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Chapter 1 
Metallurgy of P22 Steel 

Two major parameters affect the thermal efficiency of a power plant: one of them is 
temperature and another is pressure of the steam to operate the turbine. The thermal 
efficiency of a power plant can be increased significantly by increasing these two 
parameters. When steam temperature <600 °C with pressures at 25–30 MPa, thermal 
efficiencies can reach about 42% in most modern steam power stations. This can 
be increased to around 45% in the next generation of power stations with steam 
temperatures of 625–650 °C. But the increase in operating temperatures and pressures 
accelerate all degradation processes in steels, such as recovery and recrystallization, 
change of nature of dislocations, precipitation of particles, grain-subgrain-second 
phase coarsening and appearance of other second phases. The structural alteration is 
also governed by long-term service exploitation. 

In conventional thermal power plant, high Cr ferritic steel finds widespread appli-
cation for temperature <600 °C owing to its attractive mechanical properties, satis-
factory fabricability, sufficient oxidation resistance and adequate weldability [1]. In 
this respect, the austenitic alloys exhibit better high-temperature mechanical strength; 
however, suffers from thermal fatigue, stress corrosion cracking and high co-efficient 
of thermal expansion [2]. 

Out of wide varieties in Cr–Mo steel, the ASTM A335 Grade P22 (2.25Cr– 
1Mo) steel is one of the widely used materials for the construction of structural 
and pressure vessel components of thermal power plant, including high-temperature 
header and piping, superheater tubing, reheater tubing, etc. As per ASME Boiler 
and Pressure Vessel Code (BPVC) Section 2A, the typical chemical composition of 
SA335 P22 steel is 0.05–0.15 C, 1.90–2.60 Cr, 0.87–1.13 Mo, 0.50 max Si, 0.30– 
0.60 Mn, 0.025 max S, 0.025 max P, rest Fe (all in wt%). It obtains a suitable high-
temperature strength due to dispersion of fine carbide precipitates in a ferrite matrix 
at the time of processing by seamless pipe technology. The fractions of matrix phases 
and carbide precipitates are dependent on heat treatment schedule and subsequently 
alters with state of stress and temperature, i.e. creep condition as mentioned above 
during service. The P22 steels are used as annealed or normalized-and-tempered 
condition, depending on its place of application. Due to different cooling rate, the
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2 1 Metallurgy of P22 Steel

annealed steel comprises ferrite-pearlite aggregate and the normalized-tempered steel 
evolves ferrite-bainite aggregate. The presence of bainite improves creep resistance 
at high stress and short time conditions. The bainitic structure in the steel deteriorates 
rapidly at higher degree than that of the steel with pearlitic structures. Accordingly, 
the annealed steel shows better intermediate low stress creep resistance [3]. The 
high-temperature creep exposure results in the diversion from true lamellar pearlite 
to the discrete pearlite structure, resembling the discontinuous distribution of lamellar 
pearlitic morphology. 

During service exploitation, the creep deformation becomes dominant at temper-
ature of ≥0.45 Tm (where Tm = alloy melting point). For P22 steel the same is 
~450 °C, which means at normal operating temperature for all power plant materials 
creep is significant. Apart from matrix microstructure as stated before, the creep 
strength of Cr–Mo steels is achieved through the solid solution strengthening of 
ferrite matrix by carbon, chromium and molybdenum, and is further enhanced by 
carbide precipitation. During service, the change in phase constituents is significant 
and the M23C6 (where M = Fe, Cr, Mo) phase, occurs in a large volume fraction 
within matrix. It precipitates at the prior austenite grain boundaries (PAGB), packet 
boundaries, block boundaries and lath boundaries. It coarsens quickly, reducing the 
effect of strengthening. Similarly, the M2C precipitates grow fast. 

To summarize the above illustration, the carbides in Cr–Mo steel thus can be 
categorized in five types, viz., M3C, M2C, M7C3, M23C6, M6C (M  = Fe, Cr, 
Mo), according to their morphology, metallic element content and sequence of 
precipitation (Fig. 1.1). 

Fig. 1.1 Carbide precipitation reaction sequence in 2.25Cr–1Mo steel during ageing at 750 °C [4] 

The material performance in a given condition completely depends on the rela-
tive fraction of different phases, their morphology, nature and distribution pattern. 
The progressive change in microstructure determines the degree of degeneration and 
the residual life of the component up to its designated tenure of service. Necessity 
therefore arises to develop a data bank, regarding the qualitative/quantitative struc-
tural changes for the mentioned alloy under different state of stress and temperatures 
to identify exact interval for permissible overhauling and avoid catastrophic failure 
during service. In the present endeavour, the different structural features that are 
evolved for P22 alloy under various stress and temperature have been illustrated.
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Chapter 2 
As-Received Pipe Details 

2.1 Dimensions: Pipe and Creep Specimen 

See Fig. 2.1. 

Fig. 2.1 a Industrially processed as-received pipe, b schematic diagram of creep specimen and 
sectioning position from pipe for metallography and hardness measurement
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6 2 As-Received Pipe Details

Table 2.1 Chemical composition (wt %) of P22 steel 

C Si Mn P S Cr Mo Ni Fe 

0.135 0.235 0.47 0.012 0.005 2.185 0.93 0.08 Rest 

2.2 Material Composition 

See Table 2.1. 

