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Abstract The creep deformation behavior of virgin and long-term service-aged (77000
h) T91 steel of superheater tubes in a power plant was assessed via creep tests along with
microstructure examination. A series of miniature tensile creep tests were conducted at
590 °C under applied stresses ranging from 120.0 to 224.1 MPa for both material types. The
creep behavior was examined in terms of variations in the microstructural properties corre-
lated with creep rupture life and ductility. X-ray diffraction, optical microscopy, field-emission
scanning electron microscopy, hardness measurements, and image analyses were used to
analyze the shape and morphology of the existing &-ferrite, tempered martensite microstruc-
ture, and precipitates in both the virgin and long-term service-aged materials. The presence
of larger residual d-ferrite in the virgin microstructure was one of the causes of creep rupture
strength reduction in the virgin material. On the contrary, the synergistic effect of the tem-
pered martensite lath microstructure and additional precipitation strengthening of fine precipi-
tates had beneficial effects translating to retention of the creep rupture strength of the long-
term service-aged material.

1. Introduction

Grade 91 martensitic steels were developed owing to the demand for ferritic steels having
higher creep strengths. However, to date, such materials have presented limitations with re-
spect to long-term service at elevated temperatures, i.e., for different structural components
such as headers, boiler tubes, and steam generators in thermal and nuclear power plants [1-3].
This steel grade has been widely used for steam pipes and tubes in the construction of high-
temperature thermal boilers and steam generators for nuclear power plants since the 1980 s,
and it was selected as the American Society of Mechanical Engineers (ASME) Code material in
1983 [4]. These steels have demonstrated good performance even under a temperature of
600 °C owing to their excellent creep resistance, high thermal conductivity, low thermal expan-
sion, and good steam corrosion resistance to oxidation cracking [5, 6]. As this class of materials
is the one demonstrating an inherently open structure insensitive to void nucleation due to met-
allurgical factors, these materials are important and suitable for use in high-temperature appli-
cations [7].

The Grade 91 steel is produced from 9Cr-1Mo steel upon strict control of the alloy chemical
composition and heat treatment optimization. The presence of d-ferrite phase was reported to
reduce the creep rupture strength and intensify solidification cracking in Grade 91 steel [2, 3, 8].
Thus, the Electric Power Research Institute also recommended controlling the chemical com-
position properly to increase the material performance with respect to creep ductility. Modifica-
tion of the chemical composition of Grade T91 steel is achieved via the controlled addition of
Nb, N, and V [9]. These alloying elements provide precipitation strengthening via the formation
of fine MX-type carbonitrides during deformation under the creep condition [10], which is an
additional benefit to the existing solid solution strengthening of Cr-Mo conventional steels [4].
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Table 1. Chemical composition of T91 materials and ASTM standard (wt. %).

Material C Mn P S Si Cr Mo Ni \Y Nb N
Virgin 0.10 0.35 0.015 0.002 0.45 8.38 0.88 0.08 0.19 0.07 0.05
Long-term service-aged
(77000 h) 0.10 0.46 0.015 0.002 0.34 8.34 0.82 0.12 0.17 0.06 0.05
ASTM 213-11a 0.07-0.14 | 0.30-0.60 | <0.02 <0.01 |0.20-0.50 | 8.00-9.50 | 0.85-1.05| <0.40 |0.18-0.25|0.06-0.10 | 0.03-0.07
Material Al Ti Zr As Sb Sn Cu Pb B w Fe
Virgin 0.06 0.005 0.003 0.001 0.02 0.008 0.04 0.004 Bal.
Long-term service-aged
(77000 h) 0.08 0.01 0.003 0.001 0.004 0.12 0.004 0.04 0.05 Bal.
ASTM 213-11a <0.02 <0.01 <0.01 Bal.

Thus, the T91 class steels possess improved creep resistance
compared to that of the conventional Cr-Mo steels. The im-
proved properties of this material are also attributed to its tem-
pered martensite microstructure rich in primary precipitates, i.e.,
MX obtained after austenitization (M =V or Nb and X = C or N)
and secondary carbides M4;Cg (M = Cr, Fe, Mn or Mo) [11].

