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Abstract: The infamous type IV failure within the fine-grained heat-affected zone (FGHAZ) in G115 steel weldments seriously threatens
the safe operation of ultra-supercritical (USC) power plants. In this work, the traditional thermo-mechanical treatment was modified via
the replacement of hot-rolling with cold rolling, i.e., normalizing, cold rolling, and tempering (NCT), which was developed to improve the
creep  strength  of  the  FGHAZ in  G115  steel  weldments.  The  NCT treatment  effectively  promoted  the  dissolution  of  preformed  M23C6

particles and relieved the boundary segregation of C and Cr during welding thermal cycling, which accelerated the dispersed reprecipita-
tion  of  M23C6 particles  within  the  fresh  reaustenitized  grains  during  post-weld  heat  treatment.  In  addition,  the  precipitation  of  Cu-rich
phases and MX particles was promoted evidently due to the deformation-induced dislocations. As a result, the interacting actions between
precipitates, dislocations, and boundaries during creep were reinforced considerably. Following this strategy, the creep rupture life of the
FGHAZ in G115 steel weldments can be prolonged by 18.6%, which can further push the application of G115 steel in USC power plants.

Keywords: G115 steel; fine-grained heat-affected zone; creep strength; element segregation; nano-sized precipitates

  

1. Introduction

The urgent need to reduce energy consumption and pro-
tect the environment will promote next-grade ultra-supercrit-
ical  (USC)  power  plants  to  operate  at  650°C  with  a  stress
level of 35 MPa, which will trigger the development of ad-
vanced structural materials with superior creep strength and
oxidation resistance [1–5]. Based on this background, a nov-
el martensitic heat-resistant G115 steel with an alloying com-
position  of  9Cr–3W–3Co–1Cu–VNb  has  been  designed
based  on  the  element-selective  reinforcement  theory  [6–7].
Compared  with  traditional  P91  (9Cr–1Mo–VNb)  or  P92
(9Cr–1.8W0.5Mo–VNb)  steels,  G115  steel  is  added  with
more W and Co to reinforce solid solution strengthening and
precipitation  strengthening  through  the  suppressed  coarsen-
ing of M23C6 carbides [8]. Moreover, an increased content of
B in combination with a balanced content of N is optimized
to promote the precipitation of fine MX carbonitrides [9]. In
addition, the addition of a minor amount of Cu (~1wt%) res-
ults in the formation of Cu-rich phases, which can provide an
additional precipitation strengthening effect [10]. The excel-
lent creep strength of G115 steel can be ascribed to the rein-
forced  interactions  among  precipitates,  dislocations,  and

boundaries [11–12].
As large components in USC power plants must be manu-

factured by fusion welding technologies, the G115 steel must
undergo the welding process [6,13–14].  In our previous in-
vestigation [15], the fabricated G115 welded joint exhibited
inferior creep strength compared with the base material due
to  type  IV  cracking  within  the  fine-grained  heat-affected
zone (FGHAZ) during the long-term creep test, and this res-
ult could be ascribed to the coarsening of M23C6 particles and
the  rapid  recovery  of  dislocations.  Pandey et al. [16]  also
proved  that  some M23C6 carbides  that  were  retained  during
welding thermal  cycling in the FGHAZ could grow further
during the subsequent post-weld heat treatment (PWHT) and
act  as  preferred nucleation sites  for  creep cavities  owing to
their incompatible deformation ability with the matrix. Addi-
tionally, Wang et al. [17] observed that the Cr or C originat-
ing from partially dissolved M23C6 carbides were prone to se-
gregate  along  the  prior  austenite  grain  boundaries  in  the
FGHAZ during the welding process due to their rapid cool-
ing rate, which could lead to the scarce precipitation of fresh
M23C6 carbides within the newly formed reaustenitized grains
during PWHT, thus weakening the sub-boundary strengthen-
ing effect. Hence, the creep strength of FGHAZ can be im- 
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proved  through  the  dissolution  of  the  preformed  M23C6

carbides and the relief or elimination of Cr or C segregation
along boundaries during the welding process. In addition, the
nano-sized MX carbonitrides and Cu-rich phases play a cru-
cial  role  in  the  improved  creep  strength  of  G115  steel
[7,10,18].