2.3 Mechanical Properties 

See Fig. 2.2 and Table 2.2. 

Fig. 2.2 Stress-strain curves 
of P22 (2.25Cr–1Mo) steel at 
room and high temperatures 

Table 2.2 Mechanical properties of P22 at room temperature and high temperatures 

Temp. (°C) Hardness 
(HV30) 

Fracture 
toughness , J0.2 
(kJ/m2) 

Tensile properties 

Yield strength 
(MPa) 

UTS (MPa) Fracture strain 
(%) 

Room temp. 132.6 ± 
0.6 

713.9 277 ± 1.5 465 ± 4.2 38 ± 3.0 

550 – – 166 ± 1.0 343 ± 7.7 20 ± 7.0 
575 – – 154 ± 1.2 295 ± 7.4 26 ± 8.0 
600 – – 133 ± 1.9 234 ± 16.2 34 ± 9.3



Chapter 3 
Creep Testing Under Different 
Conditions 

3.1 Creep Life of P22 Steel 

Creep life of P22 steel is determined at different temperatures and stresses, as 
mentioned in Table 3.1. It is noteworthy that the creep life varies for different 
samples at same temperature and stress condition. The corresponding creep curves 
are explained in Figs. 3.1a, 3.2a and 3.3a, respectively. 

Table 3.1 Creep life of P22 at different conditions 

Creep conditions (Temp./Stress) Sample no Creep life (h) 

550 °C/115 MPa 550(1) 1605 

550(2) 1240 

550(3) 1164 

575 °C/115 MPa 575(1) 355 

575(2) 368 

575(3) 315 

575(4) 300 

575(5) 387 

600 °C/100 MPa 600(1) 260 

600(2) 200 

600(3) 233
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8 3 Creep Testing Under Different Conditions

3.2 Creep Curves 

See Figs. 3.1, 3.2 and 3.3. 

(a) (b) 

Fig. 3.1 Creep properties of P22 at 550 °C under 115 MPa stress. a Creep strain and b Creep strain 
rate, as a function of time 

(a) (b) 

Fig. 3.2 Creep properties of P22 at 575 °C under 115 MPa stress. a Creep strain and b Creep strain 
rate, as a function of time
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(a) (b) 

Fig. 3.3 Creep properties of P22 at 600 °C under 100 MPa stress. a Creep strain and b Creep strain 
rate, as a function of time



Chapter 4 
Micrographs Description 

4.1 As-Received Pipe 

See Figs. 4.1, 4.2, 4.3 and 4.4.
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12 4 Micrographs Description

Mag. 200X 

Mag. 1000X 

Fig. 4.1 Optical micrographs of as-received P22 (2.25Cr–1Mo) steel at transverse section showing 
inhomogeneous distribution of pearlite (P) in ferrite (F) matrix



4.1 As-Received Pipe 13

Longitudinal section of pipe Transverse section of pipe 

Magnification 5kX 

Magnification 20kX 

Hardness(HV30):  137.4±0.37 (Longitudinal Section); 132.6 ±0.6 (Transverse Section)  

SEM Micrographs of As-received P22 Steel 

Fig. 4.2 SEM-SE micrographs of as-received P22 steel, showing distribution of carbide (C) 
precipitates at grain boundary and grain interior of ferrite (F)-pearlite (P) matrix



14 4 Micrographs Description

   (a), Mag. 15kX 

(b), Mag. 11.5kX 

Fig. 4.3 TEM-BF images of P22 steel as-received condition, a dislocation networks, b dislocation 
pinning by large precipitate of (Fe, Cr, Mo)-rich carbides



4.1 As-Received Pipe 15

(a), Mag. 27.5kX 

(b) 

Fig. 4.4 TEM-BF image of P22 steel as-received condition showing, a inhomogeneous distribution 
of polygonal Cr–Mo precipitate in matrix, b EDS analysis of precipitate (1) of this figure (a)



16 4 Micrographs Description

4.2 Creep Exposure at 550 °C Temperature and 115 MPa 
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See Figs. 4.5, 4.6, 4.7, 4.8, 4.9, 4.10, 4.11, 4.12, 4.13, 4.14, 4.15, 4.16, 4.17, 4.18, 
4.19, 4.20, 4.21, 4.22, 4.23, 4.24, 4.25, 4.26, 4.27, 4.28, 4.29, 4.30, 4.31, 4.32, 4.33, 
4.34, 4.35, 4.36, 4.37, 4.38, 4.39 and 4.40. 
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Fig. 4.5 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) steel 
after creep exposed at 550 °C/115 MPa for 303 h, showing inhomogeneous distribution of pearlite 
(P) in ferrite (F) matrix and carbides (C) at grain boundaries and grain interiors



4.2 Creep Exposure at 550 °C Temperature and 115 MPa Stress 17

noitceSesrevsnarTnoitceSlanidutignoL 

Magnification 10kX 

Magnification 20kX 

Hardness(HV30): 131.5 ±1.9 (Longitudinal Section); 139.3 ±2.5 (Transverse Section) 

SEM Micrographs of Gauge Region of 
 Interrupted Creep (Time 303h & strain 3.32%) Specimen 

