.
Weld joint regions

A (MPan h1)

n

WM

3.0x10-22

10.2

CGHAZ

3.2x10-21

10.5

FGHAZ

5.3x10-18

8.17

ICHAZ

3.0x10-16

6.5

BM

7.2x10-17

7.3

7.2.3.2 Results
The distribution of maximum principal stress, hydrostatic stress, Von-Mises stress and
triaxiality factor contours for the weld joints having 35 and 60 bevel angles are shown in Fig.
7.10. Higher maximum principal stress, hydrostatic stress and triaxiality factor were observed in
the ICHAZ as compared to other regions in the 35 bevel angle weld joint. This led to premature
type IV cracking in the ICHAZ (Fig. 7.4). However, maximum principal stress in the ICHAZ of
60 bevel angle joint was higher than that in the 35 joint. Hydrostatic stresses observed in the
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both the joints were comparable. The triaxiality factor was relatively lower in the ICHAZ of the
60 bevel angle joint as compared to the 35 bevel joint, but the base metal region possessed
relatively higher value than the joint having 35 bevel angle this led to premature failure of the
60 bevel angle joint adjacent to the HAZ across BM. The lower maximum principal stress and
Von-Mises stress in the ICHAZ in the lower bevel angle led to increase the creep rupture life of
the weld joint (Fig. 7.10). Similar observations have been reported for P92 steel weld joint based
on numerical analysis [164]. It may be recalled that extensive cavity formation and growth have
been observed in the ICHAZ of 0 and 35 bevel joints, whereas in the case of 45 bevel joint
smaller size cavities were observed (ref. the earlier Fig. 7.7). This can be attributed to the
relatively higher maximum principal stress in 45 bevel joint aiding cavity nucleation, but their
growth is reduced due to lesser triaxiality in the ICHAZ as observed in the FEM with increase in
bevel angles, Figs. 7.7 and 7.10.
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Fig. 7.10. Distribution of maximum principal stress, hydrostatic stress, Von-Mises stress and
triaxiality contours for the weld joints having 35 (a, b, c, d) and 60 (e, f, g, h) bevel angles.
7.3 Effect of HAZ orientation
It is seen from the previous sections on the effect of groove angle on the type IV cracking
that the differences in the number of passes affect the microstructure and make the interpretation
of

results

difficult,

especially

to

identify

quantitatively

the

contributions

from

constraints/triaxiality and the microstructure. Therefore, a study was taken up by varying the
specimen orientation in an NG-TIG joint of P92 steel. This steel was chosen since thick plates
were welded using NG-TIG procedure. P92 steel weld joint fabricated using NG-TIG process is
shown in Fig. 2.6. The microstructures across the NG-TIG weld joint are shown in Figs. 6.20 and
6.23. In order to understand the effects of weld joint orientation with respect to applied stress,
specimens were extracted at different orientations (Fig. 2.6). These specimens were creep tested
at 923 K and 110 MPa applied stress. Variation in tr with orientation of the specimen is shown in
Fig. 7.11. The specimen having 90 stress axis with respect to weld direction/HAZ exhibited
lowest tr. It is observed that tr increased with decreasing angle between the WJ/HAZ and the
stress axis, which can be attributed to the decreased constraint effect on FGHAZ/ICHAZ with
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decreasing orientation angle. Reduction in area and elongation (%) for different orientations are
given in Fig. 7.12. The specimens in which the HAZ was at 90, 60 and 45 with the stress axis
with HAZ fractured in the type IV region with significant decrease in creep ductility. On the
other hand, the specimen in which the HAZ was at 30 and 20 with the stress axis fractured
across the fusion line to BM and had higher ductility. The higher ductility observed in the 30
and 20 specimens can be ascribed to reduction in deformation constraint in the outer edge of
HAZ (FGHAZ/ICHAZ) and shifting of deformation constraint predominantly towards BM.
Creep ruptured specimens having different orientations are shown in Fig. 7.13(a). It is
evident that the orientation of the fracture surface matches with that of the HAZ/fusion line
angle. Specimen having 20 has experienced predominant crack propagation through the BM
although crack was noticed to pass-through the HAZ (Fig. 7.13(e)). Deformation was localized
in the FGHAZ, and the deformation was significantly lowered in the type IV susceptible regime
for specimens in other orientations (90, 60 and 45) (Fig. 7.13 (a-d)). Optical micrographs of
the crept joint of 60 orientation are shown in Fig. 7.14. Extensive localized creep cavitation was
observed in the FGHAZ as compared to other regions in the weld joint. The creep cavitation in
the FGHAZ was predominant in the 90 specimen and reduced with decrease in the specimen
orientation from 60 to 45 presumably due to reduction in deformation constraint in the
FGHAZ. Both, size and number density of creep cavities reduced with decreasing orientation
angles (Fig. 7.15). Under lower orientation angle (30 and 20), the creep damage occurs across
the HAZ to BM. Microstructure observed in the FGHAZ of the specimens having different
orientations is shown in Fig. 7.15(b, d and f). The extent of coarsening of M23C6 and Laves phase
precipitates in the FGHAZ was comparable in all the specimens, despite the difference in tr by a
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factor of ~2. The tr data at 110 MPa/923 K for specimens with different orientations along with
the variation of rupture life of NG-TIG weld joint have been shown in Fig. 7.16(a). Weld
strength factors for specimens of different orientations and those for NG-TIG weld joint have
been shown in Fig. 7.16(b). The WSF is found to increase with decreasing orientation angle due
to decrease in constraint effect on the FGHAZ/ICHAZ. Hence, minimization of the orientation
angle between the stress axis and weld joint fusion line/HAZ is recommended in order to
increase the life of the welded components for high temperature applications made of steels that
are susceptible to Type IV cracking.