Long-term service exposure at high temperatures can
cause microstructural changes such as precipitate coarsen-
ing, formation of new phases, precipitation, and segregation
of some main alloying elements at prior austenite grain
boundaries (PAGBs). The segregation occurs mainly at the
PAGBs rather than within the grain, which causes weakening
of the grain boundaries. However, the segregation can be
delayed via application of suitable heat treatments; even so, it
cannot be completely avoided during long-term field expo-
sure. The microstructural changes are also due to the coars-
ening of finely dispersed precipitates along the boundaries
via diminishing of the lath structure and diffusion to a new
state such as a coarsening precipitate upon absorption of
matrix elements [12, 13].

Numerous factors can cause early cracking of Grade 91
steel components during service. The chemical composition
can also be a factor responsible for induction of failure early in
the operating life due to improper heat treatment of the compo-
nents. The presence of trace elements and other metallurgical
risk factors, such as nonmetallic inclusions or evolution of the
Laves phase, can result in void nucleation at the PAGBs or lath
boundaries [14]. However, the Laves phase can also
strengthen the creep resistance by limiting the deformation of
grains and sub-grains, thereby offsetting the loss brought about
upon solid solution hardening [15, 16].

Therefore, an understanding of the creep property and mi-
crostructural changes during thermal exposure is necessary to
assess the stability and performance of T91 steel to enable its
effective use in industrial applications. This study aimed to
investigate the relationship between the creep strength and
microstructural evolution of T91 steel following long-term ser-
vice. In addition, the effect of the existence of d-ferrite in the
initial microstructure on the creep strength of this material was
also discussed.

D =510 mm, t=7.0 mm

AnmIMAMEEDE.

D=51.0 mm, t = 9.5 mm

22.5 mm
9=3.0 mm
60.0 mm

Fig. 1. T91 tubes and miniature creep specimens used in this study.

2. Experimental procedures

2.1 Service-aged superheater tubes and spec-
imens

As mentioned earlier, 9Cr steel was used in the study. T91
steel tubes having undergone two different service conditions
were obtained from the superheater of a domestic fossil power
plant, as shown in Fig. 1. One tube was in the virgin condition
(virgin), and the other had undergone 77000 h of service at
540-590 °C and under 17.3 MPa (long-term service-aged).
The tensile properties of the virgin material were as follows: the
yield strength, tensile strength, and percent elongation were
526 MPa, 657 MPa, and 42 %, respectively. These tensile
properties satisfy the requirements of the T91 material accord-
ing to the ASTM A213 standard.

For the long-term service-aged T91 tube material, the tensile
properties could not be measured because the tube (see Fig.
1) was extremely thin. Instead, the Vickers hardness was
measured for both the virgin and the long-term service-aged
materials. The hardness of the virgin material was 224.7 HV,
and that of the long-term service-aged material was 230.6 HV.
From the hardness measurement results, it can be inferred that
the tensile strength of the long-term service-aged material was
not reduced at all; rather, it had increased by 2.6 % when com-
pared with that of the virgin material.
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Table 2. Creep test conditions and measured creep rupture life, reduction of area, and elongation of T91 steel at 590 °C.

. Applied stress Rupture time Min. creep strain rate Reduction of area (%) Elongation (%)
Specimen MP. h o b
(MPa) (h) (%h7) Result Avg. Result Avg.
166.5 7396.4 5.00E-04 74.33 16.76
201.2 697.7 6.20E-03 89.55 21.29
Virgin 86.32 20.77
208.1 60.2 7.73E-02 90.18 21.47
222.0 20.7 2.82E-01 91.20 23.56
120.0 Interrupted -
Lonait ] g 200.1 881.2 5.60E-03 90.39 20.00
ong-term service-age!
208.1 274.7 1.84E-02 90.60 23.33
(77000 h) 90.90 22.88
2171 233.2 2.31E-02 91.20 26.18
2241 139.7 3.61E-02 91.40 22.00