Fig. 4.6 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 303 h, showing the distribution of (Fe, Cr, Mo)-rich 
carbides (C) at grain interiors of ferrite (F) and pearlite (P) matrix
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Fig. 4.7 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) steel 
after creep exposed at 550 °C/115 MPa for 303 h, showing inhomogeneous distribution of ferrite 
(F) and pearlite (P) structures
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Fig. 4.8 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 303 h, showing pearlite (P) colonies, discrete 
pearlite (PD) and (Fe, Cr, Mo)-rich carbides (C) in ferrite (F) matrix
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Fig. 4.9 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) steel 
after creep exposed at 550 °C/115 MPa for 668 h, showing pearlite (P) distributed inhomogeneously 
in ferrite (F) matrix
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Fig. 4.10 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 668 h, showing carbide (C) precipitates at grain 
interiors and grain boundaries, and inhomogeneous distribution of pearlite colonies in ferrite (F) 
matrix
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 Interrupted Creep (Time 668h & strain 6.04%) Specimen 

Fig. 4.11 SEM-SE micrograph (magnification 20 kX) of transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 668 h, showing (Fe, Cr, Mo)-rich carbides (C) at 
grain interior and grain boundaries of ferrite
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Fig. 4.12 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 668 h, showing inhomogeneous distribution of 
ferrite (F) and pearlite (P) structures
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Fig. 4.13 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 668 h, showing inhomogeneous distribution of 
carbides (C) at grain interiors and grain boundaries and pearlite (P) colonies, discrete pearlite (PD) 
in ferrite matrix
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Fig. 4.14 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1071 h, showing inhomogeneous distribution of 
ferrite (F) and pearlite (P) structures
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Fig. 4.15 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1071 h, explaining carbides (C) at grain interiors 
and grain boundaries, and pearlite (P) colonies in ferrite matrix
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Fig. 4.16 SEM-SE micrograph (magnification 20 kX) of transverse sections of P22 (2.25Cr– 
1Mo) steel after creep exposed at 550 °C/115 MPa for 1071 h, showing (Fe, Cr, Mo)-rich carbide 
(C) precipitates and discrete pearlite (PD) distributed at ferrite matrix
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Fig. 4.17 TEM-BF image of gauge region at transverse section of P22(2.25Cr–1Mo) steel after 
creep exposed at 550 °C/115 MPa for 1071 h with a creep strain of 8.11%, explaining primary and 
secondary precipitations of globular and parallelepiped carbides (C) at grain boundary and grain 
interiors, interacting to dislocations

 
Magnification 15kX 

Fig. 4.18 TEM-BF image of gauge region at transverse section of P22(2.25Cr–1Mo) steel after 
creep exposed at 550 °C/115 MPa for 1071 h with a creep strain of 8.11%, showing dislocation 
networks in matrix and accumulation of dislocation around large precipitates
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Fig. 4.19 TEM-BF image of gauge region at transverse section of P22(2.25Cr–1Mo) steel after 
creep exposed at 550 °C/115 MPa for 1071 h with a creep strain of 8.11%, explaining parallelepiped 
M7C3 (with SAED pattern and EDS analysis) and other irregular-shaped carbides (C) precipitated 
at grain interiors
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Fig. 4.20 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1071 h, showing pearlite (P) colonies in ferrite (F) 
matrix
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Fig. 4.21 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1071 h, in which coarse carbides (C) (black arrows) 
at grain boundary and fine carbides (white arrow) and discrete pearlite (PD) at grain interiors, 
distributed inhomogeneously in ferrite (F) matrix
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Fig. 4.22 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) steel 
after creep exposed at 550 °C/115 MPa for 886 h, showing inhomogeneous distribution discrete 
pearlite (PD) in ferrite (F) matrix
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Fig. 4.23 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 886 h, explaining inhomogeneous distribution of 
coarse carbides (C) at grain boundaries, fine carbides at grain interiors and pearlite (P) colonies in 
ferrite (F) matrix
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Fig. 4.24 TEM-BF image of gauge region at transverse section of P22(2.25Cr–1Mo) steel after 
creep exposed at 550 °C/115 MPa for 886 h with a creep strain of 10.75%, explaining angular 
large (>400 nm) precipitate (C) due to coagulation and secondary precipitation showing near 
globular/elliptical precipitates 