Recently, thermo-mechanical treatment (TMT) has gained
growing interest owing to its outstanding contribution to the
improved creep strength of precipitate-strengthened martens-
itic heat-resistant steels [19–21]. TMT induces complex dis-
location structures within the matrix, which can promote the
precipitation  of  strengthening  particles.  According  to  Sak-
thivel et al. [22], a finer lath structure with higher dislocation
density and uniform distribution of M23C6 and MX particles
could be obtained in 9Cr–1Mo steel after TMT, which effect-
ively  reduced the  recovery  rate  of  dislocation  structure  and
delayed lath coarsening. Vivas et al. [23] also stated that high
normalizing temperature combined with deformation during
TMT  could  accelerate  the  precipitation  of  MX  particles  in
G91 steels and enhance the creep strength considerably. Sak-
thivel et al. [24] investigated the effect of TMT on the creep
strength of  P92 steel  and indicated that  the homogeneously
distributed  precipitates  could  reduce  the  creep  rate  by  pin-
ning the boundary migrations and blocking dislocation mo-
tions.  TMT has exhibited promising applications in the im-
provement of the creep strength of martensitic heat-resistant
steels, but its feasibility for application in weldments remains
poorly understood. Meanwhile, TMT is sensitive to deforma-
tion  temperature  and  rolling  rate  [25–26].  The  enhanced
transformation kinetics of γ to α results  in the formation of
some α-ferrite grains after TMT [27]. In addition, partial dis-
location recovery and boundary migration at high aging tem-
peratures result in the additional formation of subgrains with
a low hardness, which can deteriorate creep strength [28].

Industrial heat treatments for G115 steel include normal-
izing  and  tempering  (NT),  which  guarantees  the  optimized
combination of creep strength and impact toughness [29–30].
However,  the  infamous  type  IV  failure  within  the  FGHAZ
limits  the  wide  application  of  G115  steel  in  USC  power
plants. Hence, a modified TMT involving normalizing, cold
rolling, and tempering (NCT) has been proposed to improve
the creep strength of the FGHAZ in G115 steel welded joints,
and it  is  expected to solve element  segregation and the un-
even  distribution  of  precipitates.  Moreover,  clarifications
were provided for the evolution of grain structure and distri-
bution  of  strengthening  particles  during  thermal  cycles  and
PWHT. Investigations were also conducted to determine the
mechanical properties, creep behaviors, and the correspond-
ing  damage  mechanism.  The  obtained  experimental  results
can  provide  important  technological  data  and  theoretical
basis for the industrial applications of G115 steel. 

2. Experimental 

2.1. Materials

G115  steel,  whose  main  chemical  compositions  are
provided in Table 1, was selected as the experimental materi-
al. The raw materials were melted in a vacuum induction fur-
nace  and  casted  into  an  ingot,  which  was  forged  into  slabs
measuring 100 mm × 100 mm × 20 mm. 

2.2. NT and NCT treatments and FGHAZ simulation

Fig.  1(a)  displays  the  schematics  of  the  industrial  NT
treatment and the developed NCT treatment for G115 steel.
In the NT treatment, the steel was first normalized at 1100°C
for 60 min, and then cooled to room temperature by air cool-
ing. After that, the normalized steel was tempered at 780°C
for 180 min, and followed by air cooling. In the NCT treat-
ment, the normalized steel was cold-rolled with 20% reduc-
tion in thickness to endow the matrix with higher dislocation
density, and then tempered at 780°C for 60 min.

According  to  our  previous  investigations  [15,31],  the
width  of  FGHAZ in  the  actual  G115  steel  welded  joints  is
only  0.5–1  mm,  which  is  difficult  to  precisely  extract  this
zone,  and then investigate  its  creep properties.  Therefore,  a
Gleeble-3800 thermomechanical simulator was used for the
reproduction of FGHAZ specimens for NT and NCT steels
[28,32]. Fig.  1(b)  reveals  the  dilatometric  curves  obtained
from the Gleeble simulation, which can be used to measure
the austenite phase transition temperatures Ac1 and Ac3. The
NT  steel  had  Ac1 and  Ac3 temperatures  of  approximately
911°C and 969°C, respectively, and those of the NCT steel
were around 898°C and 965°C.