2.2 Miniature creep test

Creep tests for nine specimens of the virgin and long-term
service-aged T91 materials were conducted at a temperature
of 590 °C under applied stresses in the range of 120.0-
2241 MPa. The specimens tested at 166.5-224.1 MPa were
reached the rupture and all the three creep stages could be
recognized; however, the creep stage of the specimens tested
at 120.0 MPa was not reached, as the test is still underway.
The test temperature exercised was the same as the service
temperature. To prevent oxidation during high-temperature
testing, Ar gas was supplied to the furnace. The displacement
of the end of a pull rod, which was attached to the miniature
specimen, was measured using a linear variable differential
transformer with a 1-uym resolution. The creep tests were per-
formed according to the ASTM E139 standard [17]; all the
creep test conditions exercised are summarized in Table 2.
Creep deformation curves, which indicated the creep strain as
a function of elapsed time, were obtained for various stress
levels. The reduction of area and percent elongation were
measured by fitting the ends of the fractured parts of the
specimen as per the ASTM E139 standard [17].

2.3 Microstructural observation

Specimens with dimensions of 10 mm x 10 mm x 0.5 mm
were obtained from the cross-sections of the virgin and long-
term service-aged T91 materials. For examining the micro-
structure, these specimens were prepared via standard polish-
ing and etched using Vilella’s reagent (solution containing 1 g
of picric acid, 5 mL of HCI, and 100 mL of ethanol) for approxi-
mately 20 s. Optical microscopy (OM) and field-emission scan-
ning electron microscopy (FE-SEM) were used to investigate
the microstructural changes after long-term service. The com-
position of precipitates was analyzed using energy-dispersive
X-ray spectroscopy (EDS) along with FE-SEM. These tech-
niques were also used to map regions containing a particular
precipitate. X-ray diffraction (XRD), with CuKa radiation (A =
0.1541 nm) in the 26 range from 20 to 90°, was carried out to
identify the phase constitution. The database of the Joint Com-

mittee on Powder Diffraction Standards (JCPDS) was used as
the basis for the phase identification of the crystalline phase via
their XRD patterns.

A 54 ym x 36 um area in the FE-SEM images was used to
determine the number, area fraction, and size distribution of
precipitates using the ImageJ software (National Institutes of
Health, USA) after binarization of each image into black and
white [15, 18-20]. To determine the measured precipitate size
distributions, the Imaged software was applied to calculate the
areas of the particles in the FE-SEM images, following which
the particle areas were converted into equivalent diameters
[20-23].

3. Results and discussion
3.1 Creep test results

The creep test results are listed in Table 2 and depicted in
Fig. 2. Fig. 2 shows the curves of creep strain versus time for
various stresses at 590 °C for the virgin and long-term service-
aged materials. For a constant temperature of 590 °C and
different stress levels, the creep deformation of T91 steel is
characterized typically by a negligible instantaneous loading
strain, small transient creep strain, and secondary creep fol-
lowed by a prolonged tertiary creep regime. The accumulation
of strain in the tertiary creep is considerable compared to that
in the primary and secondary creep stages, and a rapid creep
strain accumulation is observed because of necking just prior
to fracture, as indicated in Fig. 2. These creep strain data were
converted into creep strain rate data according to the seven-
point incremental polynomial method of ASTM E647 [24] (see
Fig. 3) on a log-log scale. All the creep curves obtained in this
study showed three distinct stages, namely, primary, secon-
dary, and tertiary stages, which are generally obtained in typi-
cal creep tests. The primary creep stage was characterized by
a systematic decrease in creep strain rate with time, followed
which the secondary creep stage was characterized by a min-
imum creep strain rate. A rapid increase in the creep strain rate
was observed for the tertiary creep stage. It is well known that
the rate of creep deformation is determined based on the bal-
ance between the strain hardening and recovery process es-
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Fig. 2. Creep strain versus time of (a) virgin; (b) long-term service-aged
(77000 h) T91 steel materials at 590 °C.

tablished during the secondary creep stage [25]. Fig. 3 illus-
trates the effect of applied stress on the creep strain rate at
590 °C. The minimum creep strain rate increased, but the rup-
ture life decreased with increasing applied stress for both the
virgin and long-term service-aged materials.