Fig. 7.12 Creep ductility (elongation and

Fig. 7.11 Creep rupture life with specimen
orientations of P92 steel NG-TIG weld joint at

reduction in area (%)) with specimen
orientations of P92 steel NG-TIG joint at 923

923 K and 110 MPa.

K and 110 MPa.
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Fig. 7.13 (a) Creep ruptured specimens having different FL/HAZ orientation with stress axis, (b)
90, (c) 60, (d) 45 and (e) 20 at 923 K and 110 MPa.
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Fig. 7.14 Microstructure of P92 weld joint specimen with the fusion line/HAZ at 60 to the stress
axis, crept at 923 K and 110 MPa (a) WM, (b) CGHAZ, (c) FGHAZ, (d) ICHAZ and (e) BM.
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Fig. 7.15 FGHAZ of weld joint from different specimen orientations with stress axis (a)
60, (b) 45and (c) 20 at 923 K and 110 MPa.

Fig. 7.16 (a) Rupture life of P92 steel weld joint at different conditions with applied stress, (b)
weld strength factor for P92 steel weld joint in different conditions at 923 K.
7.4 Conclusions
The effect of orientation of the HAZ with respect to the stress axis of the cross-weld
specimen on the type IV cracking behaviour has been studied by changing (i) the weld bevel
angle in P91 joint and (ii) the orientation of the specimen in an NG-TIG joint of P92 steel with
nearly 0 degree bevel angle.
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In the case of P91 steel joint with different bevel angles, in addition to the orientation, the
number of weld thermal cycles are different, leading to changes in the initial microstructure of
the HAZ region. A bevel angle of 35 is found to be better than higher bevel angles from the
point of view of longer life for the P91 weld joint, due to the limited microstructural damage
through limited number of weld thermal cycles. At the same time, there will be the beneficial
effect of reducing the maximum principal stress and Von-Mises stress in the ICHAZ. 0 bevel
single pass A-TIG weld joint exhibited significantly higher creep rupture life due to reduced
microstructural damage in the HAZ. The weld joint having lower bevel angle is preferred to have
better creep rupture strength of the components associated with weld joints.
Specimen orientation influenced the creep rupture life of the P92 NG-TIG joint
significantly. Creep cavitation damage in the FGHAZ of weld joint decreased with decrease in
the angle between stress axis of the specimen and the weld fusion line/HAZ. Size of the
precipitates in the FGHAZ region of the specimens in different orientations crept at 923 K under
110 MPa were comparable despite the difference in tr by a factor of nearly 2. The weld strength
factor is found to increase with decreasing orientation angle due to decrease in constraint effect
on the FGHAZ/ICHAZ. Hence, minimization of the orientation angle between stress axis and
weld joint fusion line/HAZ is recommended for improved life of the components of this steel
with multi-pass joints operating at high temperature.
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[1] The factors leading to higher rate of deformation in the ICHAZ region than the other regions in the
single-pass A-TIG weld joint are the following: (i) lower content of low misorientation angle and
coincidence site lattice (CSL) boundaries, (ii) finer grain size, (iii) enhanced heterogeneity in
microstructures by a combination of recovered and deformed structure in the martensite, (iv) coarser
M23C6 precipitates, and (v) boundaries devoid of precipitates. Activated TIG (A-TIG) welding is preferred
to fabricate the components in order to achieve resistance against Type IV cracking; TIG welding is
preferred to SMAW in the case of thick components requiring multi-pass welding.
[2] P91BN steels containing boron with controlled nitrogen content resulted in finer martensite lath width
than in the P91 steel. The time spent in each creep regime
increased significantly in P91BN steels as compared to P91
steel. Sluggish coarsening of M23C6 and finer MX
precipitates significantly delayed the recovery of
dislocation structure and migration of boundaries in P91BN
steel than in P91 steel. From the point of view of rupture
life of P91BN steel and its weld joint, the combination of 60
ppm boron with controlled (110 ppm) nitrogen content is
optimum at 873 K as compared to other combinations of B
and N examined in this study.
[3] Thermo-mechanical treatment (TMT) processing of
modified 9Cr-1Mo steel (P91) leads to refined microstructure of
Figure 1 : Effect of boron
the steel. The degree of TMT deformation is important since high levels of deformation leads to ferrite
formation. The thermo-mechanical processing of modified 9Cr-1Mo steel led to enhanced type IV
cracking resistance significantly.
[4] Creep rupture life of the P92 steel NG-TIG weld joint was
lower than the base metal. Extensive Laves phase
formation accompanied by significant loss of solution
strengthening from tungsten under creep exposure led to
premature type IV failure of the weld joint in the FGHAZ.
[5] Apart from refinement of microstructural constituents
(reduction in coarsening of M23C6 and enhanced MX
precipitation) favorable for long term stability of
microstructure to obtain better creep life of the base and
weld joint, enhancement of the type IV cracking resistance
of the steel joint can be obtained from joint having lower
bevel angle, less heterogeneity across the weld joint, moving the Figure 2: Influence of bevel angle
orientation of stress axis in a joint to reduce the angle between fusion line/HAZ and stress axis.