Fig.  1(c)  presents  the thermal  cycle  histories  of  FGHAZ
simulation  and  PWHT  of  NT  and  NCT  steels.  Given  the
thermal sensitivity of G115 steel, preheating was conducted
at 200°C for 20 min before welding to avoid the formation of
cold cracks [31]. During the actual welding thermal cycling,
the  FGHAZ  consistently  experienced  a  peak  temperature
above or close to Ac3 [17,33]. Hence, the peak temperature
and  holding  time  for  the  FGHAZ simulation  of  both  steels
were set as 1050°C and 4 s, respectively. During the heating
process  in  actual  welding,  the  FGHAZ experienced a  rapid
heating  rate  due  to  its  proximity  to  the  fusion  line  [34].
Hence,  in  this  work,  the  heating  rate  was  set  as  100°C/s,
which is close to that of the actual welding process.  Mean-
while, during the cooling process in actual welding, repeated
heating  of  the  FGHAZ occurred  due  to  the  subsequent  de-
position  process,  which  resulted  in  a  gradually  decreased
cooling rate. Hence, the cooling cycles in this work were pro-
grammed to follow the exponential equation [33,35]:

T = T p× exp( −0.47t
∆t ) (1)

where T is the instantaneous temperature (°C), Tp refers to the
 

Table 1.    Main chemical compositions of the as-received G115 steel wt%

C Cr W Co Si Mn V Nb N B Cu
0.074 9.15 2.77 2.91 0.32 0.50 0.19 0.056 0.015 0.0074 1.16
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peak temperature (°C), t denotes the time interval (s), and Δt
indicates the cooling period from 800 to 500°C, which was
set as ~30 s.

In the case of the actual welded joints, PWHTs are neces-
sary  to  eliminate  the  heterogeneity  of  microstructure  and
mechanical  properties  across  the  welded  section  [36–37].
Therefore,  all  the  FGHAZ-simulation  specimens  were  post
heat-treated  at  760°C  for  240  min  and  air-cooled.  For  the
purposes of discussion, the FGHAZ-simulation specimens of
NT  and  NCT  steels  are  hereafter  referred  as  NT-FG  and
NCT-FG steels, respectively. 

2.3. Tensile, Charpy impact and creep tests

Fig.  2(a)  and (b)  displays the location of  the FGHAZ in

G115 steel  weldments  and the  actual  NT-FG and NCT-FG
steels. The homogeneous FGHAZ obtained from the simula-
tion had a width of ~10 mm. To guarantee the fracture occur
within  the  FGHAZ during  tensile  and creep  tests,  specially
designed testing specimens were used.

The sub-sized specimens (gauge length: 15 mm and thick-
ness: 1 mm) were subjected to uniaxial tensile tests at a strain
rate of 1 × 10−3 s−1 at 25°C. Meanwhile, a narrow portion with
a length of 8 mm and a width of 1 mm was machined within
the FGHAZ (Fig. 2(c)). Charpy impact tests were conducted
at 25°C on the sub-sized V-notch impact specimens (5 mm ×
10 mm × 55 mm), and the notch was machined at the middle
of FGHAZ (Fig. 2(d)).

The creep specimens (length: 74 mm and diameter: 5 mm)
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were used in creep tests, which were carried out at 650°C un-
der a uniaxial stress of 160 MPa. Meanwhile, a narrow por-
tion with a diameter (d) of 3 mm and a length of 5 mm was
machined within the FGHAZ (Fig. 2(e)). The test temperat-
ure was controlled within ±2°C, and the holding period prior
to loading was approximately 30 min. 

2.4. Microstructural characterization

Distribution  analysis  of  M23C6 particles,  creep  damages,
and  fracture  morphology  was  conducted  through  scanning
electron microscopy (SEM, JSM-7800F). For SEM observa-
tion, the specimens were polished using a series of SiC pa-
pers up to 3000 grit, followed by mechanical polishing with
2.5 µm paste and etching in a mixed solution of FeCl3 (5 g),
HCl (15 mL), and H2O (80 mL) at ambient temperature for
10 s. Electron backscattered diffraction (EBSD, JSM-7800F)
was  conducted  to  characterize  the  evolution  of  grain  struc-
ture during the simulation and creep crack distribution. Be-
fore EBSD scanning, the specimens were mechanically pol-
ished with 0.25 µm paste and electrochemically polished us-
ing a solution of 20 mL HClO4, 10 mL C3H8O3, and 70 mL
CH3CH2OH  at  a  potential  of  20  V  for  15  s.  Transmission
electron  microscopy  (TEM,  JEM-ARM200F)  was  per-
formed to observe the precipitation of M23C6,  MX, and Cu-
rich phases  and the evolution of  laths  and dislocations.  For
TEM  observation,  the  specimens  were  first  manually  pol-
ished  to  30 µm  in  thickness  and  twin-jet  polished  using  a
solution of 10 mL HClO4 and 90 mL CH3CH2OH at −25°C.
Electron microprobe analysis (EMPA) was conducted on the
distributions  of  Cr  and  C.  The  specimens  for  EMPA  were
prepared following the procedure conducted for those used in

SEM observations. 