The relationship between the minimum creep strain rate (£ )
and the applied stress (o ) was described by Norton’s power
law creep constitutive equation as expressed in Eq. (1):

é= Ao’ (1)

where 4 and n are the power law creep coefficient and
creep exponent, respectively. A linear regression line was fitted
to the data for both materials, as exhibited in Fig. 4. The value
of the creep exponent (» ) was determined via the slope of the
regression line, and the creep coefficient ( 4 ) was determined
via the intersection between the regression line and the vertical
axis. The estimated values of these creep constants are pre-
sented in Table 3 and Fig. 4. The creep exponent values of the
virgin and long-term service-aged materials were determined to
be 21.636 and 15.253, respectively. The creep exponents n in
this study are large owing to the high stresses employed. The
results suggested that the creep exponent in the high-stress
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regime is a factor leading to the obstacle of dislocation motion
by carbides/nitrides [26].

Fig. 5 displays a comparison of the creep rupture life meas-
ured in this study, shown in terms of the Larson-Miller parame-
ter (LMP), and the creep data from the National Institute for
Materials Science (NIMS) [27]. The LMP values were deter-
mined using Eq. (2):

LMP =T(C +log(t,)) ()

where T is the temperature (K), C = 28 is the Larson-Miller
constant, and t, is the time to rupture (h). Most of the test data
obtained from the virgin and long-term service-aged T91 mate-
rials in this study fell within the 99 % error band for Grade 91
steel according to the LMP database [27] in the 550-600 °C
temperature range. Generally, it is anticipated that age-induced
degradation can lead to a decrease in the creep rupture
strength. However, from Fig. 5, it is evident that the long-term
service-aged material did not show a reduction in residual
creep life. Therefore, it can be stated that the age-induced
degradation in the creep rupture strength could be negligible.
This can be attributed to the microstructural changes such as
the presence of precipitates of much finer distribution, coarsen-
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Table 3. Creep coefficient and creep exponent of T91 steel according to
Norton’s power law for creep.

Specimen A(MPa™h™) n
Virgin 3.1768x10> 21.636
Long-term service-aged 40
5.5634x10 15.253
(77000 h)
10! g 7
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Fig. 4. Minimum creep strain rate versus applied stress for T91 steel at
590 °C.
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Fig. 5. Comparison of creep rupture life data of T91 steel measured at
590 °C: applied stress versus Larson-Miller parameter (LMP).

ing of grains, and precipitates along the lath martensitic bound-
ary and PAGBs after long-term service.

The fracture surfaces of the creep-ruptured specimens un-
der similar stress levels of 200.1-208.1 MPa were observed for
the virgin and long-term service-aged materials, as shown in
Fig. 6. The fracture surfaces of both materials were similar. The
SEM images of the fracture surfaces for both creep-ruptured
specimens showed ductile rupture features and consisted of
several dimples as displayed in Figs. 6(a)-(d).

With the increase in the creep rupture times, the virgin and
long-term service-aged materials exhibited a relatively low
creep ductility trend; however, the overall trends of both mate-
rials displayed creep ductile failure with 86.32 % and 90.90 %
reduction of areas, respectively (Table 2). The virgin and long-
term service-aged materials showed average failure elonga-

Fig. 6. Fracture surface of creep specimens: (a) and (b) virgin; (c) and (d)
long-term service-aged (77000 h) T91 steel materials.

tions of 20.77 % and 22.88 %, respectively. The elongation
trend indicated slight increase with increase in service time.
The stress-enhanced recovery and coarsening of precipitates
may lead to an increase in elongation with service time. How-
ever, both materials displayed similar creep ductility and failure
elongation trends under similar applied stresses. Because the
microstructural change due to precipitation for the long-term
service-aged material is characterized by more fine precipitates
within the grains and lath boundaries than those in the virgin
material, this can lead to high creep strength in the long-term
service-aged material.