Magnification 27.5kX 

Fig. 4.25 TEM-BF image of gauge region at transverse section of P22(2.25Cr–1Mo) steel after 
creep exposed at 550 °C/115 MPa for 886 h with a creep strain of 10.75%, showing dislocation 
lines in matrix and pinning of dislocation by carbide precipitate (C)
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Fig. 4.26 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 886 h, showing pearlite (P) colonies and discrete 
pearlite (PD) in ferrite (F) matrix
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Fig. 4.27 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 886 h, explaining coarse carbides (C) at grain 
boundaries, cementite (Fe3C), pearlite (P) colonies and discrete pearlite (PD) in ferrite (F) matrix
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Fig. 4.28 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1747 h, showing inhomogeneous distribution of 
pearlite (P) colonies and discrete pearlite (PD) in ferrite (F) matrix
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Fig. 4.29 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1747 h, showing distribution of pearlite (P) and 
fine Fe3C in ferrite (F) matrix and coarse carbides (C) precipitates at grain boundaries
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Fig. 4.30 SEM-SE micrograph (magnification 20 kX) of transverse sections of P22 (2.25Cr– 
1Mo) steel after creep exposed at 550 °C/115 MPa for 1747 h, presenting fine Fe3C in ferrite (F) 
matrix and coarse (Fe, Cr, Mo)-rich carbides (C) precipitates at grain boundaries
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Fig. 4.31 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1747 h, showing pearlite (P) colonies and discrete 
pearlite (PD) in ferrite (F) matrix
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Fig. 4.32 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 550 °C/115 MPa for 1747 h, showing formation of pearlite (P) phase 
in which fine cementite (Fe3C) distributed in ferrite (F) matrix and coarse carbides (C) at grain 
boundaries
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Fig. 4.33 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 550 °C/115 MPa for 1605 h, showing cavity formation in ferrite (F) matrix 
and carbide (C) precipitates at grain boundaries
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Fig. 4.34 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 550 °C/115 MPa for 1605 h, showing inhomogeneous distribution of (Fe, 
Cr, Mo)-rich carbides (C) and cavity (white arrows) in ferrite (F) matrix
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Fig. 4.35 SEM-SE micrograph (magnification 10 kX) of transverse sections of P22 (2.25Cr– 
1Mo) steel after creep failed at 550 °C/115 MPa for 1605 h, showing inhomogeneous distribution 
of (Fe, Cr, Mo)-rich carbides (C) and cavity (white arrows) in ferrite (F) matrix
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Fig. 4.36 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 550 °C/115 MPa for 1605 h, explaining discrete pearlite (PD) and carbide 
(C) precipitates at grain boundaries in ferrite (F) matrix
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Fig. 4.37 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 550 °C/115 MPa for 1605 h, showing inhomogeneous distribution of (Fe, 
Cr, Mo)-rich carbides (C) and discrete pearlite (PD) in ferrite (F) matrix
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Fig. 4.38 SEM-SE micrograph (magnification 20 kX) of longitudinal sections of P22 (2.25Cr– 
1Mo) steel after creep failed at 550 °C/115 MPa for 1605 h, showing the initiation of cavity near 
(Fe, Cr, Mo)-rich carbides (C) in ferrite (F) matrix
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Fig. 4.39 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 550 °C/115 MPa for 1605 h, showing inhomogeneous distribution of 
pearlite (P) in ferrite (F) matrix and carbides (C) at grain boundaries
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Fig. 4.40 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 550 °C/115 MPa for 1605 h, showing inhomogeneous distribution of 
carbide (C) particles at the grain boundaries, pearlite colonies (P) and discrete pearlite (PD) in  
ferrite matrix
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Fig. 4.41 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 121 h, showing inhomogeneous distribution of 
ferrite (F) and pearlite (P) structures
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Fig. 4.42 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 121 h, explaining distribution of pearlite (P) 
colonies, discrete pearlite (PD), (Fe, Cr, Mo)-rich carbide (C) at grain boundary and F3C in grain  
interior of ferrite (F) matrix
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Fig. 4.43 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 121 h, showing carbide (C) and pearlite in ferrite 
(F) matrix
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Fig. 4.44 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 121 h, explaining inhomogeneous distribution of 
coarse carbides (C) at grain boundaries, fine carbides in grain interior, and pearlite (P) colonies in 
ferrite (F) matrix
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Fig. 4.45 SEM-SE micrographs of (magnification 20 kX) of transverse section of P22 (2.25Cr– 
1Mo) steel after creep exposed at 575 °C/115 MPa for 121 h, showing SEM-EDS analysis distri-
bution of (Fe, Cr, Mo)-rich carbides (C) at grain boundaries and Fe3C in grain interior of ferrite 
matrix
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Fig. 4.46 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) steel 
after creep exposed at 575 °C/115 MPa for 283 h, showing inhomogeneous distribution pearlite (P) 
and carbides (C) in ferrite (F) matrix
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Fig. 4.47 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 283 h, explaining inhomogeneous distribution of 
pearlite (P) and carbides (C) at grain boundaries and grain interior in ferrite (F) matrix
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Fig. 4.48 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 283 h, showing pearlite (P) colonies and carbides 
(C) in ferrite (F) matrix
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Fig. 4.49 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 283 h, showing inhomogeneous distribution of 
pearlite (P) and carbides (C) in ferrite (F) matrix
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Fig. 4.50 SEM-SE micrograph (magnification 10 kX) of longitudinal sections of P22 (2.25Cr– 
1Mo) steel after creep exposed at 575 °C/115 MPa for 283 h, showing SEM–EDS analysis of (Fe, 
Cr, Mo)-rich carbide (C) precipitates at grain boundaries and pearlite (P) colonies in ferrite (F) 
matrix
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Fig. 4.51 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 331 h, showing inhomogeneous distribution of 
ferrite (F) and pearlite (P) structures
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Fig. 4.52 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 331 h, showing inhomogeneous distribution of 
pearlite (P) colonies, discrete pearlite (PD) and carbides (C) in ferrite (F) matrix
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Fig. 4.53 SEM-SE micrograph (magnification 20 kX) of transverse sections of P22 (2.25Cr– 
1Mo) steel after creep exposed at 575 °C/115 MPa for 331 h, showing carbide (C) precipitates at 
grain interiors and grain boundaries in ferrite matrix
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Fig. 4.54 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 331 h, showing inhomogeneous distribution of 
carbides (C) at grain boundary and pearlite (P) colonies in ferrite (F) matrix
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Fig. 4.55 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 575 °C/115 MPa for 331 h, explaining pearlite (P) colonies, discrete 
pearlite (PD), Fe3C and carbides (C) in ferrite (F) matrix
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Fig. 4.56 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 575 °C/115 MPa for 387 h, showing cavity formation in ferrite (F) matrix 
and carbide (C) precipitates at grain boundaries
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Fig. 4.57 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 575 °C/115 MPa for 387 h, showing cavity and carbide (C) precipitates at 
grain boundaries in ferrite (F) matrix
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Fig. 4.58 SEM-SE micrographs of longitudinal section of P22 (2.25Cr–1Mo) steel after creep 
failed at 575 °C/115 MPa for 387 h, showing SEM-EDS analysis of (Fe, Cr, Mo)-rich carbide (C) 
precipitates at grain boundaries in ferrite (F) matrix
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Fig. 4.59 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) steel 
after creep failed at 575 °C/115 MPa for 387 h, explaining carbide (C) precipitates at grain boundaries 
in ferrite (F) matrix
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Fig. 4.60 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 575 °C/115 MPa for 387 h, showing cavity and (Fe, Cr, Mo)-rich carbide 
(C) precipitates at grain boundaries and pearlite (P) colonies and discrete pearlite (PD) in ferrite (F) 
matrix
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Fig. 4.61 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 575 °C/115 MPa for 387 h, showing carbide (C) precipitates at grain 
boundaries and pearlite (P) in ferrite (F) matrix
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Fig. 4.62 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 575 °C/115 MPa for 387 h, showing carbide (C) precipitates at grain 
boundaries and cementite (Fe3C), pearlite (P) colonies and discrete pearlite (PD) in ferrite (F) 
matrix
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Fig. 4.63 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 77 h, showing inhomogeneous distribution of 
discrete pearlite (PD) and carbides (C) in ferrite (F) matrix
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Fig. 4.64 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 77 h, showing rich carbides, discrete pearlite (PD) 
and pearlite (P) colonies in ferrite (F) matrix
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Fig. 4.65 SEM-SE micrograph (magnification 10 kX) of transverse section of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 77 h, explaining (Fe, Cr, Mo)-rich carbides (C) 
and cementite (Fe3C) as the pearlite colonies in ferrite (F) matrix
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Fig. 4.66 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 77 h, showing carbides (C) at grain boundaries of 
ferrite (F) matrix