3. Results and discussion 

3.1. Microstructural evolution
 

3.1.1. Initial structure of NT and NCT steels
Fig.  3 shows the  initial  microstructures  of  NT and NCT

steels. The NT and NCT steel exhibited similar microstruc-
tural characteristics involving prior austenite grain boundar-
ies (PAGs) that consisted of blocks (Fig. 3(a) and (d)). Dis-
persed  M23C6 particles  precipitated  along  the  boundaries  of
PAGs,  blocks,  and  laths  in  NT  and  NCT  steels,  and  they
could  effectively  impede  the  boundary  migrations  during
aging or creep period [13,38]. The NCT steel had a relatively
smaller average particle size (~70 nm) than the NT steel (~90
nm) (Fig. 3(b) and (e), respectively). Additionally, the NCT
steel exhibited a finer lath structure due to rolling deforma-
tion.  The  NT  and  NCT  steels  had  average  lath  widths  of
~438.8 and ~398.7 nm, respectively (Fig. 3(c) and (f)). The
dislocation  structures  of  both  steels  can  be  observed  in  the
forms of dislocation lines and tangles, and the NCT steel con-
tained a higher proportion of dislocation tangles than the NT
steel. For the latter, dislocation tangles were only introduced
to the lath interior during the phase transformation between
austenite  and  martensite  to  accommodate  lattice  mismatch
[39].  By contrast,  more  complex dislocation tangles  can be
generated  within  the  matrix  of  the  NCT  steel  through  the
rolling  process.  X-ray  diffraction  with  Cu-Kα radiation  re-
vealed dislocation densities of ~3.1 × 1014 and ~3.95 × 1014

m−2 for  the NT and NCT steels,  respectively (Fig.  3(c)  and
(f)).
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Fig. 3.    Initial microstructures of the NT and NCT steels: (a, d) grain structure characterized by EBSD, (b, e) M23C6 particles ob-
served via SEM, and (c, f) lath and dislocation structure displayed by TEM.
 
 

3.1.2. Grain  structure  and  M23C6 particles  of  NT-FG  and
NCT-FG steels

Fig.  4 displays  the  grain  structure,  distribution  of  undis-
solved M23C6 particles, and distributions of C and Cr in the
NT-FG and  NCT-FG steels  before  PWHT.  During  thermal

cycles at temperatures higher than the Ac3, grain refinement
usually occurs due to the diffusional reverse transformation
of γ to α in traditional  martensitic heat-resistant  steels  [40].
Only partial fine grains were formed in the NT-FG steel be-
cause of the higher B content of G115 steel (Fig. 4(a)), which
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can  segregate  at  grain  boundaries  and  reduce  the  boundary
energy for γ/α transformation [41]. The pre-existing PAGs in
the  NCT-FG  steel  were  uniformly  refined  during  thermal
cycling owing to the deformation-induced dislocations or de-
fects with higher stored energy, which can provide additional
energy  for γ/α transformation  (Figs.  4(e)  and  3(f)).  Despite
the susceptibility of grain boundaries to crack propagation in
the FGHAZ during creep period,  Liu et al. [40]  proved the
insignificant  effect  of  the  fine-grain  structure  on  creep
strength  during  long-term creep,  and  the  crucial  factor  was
the scarce precipitation of M23C6 within the grain interior.

In  the  equilibrium  state,  M23C6 particles  can  be  com-
pletely dissolved into the matrix at the Ac3 temperature of the
G115 steel [42]. However, some undissolved M23C6 particles
can still be tracked in the NT-FG steel after thermal cycling at
1050°C (higher than Ac3) owing to the transient holding peri-
od of 4 s (Fig. 4(b)). In the NCT-FG steel, although some un-
dissolved M23C6 particles can also be observed, the size and
number  of  residual  particles  have  been  evidently  reduced
(Fig.  4(f)).  This  can be explained from two aspects.  One is
that the size of pre-formed M23C6 particles during tempering
in the NCT steel is relatively smaller than that in the NT steel
(Fig.  3(b)  and  (e)),  which  is  contributed  to  the  dissolution
process during thermal cycles. The other is that the deforma-
tion-induced dislocations connected with the M23C6 particles
can accelerate the diffusion of particle forming elements to-
ward the matrix (Fig. 3(f)).