3.2 Microstructural aging observation

The XRD patterns of the virgin and long-term service-aged
specimens of T91 steel are illustrated in Fig. 7. Based on the
JCPDS database, it was observed that martensite (JCPDS
card no. 00-044-1290), M,;Cs precipitate (JCPDS card no. 00-
058-0762), and VN precipitate (JCPDS card no. 00-035-0768)
were the main phases detected in both the virgin and long-term
service-aged T91 materials.

Fig. 8 depicts the tempered martensite microstructures of the
virgin and long-term service-aged materials, which were ob-
served in OM images. The morphologies of residual 6-ferrite in
the PAGB and lath boundary region can be seen in Fig. 8(a). A
certain larger region of the residual &-ferrite phase observed in
the virgin material is considered to result in lower creep
strength [2, 3]. Meanwhile, a small amount of residual d-ferrite
was present in the long-term service-aged material microstruc-
ture, as shown in Fig. 8(b). However, a few small dark precipi-
tates within the small residual d-ferrite were observed in Fig.
8(b), which were reported as MX precipitates with enriched V,
Nb, N, and C [1, 3]. These small precipitates can reduce the
effect of residual &-ferrite in the long-term service-aged mate-
rial. On the contrary, the larger amount of residual d-ferrite
phase observed in the virgin microstructure led to a lower
hardness of the virgin material (225 HV) compared to that of
the long-term service-aged material (231 HV). The negative
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Table 4. Results of EDS analysis of the precipitates of the virgin and long-term service-aged (77000 h) T91 steel materials.

Specimen Element C Si Cr Fe Vv Mo Phase
. Pt. 1 513 76.94 15.96 1.97 MX
Virgin
Pt.2 1.67 17.52 77.60 0.53 2.68 Ma3Cs
L ) ' Pt.3 1.14 0.68 75.80 18.72 3.66 MX
ong-term service-age:
(77000 h) Pt. 4 2.23 0.60 18.12 75.67 0.47 2.81 M2;Cs
Pt.5 - 0.79 20.46 69.76 - 8.99 Laves phase
v
O Martensite 8 T91 Steel
O M,y — Virgin
v VN — Long-term Service-aged (77,000 h)
)
&
E
= I
*
v R
J 1\_____._‘_.&__‘_ £ RN o) )
% W
20 30 40 50 60 70 so 90 :gi\'k\:‘lfm‘l _J‘ : SKV X50000
260 ()

Fig. 7. XRD patterns of virgin and long-term service-aged (77000 h) T91
steel materials.

Fig. 8. Optical images of (a) virgin; (b) service-aged (77000 h) T91 steel
materials at 590 °C.

effect of the &-ferrite phase on the creep strength and tough-
ness was also investigated in previous studies [3, 28-30].
However, the presence of the lath boundary in the microstruc-
ture of the virgin material and retention of the lath morphology
in the long-term service-aged material was beneficial for block-
ing the effect of the dislocation movement [31].

Besides the effect of the initial microstructure, the formation
of precipitates in both the virgin and long-term service-aged
materials was an important factor influencing their creep rup-
ture lives. Thus, FE-SEM/EDS and image analyses were also

carried out to investigate the microstructure in more detail. Figs.

9(a) and (b) present the FE-SEM images of the microstructure
of the virgin and long-term service-aged materials, respectively.
Figs. 9(c) and (d) show higher magnifications of the area indi-
cated by square in Figs. 9(a) and (b), respectively.