76 4 Micrographs Description

Longitudinal Section Transverse Section 

Magnification 10kX 

Magnification 20kX 

Hardness(HV30): 132.0 ± 0.58 (Longitudinal Section); 131.1 ± 0.86 (Transverse Section) 

SEM Micrographs of Head Region of 
Interrupted Creep (Time 77h & strain 3.99%) Specimen 

Fig. 4.67 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 77 h, showing fine carbides in grain interiors and 
coarse carbide (C) in ferrite (F) matrix
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Fig. 4.68 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 139 h, demonstrating discrete pearlite (PD) and  
carbides (C) distributed inhomogeneously in ferrite (F) matrix
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Fig. 4.69 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 139 h, showing distribution of pearlite (P) colonies, 
fine carbides at grain interiors and coarse carbide at grain boundaries in ferrite (F) matrix
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Fig. 4.70 SEM-SE micrograph (magnification 20 kX) of transverse sections of P22 (2.25Cr– 
1Mo) steel after creep exposed at 600 °C/100 MPa for 139 h, explaining EDS analysis of (Fe, Cr, 
Mo)-rich carbide (C) precipitates at the grain boundaries of ferrite (F) matrix
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Fig. 4.71 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 139 h, showing inhomogeneous distribution of 
pearlite colonies in ferrite matrix
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Fig. 4.72 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 139 h, explaining carbides (C) at grain boundaries 
and pearlite (P) colonies, discrete pearlite (PD) in grain interiors of ferrite (F) matrix
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Fig. 4.73 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 159 h, showing inhomogeneous distribution of 
carbides (C), ferrite (F) and pearlite (P) structures
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Fig. 4.74 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep exposed at 600 °C/100 MPa for 159 h, explaining carbides (C) at grain boundaries 
and cementite (Fe3C), pearlite (P) colonies at grain interiors in ferrite (F) matrix
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Fig. 4.75 SEM-SE micrograph (magnification 20 kX) of transverse sections of P22 (2.25Cr– 
1Mo) steel after creep exposed at 600 °C/100 MPa for 159 h, explaining EDS analysis of (Fe, Cr, 
Mo)-rich carbide (C) precipitates at the grain boundaries of ferrite (F) matrix and pearlite colonies
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Fig. 4.76 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 600 °C/100 MPa for 199 h, showing cavity formation in ferrite (F) matrix 
and carbide (C) precipitates at grain boundaries
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Fig. 4.77 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 600 °C/100 MPa for 199 h, showing the formation of cavities at carbide 
(C) precipitates in ferrite (F) matrix
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Fig. 4.78 SEM-SE micrograph of transverse section of P22 (2.25Cr–1Mo) steel after creep 
failed at 600 °C/100 MPa for 199 h, showing SEM-EDS analysis of (Fe, Cr, Mo)-rich carbide 
(C) precipitates at grain boundaries in ferrite (F) matrix
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Fig. 4.79 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) steel 
after creep failed at 600 °C/100 MPa for 199 h, explaining carbide (C) precipitates at grain boundaries 
in ferrite (F) matrix
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Fig. 4.80 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 600 °C/100 MPa for 199 h, showing cavity and carbide precipitates at 
grain boundaries and pearlite colonies and discrete pearlite in ferrite matrix
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Fig. 4.81 SEM-SE micrographs of transverse section of P22 (2.25Cr–1Mo) steel after creep 
failed at 600 °C/100 MPa for 199 h, showing SEM-EDS analysis of (Fe, Cr, Mo)-rich carbide (C) 
precipitates at grain boundaries in ferrite (F) matrix and pearlite (P) lamellar
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Fig. 4.82 Optical micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 600 °C/100 MPa for 199 h, showing carbide (C) precipitates at grain 
boundaries and pearlite (P) in ferrite (F) matrix
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Fig. 4.83 SEM-SE micrographs of longitudinal and transverse sections of P22 (2.25Cr–1Mo) 
steel after creep failed at 600 °C/100 MPa for 199 h, showing carbide precipitates at grain boundaries 
and cementite (Fe3C), pearlite colonies and discrete pearlite in ferrite matrix