In EMPA maps, the colors from blue to red represent the
degrees  of  element  accumulation from the  minimum to  the
maximum,  and  the  high-intensity  spots  of  Cr  or  C  indicate
the undissolved M23C6 particles or segregation of atoms. For
the NT-FG steel (Fig. 4(c) and (d)), these undissolved M23C6

particles were identified by the red points denoting the C- and
Cr-enriched regions. In addition, Cr and C exhibited serious
segregation at PAG and block boundaries after thermal cyc-
ling, which was harmful to the even reprecipitation of M23C6

particles  during  PWHT  [17].  The  density  of  undissolved
M23C6 particles was reduced remarkably in the NCT-FG steel
(Fig.  4(g)  and  (h)),  and  the  segregation  of  C  and  Cr  after
thermal  cycling was  effectively  relieved,  which contributed
to the dispersed reprecipitation of M23C6 particles within the

newly formed PAGs.
Fig.  5 presents  the  grain  structure  and  distribution  of

reprecipitated  M23C6 particles  in  the  NT-FG  and  NCT-FG
steels  after  PWHT.  Compared  with  that  before  PWHT,  the
evolution of PAGs in both steels was negligible after PWHT
(Fig.  5(a)  and  (c)).  The  precipitation  conditions  of  M23C6

particles in the two steels differed remarkably. In the NT-FG
steel (Fig. 5(b)), in addition to the coarsening of undissolved
M23C6 particles, only a few particles can re-precipitate at the
sub-boundaries  within  the  newly  formed  grains  during
PWHT due to the segregation of C and Cr elements, which
seriously weakened the precipitate strengthening and bound-
ary  strengthening  effects  under  creep  exposure  [40].
However,  dispersed  M23C6 particles  precipitated  within  the
matrix in the NCT-FG steel (Fig. 5(d)), including the bound-
aries  of  PAGs,  blocks,  and  laths.  Moreover,  the  NCT-FG
steel had a smaller particle size and relatively higher density
than  the  NT-FG  steel.  In  detail,  the  NT-FG  and  NCT-FG
steels  had particle  sizes  of  approximately  250 and 160 nm,
respectively,  and  the  densities  were  around  2.30  and  4.75
μm−2.
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In conclusion, the developed NCT treatment can be used
to solve the issues involving element segregation and uneven
distribution of M23C6 particles, which universally exist with-
in the FGHAZ in martensitic heat-resistant steel weldments.
Our previous investigation [2] has proven that during long-
term  creep  of  G115  steel  weldments  under  140  MPa,  dis-
persed  distribution  of  coarse  M23C6 particles  can  be  traced
around the microcracks, which indicates that these particles
were  inducements  of  creep  damages  caused  by  unmatched
deformation abilities. Liu et al. [40] proved that during creep
of FGHAZ in Gr. 92 steel weldments, the boundaries without
dispersed M23C6 particles were the favorable nucleation sites
for  creep  voids.  Moreover,  Abe  [43]  reported  that  during
creep period, M23C6 particles exhibited an important role on
improving  creep  strength  of  9%Cr  tempered  martensitic
steels,  due  to  their  relatively  higher  density  compared  with
other precipitates. Hence, the reduced size of M23C6 particles
and  their  accelerated  uniform  precipitation  along  various
boundaries during PWHT can effectively impede the forma-
tion of creep damages. 

3.1.3. Laths,  dislocations  and  nano-sized  MX  and  Cu-rich
particles in NT-FG and NCT-FG steels

Fig. 6(a) and (b) shows the lath and dislocation structures
of the NT-FG and NCT-FG steels  before PWHT. The NT-
FG steel had a typical lath structure filled with complex dis-
location  structures  that  can  provide  lath  strengthening  and
dislocation  strengthening  effects  during  creep  [44–45].  The
NCT-FG steel contained fresh triple boundaries of PAGs in
addition  to  the  fine  lath  structure  with  dislocation  tangles.
Fig. 6(c) and (d) displays the structural evolution of laths in
the NT-FG and NCT-FG steels during PWHT. Most laths in
the NT-FG steel transformed into sub-grains due to the lim-
ited precipitation of M23C6 particles along the fresh boundar-
ies, which seriously weakened the ability for pinning bound-
aries. Moreover, the dislocation tangles exhibited evident re-
covery,  which  led  to  the  formation  of  simple  dislocation

lines. By contrast, although the NCT steel also exhibited the
formation  of  some  subgrains,  its  lath  characteristic  still  re-
mained dominant. Additionally, the extent of dislocation re-
covery is relatively slight.