Precipitates distributed along the lath boundaries, grain

Fig. 9. FE-SEM images of (a) virgin; (b) service-aged (77000 h) T91 steel
materials; (c) and (d) show the enlarged images of the area enclosed by
the square in (a) and (b), respectively.

boundaries, and within grains were observed. There were two
types of precipitate shapes: fine and coarse shapes. The re-
sults of FE-SEM and EDS analyses on each precipitate for the
virgin and long-term service-aged materials are listed in Table
4. From the results of the FE-SEM/EDS and XRD analyses,
the fine precipitates were an enrichment of V as the presence
of MX precipitates (M =V, Nb and X = C, N), and the coarse
precipitates were an enrichment of Cr as the presence of M3Cg
precipitates (M = Fe, Cr, V, Mo). These identified precipitates
were in good agreement with those in previous studies [1, 15,
32]. A new Laves phase (Fe,Cr),Mo was formed in the long-
term service-aged material with Fe, Cr, and Mo enrichments,
which was also reported in previous studies [1, 11, 31, 33].
However, it is difficult to distinguish between two precipitates
as the M,3Cs and Laves phase, because these precipitates
were observed along the grain boundaries and lath boundaries,
as shown in Fig. 9(d). It should be noted that some black dots
observed in Figs. 9(a) and (b) were due to the selection of in-
lens signal for FE-SEM; however, the black dots could not be
seen after the signal was changed from in-lens to backscat-
tered electrons.

Further evidence verifying the formation of precipitates was
obtained via FE-SEM and EDS mapping. Figs. 10(b)-(e) and
(9)-(j) indicate that the EDS maps of elements C, N, Nb, and V,
with an identical specimen region in Figs. 10(a) and (f), pro-
mote the formation of fine MX precipitates, which were mainly
distributed within the grains and laths in both the virgin and
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Fig. 10. FE-SEM images of the T91 steel to confirm MX precipitates: (b)-(e)
EDS element mapping images corresponding to the (a) virgin material; (g)-
(j) EDS element mapping images corresponding to the (f) service-aged
(77000 h) material.
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Fig. 11. FE-SEM images of the T91 steel to confirm Mx;Cs and Laves
phase precipitates: (b)-(f) EDS element mapping images corresponding to
the (a) virgin material; (h)-(I) EDS element mapping images corresponding
to the (g) service-aged (77000 h) material.

SKY  X10000 Tpm || Skv X000 Tpm

Fig. 12. FE-SEM images of precipitates in the (a) virgin; (b) service-aged
(77000 h) materials. Images of precipitates after ImageJ post-processing
for determining the number and size distribution of precipitates in the (c),
(e) virgin; (d), (f) service-aged (77000 h) materials.

long-term service-aged materials, respectively. Meanwhile, the
EDS maps of elements C, Cr, V, Mo, and Fe (Figs. 11(b)-(f)
and (h)-(1)), with an identical specimen region in Figs. 11(a) and
(9), respectively, promote the formation of MxCq precipitates
along the grain boundaries and lath boundaries. In addition, the
formation of the Laves phase within the martensite laths and
along various boundaries was revealed in the EDS maps of
elements Cr, Mo, and Fe as displayed in Figs. 11(i), (k), and (1)
for the long-term service-aged materials.

The main requirement for creep-resistant steels to be able to
serve their purpose at elevated temperatures is high creep
resistance. The enhancement in creep resistance is connected
with stable precipitates that block the movement of dislocations
and stabilize the sub-grain microstructure [16, 22, 34]. The
presence of fine MX precipitates within the lath boundary re-
sists the coarsening of lath, thereby increasing the creep
strength during long-term service. However, if the service time
is extended, the effects of fine precipitates can vanish, and the
precipitates inside the grain become larger. Consequently, the
grain also loses creep resistance. Thus, the creep resistance of
the T91 steel observed in this study may be limited to a certain
service time.