Chapter 5 
Effect of Creep Exposure on Material 
Behaviours 

5.1 Precipitate Size Variation 

See Fig. 5.1. 

5.2 Hardness Variation 

See Fig. 5.2. 

5.3 Magnetic Coercivity and MBE Voltage 

At initial creep deformation (t ~ 900 h), there are about no changes of coercivity 
up to εc ~ 6% and MBE voltage up to εc ~ 8%. The formation and growth of 
carbides (with Cr ≤ 15 wt%) occurs at initial creep deformation, which causes no 
change of magnetic properties. Subsequently, the generation of carbides of (Cr ~ 
16–28 wt%) and (Cr > 28 wt%) leads to a 5–10% increase of coercivity, followed 
by a stagnant magnetic behaviour till εc ~ 30%. The magnetic MBE voltage is also 
rapidly increasing within this creep deformation. At higher creep strain beyond 30%, 
the coalescence and growth of carbides results in magnetic hardening, leading to a 
drastic drop of MBE voltage and rise of coercivity (Fig. 5.3). 

Initially there is a gradual magnetic hardening (coercivity rise, MBE drop) below 
creep time of 1000 h and creep strain of 9%. This may be attributed to hindrance 
to magnetic domain wall movement due to precipitation of fine carbides. Beyond 
1000 h, there is indication of magnetic softening (coercivity drop, MBE rise) up to 
2000 h. In this zone, it is expected for the growth of carbide precipitates, decreasing 
the pinning density and thus favouring easy domain movement. Above 2000 h of 
creep time, there is a drastic magnetic hardening (coercivity rise, MBE drop). It is
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due to the precipitation of type-2 and type-3 carbides, leading to domain pinning and 
consequent magnetic hardening (Fig. 5.4). 

Magnetic coercivity and MBE voltage of interrupted creep-exposed specimens 
of P22 at 575 °C/115 MPa show about no change in coercivity within creep strain 
of 10%. The small change of coercivity is due to a little carbide precipitation taking 
place at high creep temperature of 575 °C. However, MBE voltage varies within 
the ranges of 50–60% as it is a surface phenomenon. Above 17% of creep strain, 
there is a drastic magnetic hardening (coercivity rise, MBE drop), which is related 
to carbide growth and its domain pinning actions. At higher creep prior to failure, 
the cavity generation and growth of carbides lead to magnetic softening, indicating 
a drop in coercivity and rise in MBE. The high-temperature creep causes an erratic 
change in carbide precipitation nucleation and growth kinetics, leading to a large 
variation in magnetic behaviour (coercivity and MBE voltage) for each data point of 
creep-exposed sample. Accordingly, the deviation of magnetic parameters is higher 
for crept sample of 575 °C than that of 550 °C (Fig. 5.5). 

The change in coercivity is very limited within 5% creep strain. The small change 
of coercivity is due to a little carbide precipitation taking place at high creep temper-
ature of 600 °C. The high creep temperature results in carbides with mean diameter 
greater than 200 nm. Thus, the small change of magnetic parameters might be related 
to only the change of dislocation density. Like 575 °C, the 600 °C creep-exposed 
specimens also reveal a larger deviation of magnetic parameters than low-temperature 
(550 °C) creep-exposed one. It is due to an erratic change in nucleation and growth 
kinetics of carbide precipitation for high-temperature creep exposure (Fig. 5.6). 

5.4 Nonlinear Ultrasonic (NLU) Parameter 

See Figs. 5.7, 5.8, 5.9 and 5.10. 