Fig.  7 exhibits  the  different  precipitations  of  strengthen-
ing particles in the NT-FG and NCT-FG steels after PWHT.
In the NT-FG steel, the M23C6 particles exhibited sparse ring-
shape distribution, and no particles could be observed within
the grain interior, which weakened their ability for obstruct-
ing the sub-boundary migration [46–47]. While, in the NCT-
FG steel,  most  fine M23C6 particles  dispersedly precipitated
along the boundaries of PAGs and blocks. This is consistent
with that characterized by SEM (Fig. 5). In addition to M23C6

particles, Cu-rich phases and MX particles also contributed to
improve the creep resistance of G115 steel by impeding dis-
location  recovery  [10,48].  The  energy  dispersive  spectro-
scopy  (EDS)  maps  of  Cu  and  Nb  revealed  that  compared
with the NT-FG steel, the NCT-FG steel contained more Cu-
rich phases and Nb-rich MX particles. This can be ascribed to
the  deformation-induced  dislocations,  which  could  provide
additional nucleation sites [26,49]. In detail, the densities of
Cu-rich phases in  the NT-FG and NCT-FG steels  were ap-
proximately  0.4  and  1.33  μm−2,  respectively,  and  those  of
MX particles were around 0.23 and 0.47 μm−2.
 
 

Scarce precipitation Fe Cr: M23C6

Cu: Cu-rich Nb: MX

Fe Cr: M23C6

Cu: Cu-rich Nb: MX

Lower number density

NT-FG

NCT-FG

Boundaries of PAGs

Dispersed precipitation
Higher number density

Scarce precipitation Fe Cr: M23C6

Cu: Cu-rich Nb: MX

Fe Cr: M23C6

Cu: Cu-rich Nb: MX

Lower number density

NT-FG

NCT-FG

Boundaries of PAGs

Dispersed precipitation
Higher number density

(a)
After PWHT

(b)

1 μm

1 μm

Fig.  7.     Distribution of  precipitates  in  the  (a)  NT-FG and (b)
NCT-FG steels and the corresponding EDS maps of Fe, Cr, Cu,
and Nb.
  

3.2. Mechanical properties
 

3.2.1. Tensile strength and Charpy impact toughness of NT-
FG and NCT-FG steels

In addition to creep strength, satisfactory tensile strength
and impact toughness also affect the safe operation of G115
steel. Fig. 8 displays the engineering stress–strain curves of
the NT-FG and NCT-FG steels and their corresponding im-
pact  toughness.  Before  PWHT,  a  relatively  higher  ultimate
tensile strength (~783.5 MPa) was observed in the NCT-FG
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steel  compared with that  in  the NT-FG steel  (~658.7 MPa)
(solid lines in Fig. 8(a)). This can be attributed to the acceler-
ated dissolution of M23C6 particles in the NCT-FG steel dur-
ing thermal cycling (Fig. 4), which resulted in a higher con-
tent of solute Cr or C atoms within the matrix. In addition, the
refined grains and narrow lath structure of the NCT-FG steel
could provide more sub-boundaries in the unit area and high-
er dislocation density. During tensile deformation, the pinned
force  offered  to  sub-boundaries  and  dislocations  by  these
solute  atoms,  which  needed  higher  external  stress  to  over-
come, was enhanced considerably, displaying a higher yield
strength.

After  PWHT,  the  ultimate  tensile  strength  of  NCT-FG
steel  decreased  to  ~695.4  MPa,  and  that  of  NT-FG  steel
slightly increased to ~662.7 MPa (dashed lines in Fig. 8(a)).
Compared with the NT-FG steel, NCT-FG steel exhibited a
sharply decreased strength, and this result could be attributed
to the sufficient reprecipitation of M23C6 particles and the re-
covery of lath and dislocation structures, which reduced the
solution strengthening, lath, and dislocation strengthening ef-
fects (Fig. 5). As for the slightly enhanced strength of the NT-
FG steel, it may be caused by that the increased precipitation
strengthening  effect  originated  from  the  dispersed  particles
had  offset  and  exceeded  the  reduced  strengthening  actions
originated from solution atoms, laths,  and dislocations. Fig.
8(b) shows that after PWHT, the NT-FG and NCT-FG steels
exhibited high average impact toughness values of 146.7 and
148.5 J/cm2, respectively.

In  conclusion,  the  NCT-FG  steel  displayed  excellent
tensile strength and impact toughness compared with the NT-
FG steel and satisfied the minimum required strength (>480
MPa) and toughness (>40 J/cm2) as proposed in the T/CISA
003-2017 specification for industrial G115 steel pipes. 