Besides the effect of fine precipitates on the creep resistance
of T91 steel, the adding of V element in long-term service-aged
T91 material to form Cr-rich multi-component mixed phase (Cr,
Fe, V, Mo),;Cs which delayed or inhibited the coarsening of the
M,;Cs—type of precipitate, which is similar to the research re-
sults of Li et al. [35] and Xu et al. [36]. Thus, MxCg precipitates
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Fig. 13. Number and size distribution of precipitates in the (a) virgin; (b)
long-term service-aged (77000 h) T91 steel materials at 590 °C.

show an equilibrium phase in T91 steel, which is responsible
for long-term microstructural stability [37]. In fact, the precipita-
tion of the Laves phase reveals a decrease in the amount of
Mo in the solid solution, corresponding to a decrease in the
creep resistance. However, the Laves phase precipitates have
a positive influence on the enhancement of creep resistance,
as a result of addition of B being contained in this material [15,
16, 38]. In addition, the Laves phase along the lath boundaries
and grain boundaries can enhance the creep resistance by
limiting the deformation of grains and laths for the long-term
service-aged material [15].

Figs. 12(a) and (b) show the FE-SEM images of precipitates
for the virgin and long-term service-aged materials, respec-
tively. To indicate clearly the distribution of precipitates, high-
magnification images in Figs. 12(c) and (e), (d) and (f), corre-
sponding to Figs. 12(a) and (b), were captured and then bi-
narized to carefully analyze the microstructure of the virgin and
long-term service-aged materials, respectively. The number
and average size distribution of precipitates in both the virgin
and the long-term service-aged materials were measured
based on binarized images with three locations presented as
tests 1, 2, and 3 on the specimens, as illustrated in Fig. 13. The
average number of precipitates from the three tests as indi-
cated in Fig. 14(a) was increased by approximately 1670 and
2368 for the virgin and long-term service-aged materials, re-
spectively. The average area fraction of precipitates from the
three tests as indicated in Fig. 14(a) was 12.25 and 12.62 %
for the virgin and long-term service-aged materials, respec-
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Fig. 14. Comparison of (a) number; (b) larger size of precipitates between
the virgin and long-term service-aged (77000 h) materials at 590 °C.

(=]
'

tively. The results showed the average area fraction of precipi-
tates did not significantly change, but the average number of
precipitates increased after 77000 h service. This means that
the fine precipitated phases are continuously precipitated in the
service 77000 h and the coarsening of larger precipitates is not
significant. Also, the number of small precipitates less than 200
nm in size was higher in the long-term service-aged material
(1298) than in the virgin material (882), as shown in Fig. 14(a).
Thus, an increase in the number of precipitates of small sizes
was observed after long-term service, which increased the
creep rupture strength by pinning the dislocation movement of
this material. However, owing to resolution limitation, the pre-
cipitates with equivalent diameters of less than approximately
50 nm were not detectable [15, 20]. In the virgin material, the
maximum size of precipitates was approximately 1103 nm,
while it increased to 1382 nm after long-term service (Fig.
14(b)). It was observed that the growth of precipitates was
relatively slow even for long-term service. Thus, the stability of
precipitate size and large amount of fine precipitates along
grain boundaries, lath boundaries, and within the lath enhance
the stability of the tempered martensite microstructure and lead
to improvement of the creep rupture life during long-term ser-
vice.

4. Conclusions

The characterization of the creep behavior of virgin and long-
term service-aged T91 steel materials was established via
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examination of the microstructure variations. These observa-
tions are limited for 77000 h serviced T91 material of this study.
The following conclusions can be drawn from this study.

(1) The steel specimens displayed a decrease in creep duc-
tility with an increase in rupture life in the low-stress regime.

(2) The creep rupture life of the virgin specimen was lower in
the presence of &-ferrite. On the contrary, the creep rupture life
of the aged material benefitted from the formation of fine pre-
cipitates during long-term aging, in addition to the tempered
martensite microstructure.

(3) The comparative assessment of the creep rupture
strength of the T91 steel revealed that the age-induced degra-
dation was negligible. The formation of fine precipitates such
as MX, MxCs, and Laves phase had a beneficial effect on
maintenance of the favorable mechanical properties through-
out the long service period.
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Nomenclature

A : Creep coefficient

C : Larson-Miller constant
LMP : Larson-Miller parameter
n : Creep exponent

T : Temperature (K)

t; : Time to rupture (h)

o : Applied stress

£ : Creep strain rate
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