5.5 Conventional Ultrasonic Parameter 

See Figs. 5.11, 5.12 and 5.13.
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(a)

 
(b) 

Fig. 5.1 Variation of mean diameter of carbide precipitates, derived from SEM and TEM, in P22 
steel under creep exposed at 550 °C/115 MPa as a function of a creep strain and b creep time
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(a) 

(b) 

Fig. 5.2 Hardness variation of P22 samples under creep exposed of 550 °C/115 MPa as a function 
of a creep time and b strain
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Fig. 5.3 Creep strain effect on coercivity and MBE voltage for different P22 steel multiple samples 
of single interruption (MSSI) under creep condition of 550 °C/115 MPa 

500 1000 1500 2000 2500 3000 

3.5 

4.0 

4.5 

5.0 

5.5  Coercivity
 MBE, Vrms 

C
oe

rc
iv

ity
 (A

/c
m

) 

CreepTime (h) 

0.18 

0.20 

0.22 

0.24 

0.26 

0.28 

0.30 

M
BE

, V
rm

s 
(m

V)
 

Failed 

Fig. 5.4 Variation of coercivity and MBE voltage for a same P22 steel Single Sample under Multiple 
Interruption (SSMI) for creep condition of 550 °C/115 MPa as a function of creep time
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Fig. 5.5 Coercivity and MBE voltage of interrupted creep specimens P22 at 575 °C/115 MPa as a 
function of creep strain 
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Fig. 5.6 Coercivity and MBE voltage of interrupted creep specimens P22 at 600 °C/100 MPa as a 
function of creep strain
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Fig. 5.7 Variation of normalized NLU parameter and strain rate with creep exposure time at 
550 °C/115 MPa for P22 for MSSI samples 

Fig. 5.8 Variation of normalized NLU parameter with creep exposure time at 550 °C/115 MPa for 
SSMI sample
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Fig. 5.9 Variation of normalized NLU parameter with creep exposure time at 575 °C/115 MPa for 
MSSI samples 
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Fig. 5.10 Variation of normalized NLU parameter with creep exposure time at 600 °C/100 MPa 
for MSSI samples
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Fig. 5.11 Variation of ultrasonic parameter under 550 °C/115 MPa as a function of strain 
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Fig. 5.12 Variation of ultrasonic parameter under 575 °C/115 MPa as a function of strain
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Fig. 5.13 Variation of ultrasonic parameters of P22 under 600 °C/100 MPa as a function of creep 
strain
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Supplements 

Brief Description of Experimental Methodologies 

Sample Preparation 

In this research, the creep specimen prepared along the longitudinal section of pipe 
and its dimensions are as per ASTM standard (Fig. A.1). 

Creep Testing 

The creep test was carried out with standard sample (Fig. A.1) in the constant load 
stress rupture test machine (Mayes make, model-MT3, 30 KN (max.), 950 °C (max.)), 
as shown in Fig. A.2. Two R-type thermocouples were tied on the specimen at the 
end of gauge length section. A preload of 5–10% of the target load was used and the 
samples were heated to the test set temperature within 1 h duration and soaked for 
30 min for temperature equalization along the gauge length. The test temperature 
was controlled within ±2 °C of the set temperature. Rupture time was noted from 
the elapsed hour meter attached to the test machine. The displacement was measured 
using a pair of LVDT attached with the extensometer. Initial displacement readings 
were manually recorded during hot-loading and thereafter continuous recordings 
were done at every 15 min interval using a data-logger.

Fig. A.1 Creep testing specimen details, dimensions (in mm) 
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(a) (b) 

Fig. A.2 Creep testing machine, a sample before put into furnace, b sample packed in the furnace 

Microscopy of Samples 

Optical and Scanning Electron Microscopy 

The samples of size 10 × 5 × 5 mm3 were cut along longitudinal and transverse 
(Fig. 2.1b) of pipe for as-received specimens and that of creep-exposed specimens 
at gauge and failed regions, as per requirement (Fig. A.3).

These specimens were suitably mounted by hot pressing using conductive 
mounting powders and were ground using 200–1200 grit silicon carbide abrasive 
papers. It is followed by coarse polishing on 10 µm cloths using 1 µm alumina  
solution and final polishing on 1 µm cloths using 0.05 µm alumina solution. The 
chemical etching was done by 2% Nital solution (2% nitric acid and 98% methanol). 
Chemically etched and dried specimens were examined under an optical microscope 
of Leica (Model: DM2500M) and scanning electron microscope of FEI FEG-SEM 
(Model: Nova NanoSEM430). 

Optical microscopy (OM) was done under 200X, 500X and 1000X magnifications, 
and the images were captured by a digital camera. The selective images with high 
resolution are presented in this microstructure Atlas.
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Fig. A.3 Microscopy of 
regions of creep-exposed 
specimens, a creep failed 
and b creep interrupted 
Multiple Samples and Single 
Interruption (MSSI) samples

(a) (b) 

Scanning electron microscopy (SEM) was operated at 15 kV and scanned at 
the lower magnification in order to extract the most representative microstructural 
features. The representative images are digitally captured at the magnifications of 5, 
10 and 20 kX. The compositional elemental analysis of precipitates was done under 
15 kV voltage through EDS analyzer attached with SEM. 