3.2.2. Creep strength of NT-FG and NCT-FG steels
Fig. 9 displays the creep displacement versus time curves

of  the  NT-FG and  NCT-FG steels  after  PWHT.  Compared
with that of the NT-FG steel (1069.3 h), the creep rupture life
of  the  NCT-FG  steel  was  prolonged  to  1268.4  h,  and  had
been  significantly  prolonged  by  18.6%.  This  verifies  the
strategy that the creep strength of FGHAZ of the G115 steel
can be reinforced by the NCT treatments.

The NCT process refined the M23C6 particles, which pre-
cipitated in the G115 steel during tempering and retained par-
tial deformation-induced dislocations (Fig. 3). Thus, the dis-
solution  of  M23C6 particles  into  the  matrix  during  thermal
cycling could be accelerated in the FGHAZ, and the segrega-
tion of Cr and C along the boundaries of original PAGs and
blocks was evidently relieved (Fig. 4). As a feedback, homo-
genized  reprecipitation  of  fresh  M23C6 particles  within  the
newly formed reaustenitized grains occurred during PWHT,
and  it  effectively  obstructed  boundary  migrations  during
creep  (Fig.  5).  Moreover,  compared  with  the  NT-FG  steel,
the NCT-FG steel  had a higher density of Cu- and Nb-rich
particles,  which  could  substantially  impede  dislocation
movement  and  annihilation  (Fig.  7).  Hence,  the  improved
creep resistance of the NCT-FG steel could be attributed to
the reinforced interactions between nano-sized particles, dis-
locations, and boundaries. 

3.2.3. Creep  damages  and  fracture  mechanism  of  NT-FG
and NCT-FG steels

Fig.  10(a)  and  (b)  presents  the  creep  damages  observed
adjacent to the fracture frontier of the NT-FG and NCT-FG
steels  after  creep rupture.  Both steels  contained creep dam-
age  in  the  form  of  microcavities  and  cracks,  which  were
closely  associated  with  cavity  nucleation,  growth,  and  co-
alescence.  During  creep,  the  motions  of  dislocations  and
boundaries  were  constantly  impeded by coarse  precipitates,
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around which stress concentration was generated, providing
critical energy for the formation of microcavities. Then, the
microcavities grew and connected with each other with fur-
ther deformation, which led to microcrack formation. Finally,
these microcracks were translated into a martensite fracture
via boundary sliding and led to premature fracture [2,50].
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frontier and the corresponding unique grain maps around mi-
crocracks  in  the  (a,  c)  NT-FG and (b,  d)  NCT-FG steels  after
creep rupture.
 

To further clarify the formation location of creep cavities,
Fig.  10(c) and (d) displays the unique grain maps observed
around micro-cracks in the NT-FG and NCT-FG steels after
creep  rupture,  and  the  different  colors  present  different
grains.  In  the  NT-FG  steel,  in  addition  to  the  cavities  that
formed  along  the  high-angle  boundaries  (HABs)  of  PAGs
(shown by the black arrows), a substantial portion of cavities
can be tracked within the grain interior (as indicated by the
black ellipses). Meanwhile, in the NCT-FG steel, most cavit-
ies  were  generated  along  the  HABs,  and  a  few  can  be  ob-
served within the grains. In detail, the statistical densities of
creep cavities  along the HABs in the NT-FG and NCT-FG
steels  were  approximately  0.032  and  0.011  μm−1,  respect-
ively, and those within the grain interior were around 0.012
and 0.005 μm−2. These results prove that compared with that
of the NT-FG steel, the nucleation rate of creep cavities in the
NCT-FG steel was effectively reduced.

To gain insights into the inducement of creep cavities, Fig.
11 presents  the  distribution  of  M23C6 particles  and  Laves
phases around the microcavities of the NT-FG and NCT-FG
steels after creep rupture. As displayed in the SEM images,
the  precipitates  with  gray  color  were  mixtures  of  M23C6

particles  and  Laves  phases,  and  in  the  back-scattered  elec-
tron images, the white-bright particles were the single Laves
phases due to the high atomic weight of W [9]. The compar-
ison of Fig. 11(a) and (b) revealed the relatively larger M23C6

particles  of  the  NT-FG  steel  compared  with  those  of  the
NCT-FG  steels.  In  addition,  in  both  steels,  coarse  M23C6

particles  could  be  tracked  around  the  microcavities. Fig.
11(c) and (d) shows that dispersed Laves phases precipitated

within  the  matrix  during  creep.  These  Laves  phases  con-
stantly cause harm to the creep strength of ferrite/martensite
steels during long-term creep due to their fast coarsening rate
and high hardness [51–52]. However, evident accumulation
of coarse Laves phases was not observed around creep cavit-
ies.  These  results  suggest  that  compared  with  the  Laves
phases,  coarse  M23C6 particles  should  dominantly  be  re-
sponsible for the formation of creep damages in both steels.
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Fig. 11.    Distribution of M23C6 particles and Laves phases ob-
served  around  microcavities  in  the  (a,  c)  NT-FG  and  (b,  d)
NCT-FG steels after creep rupture.
 

After  synthetically  considering Figs.  10 and 11, Fig.  12
schematically determines the formation forms of creep cavit-
ies  in  the  NT-FG  and  NCT-FG  steels  after  creep  rupture.
Creep cavities in the NT-FG steel existed in two forms: one is
within the grain interior, and another is along the HABs dec-
orated with coarse M23C6 particles. The creep cavities within
the grain interior formed due to the lacking precipitation of
M23C6 particles during PWHT as a result of the segregation of
Cr  or  C  during  thermal  cycling  (Figs.  4 and 5),  which
weakened  the  sub-boundary  strengthening  effect.  Mean-
while, the cavities along the HABs formed due to the coarse
M23C6 particles, which evolved from their undissolved coun-
terparts  during  thermal  cycling  and  exhibited  incompatible
deformation with the adjacent matrix. Meanwhile, the NCT-
FG steel contained only a few cavities within its grains due to
the dispersed reprecipitation of M23C6 particles during PWHT
(Figs.  5 and 7).  In  addition,  most  cavities  were  generated
along  the  HABs  due  to  the  presence  of  coarse  M23C6

particles.
Fig.  13 displays  the  creep  fracture  morphologies  of  the

NT-FG and NCT-FG steels  after  creep rupture.  Both steels
had a fracture surface with a cup-like feature, which is con-
sisted of  a  shear-lip  zone at  the outer  periphery and a  fiber
zone in the central region (Fig. 13(a) and (d)). Fracture ana-
lysis revealed a higher fracture shrinkage ratio of the NT-FG
steel (~67.1%) than that of the NCT-FG steel (~51.5%). The
shear-lip and central fiber zones of the NT-FG steel featured
some  small  and  shallow  dimples  combined  with  large  and
deep dimples (Fig. 13(b) and (c)), suggesting ductility failure.
The  shear-lip  zone  of  the  NCT-FG  steel  contained  some
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cleavage  planes  in  addition  to  the  dimple  structure.
Moreover,  a  granular-like  morphology  formed  in  the  fiber
zone (Fig. 13(e) and (f)), which indicates that the fracture of
the NCT-FG steel occurred in the combined mode of ductil-
ity and brittleness. 

4. Conclusions

A  newly  designed  NCT  process  was  successfully  de-
veloped  to  improve  the  creep  strength  of  the  FGHAZ  in
G115 steel weldments. The microstructural evolution, mech-
anical properties, and creep strength of the NT-FG and NCT-
FG steels  were  systematically  investigated,  and  the  follow-
ing conclusions were drawn:

(1)  The  NCT  treatment  can  reduce  the  size  of  M23C6

particles and refine the lath structure of G115 steel after tem-
pering.  Moreover,  deformation-induced  dislocations  were
partially retained.

(2)  Compared with  that  in  the  NT-FG steel,  the  dissolu-
tion of M23C6 particles was accelerated, and the segregation

of Cr and C was relieved in the NCT-FG steel, contributing
to  the  dispersed  reprecipitation  of  fresh  M23C6 particles.  In
addition, the precipitation of MX and Cu-rich phases within
the lath interior was evidently promoted.

(3) The NCT-FG steel exhibited excellent tensile strength
and  impact  toughness  compared  with  the  NT-FG  steel.
Moreover,  the  NCT-FG  steel  presented  a  considerably  im-
proved  creep  strength,  which  can  be  attributed  to  the  rein-
forced  interactions  among  precipitates,  dislocations,  and
boundaries.

(4) The NT-FG steel contained creep cavities that formed
along the HABs of PAGs or blocks and within the grain in-
terior. Meanwhile, most creep cavities in the NCT-FG steel
were generated along the HABs, and the corresponding nuc-
leation rate of creep cavities was effectively reduced. 
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