Transmission Electron Microscopy 

For transmission electron microscopy (TEM), the thin specimens of 0.3 mm thick-
ness were cut from as-received and creep-exposed samples by electric discharge 
machining (EDM) with a proper cooling arrangement. These specimens were further 
thinned down by 1200–2500 grit silicon carbide abrasive papers till 100 µm fine foil 
which was finally punched to 3 mm diameter disc. The disc sample is again thinned 
down by twin jet polishing using solution of 4% perchloric acid in methanol at − 
40 °C and making the tiny holes, enabling the hole adjacent area to be electron 
transparent. 

A Philips (Model: CM200) analytical transmission electron microscope operating 
at an accelerated voltage of 200 kV was used to identify carbides precipitates of 
as-received and creep-exposed samples. The precipitates were identified through 
selected area electron diffraction pattern (SAED) and elemental analyses by EDAX 
with TEM.
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Image Analysis 

The microstructural images acquired by SEM and TEM were analysed for the deter-
mination of size and area fraction of carbide precipitates by an image analysis soft-
ware of Leica QWIN. Each data point of precipitate size and volume fraction was 
about the average of 1000 nos. of particles from 5 nos. of SEM images. The precipitate 
size is also confirmed by TEM. 

Mechanical Property Determination 

The tensile properties of as-received steel are determined by universal tensile testing 
machine under the crosshead speed of 5 mm/min at room and elevated temperatures 
of 550, 600 and 650 °C. 

The hardness measurement of as-received and creep-exposed specimens was 
carried out by a diamond pyramid Vickers hardness tester of Chennai Metco 
(Economet VH50MD) at 30 kgf load with a dwell time of 10 s for indenting. The 
sample surface was ground up to 1200 grit SiC paper before hardness measurement. 
Each hardness value was the average of 5–10 nos. data points. 

Brief Description of NDE Techniques 

Electromagnetic Method 

Among the electromagnetic techniques, Magnetic Barkhausen Emissions (MBE) and 
Magnetic Hysteresis Loop (MHL) have been used under this project. The magnetic 
hysteresis loop and the magnetic Barkhausen emissions signal are shown schemat-
ically in Fig. A.4 along with the measuring parameters. However, the coercivity 
(Hc) and the rms voltage (Vrms) are the most important parameters as regards with 
the microstructural changes are concerned. Hence, the emphasis has been given to 
measure those parameters. Both MHL and MBE parameters are to be measured by 
an electromagnetic sensing device, named MagStar (Fig. A.5), and developed jointly 
by CSIR-NML and M/s, Technofour, Pune.

For MBE measurement, a sinusoidal cyclic magnetic field of 239 A/cm (300 Oe) 
with an excitation frequency of 40 Hz was induced, and the Barkhausen signals were 
filtered with a wide band-pass filter (30–300 kHz). On the other hand, a sinusoidal 
cyclic magnetic field of 1200 A/cm (1500 Oe) with an excitation frequency of 50 MHz 
was induced for MHL measurement.
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Fig. A.4 Schematic representation of Magnetic Hysteresis Loop (MHL) and Magnetic Barkhausen 
Emissions (MBE)

 
(a)                                                                (b) 

Fig. A.5 a MagStar device, b combo sensor probe head for MHL and MBE measurement 

Nonlinear Ultrasonic (NLU) Technique 

The variation in the distribution of discontinuities due to material degradation results 
in a variation of nonlinear elasticity, and material degradation can be monitored 
by nonlinear ultrasonic (NLU) measurement. The most well-known NLU response 
is second harmonic generation caused by higher order nonlinear elasticity of the 
materials in question. The relation between arbitrary constants C1, C2 of nonlinear 
elasticity and two amplitudes of distorted ultrasound, fundamental (A1) and second 
harmonic (A2), was derived by Breazeal and Ford et al. Using fluid analogy and 
Lagrange’s equation of motion: 

β = 
C1 

C2 
= 

8 

k2x 

A2 

A2 
1 

(A.1) 

where K and x are wave number and propagation distance, respectively. The right-
hand side of Eq. (A.1), which represents the ratio of primary and second-order terms 
of nonlinear stress–strain relation, is referred to as ultrasonic nonlinear parameter β.
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)b()a( 

Fig. A.6 a “Ultraβ”: Portable system for NLU parameter measurement, b sample holder for 
applying constant load to the sample 

The effect of microstructure transition by degradation or material processing to 
β variation has been widely studied, i.e. precipitation hardening heat treatment, cold 
work, isothermal ageing, creep and fatigue, and has been reported that dislocation 
density, precipitation distribution, micro-void and externally applied or residual stress 
are primary factors to ultrasonic nonlinear parameter β. 

A portable instrument “Ultraβ” designed and developed at CSIR-NML was used 
to measure β (Fig. A.6a). A sample holder is also designed to place the sample in 
between the transmitter and receiver probes under constant load (Fig. A.6b). 

For the measurement of NLU parameter, a 5 MHz narrowband transmitter and a 
10 MHz broadband receiver were used. NLU measurements were carried out in each 
sample in the as-received condition prior to creep testing (βzero) and after interruption 
(βdamaged). The normalized β was defined as mentioned in Eq. (A.2) 

β = 
βdamaged − βzero 

βzero 
(A.2) 

A 5-cycle tone burst signal was used to excite the transmitter at two different 
voltages, 1050 and 1200 V. The received signal was analysed using Calβ © software 
for online NLU parameter determination after calibration.
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