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OVERVIEW

Material Degradation of Heat-Resistant Steels during Long-Term Creep Exposure

Kota Sawada*

National Institute for Materials Science, Tsukuba 305-0047, Japan

Creep strength and material degradation of heat-resistant steel were discussed, focusing on microstructural changes during long-term creep
exposure. The materials and creep rupture data were obtained from Creep Data Sheet Project by National Institute for Materials Science. For
determining the allowable stress, the 100,000 h creep rupture strength should be evaluated based on creep rupture data. The selection of TTP and
dividing the creep rupture data set are important to evaluate long-term creep strength when creep strength degradation occurs in the long term. In
order to establish the allowable stress, minimum creep strength must also be evaluated. The minimum creep strength depends on the standard
error of estimate (SEE) for creep rupture data. If the heat-to-heat variation of creep strength is large even for the same material specification, the
value of SEE is estimated to be large. Therefore, it is important to clarify the reason for the heat-to-heat variation of creep strength in terms of
microstructural changes and chemical compositions. Microstructural degradations were reported for carbon steels, low alloy steels, 9-12%Cr
ferritic steels and austenitic heat-resistant steels, focusing on precipitates and dislocation structures. The reason for the heat-to-heat variation of
creep rupture strength was discussed in term of the difference of solute atoms, segregation and grain size.
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1. Introduction

With renewable energy increasingly being introduced
worldwide to reduce CO, emissions from the energy sector,
thermal power plants are needed to cover the fluctuations in
output from renewable energy. Under such circumstances,
thermal power plants are operated not as base load but under
partial load, leading to cyclic loading on the components of
the plants [1]. Accordingly, not only the creep properties
but also the creep-fatigue properties should be evaluated to
improve the reliability of such components [2, 3]. On the
other hand, the fuel used in coal-fired thermal power plants
will be switched from coal to hydrogen and/or ammonia,
thus reducing CO, emissions [4]. Therefore, it is still
important to evaluate the creep strength of heat-resistant
steels to ensure the safe operation of thermal power plants.

In the nuclear power sector, next-generation nuclear
reactors such as fast reactors and high-temperature gas-
cooled reactors are actively being developed to meet the
increasing global demand for power [5, 6]. The design life
of these reactors is several decades [7], and so the ultra-long-
term creep strength of heat-resistant steels and alloys should
be evaluated to establish the allowable stress. For example,
60-year creep rupture strength was estimated for ASME
Grade 91 steels to establish the allowable stress for the
ASME Boiler and Pressure Vessel code [8].

When introducing new heat-resistant steels and alloys, the
allowable stress should be established based on long-term
creep strength evaluations because the wall thickness of
boiler tubes and pipes is designed based on the allowable
stress. Recently, ASME Grade 93 [9] and HR6W [10]
developed in Japan were standardized based on long-term
creep data and the allowable stress for thermal power plants
was established. For existing heat-resistant steels, allowable
stress and chemical compositions were reviewed based on
long-term creep data. For creep strength enhanced ferritic
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steels, Grade 91, 92 and 122, the allowable stresses were
reduced [11, 12] because it was clear that the 100,000 h creep
rupture strength was an overestimation due to long-term
degradation of creep strength [13, 14].

For establishing the allowable stress for thermal power
plants, the 100,000 h creep rupture strength is determined
based on regression analysis of creep rupture data and time-
temperature parameters (TTP) such as the Larson—Miller
parameter [15]. TTP suitable for material properties should
be selected to accurately estimate the 100,000 h creep rupture
strength. The minimum value of creep rupture strength is also
needed to establish the allowable stress [16]. This minimum
value depends on the statistical dispersion of creep rupture
strength [17]. However, not experimental error but metal-
lurgical factors can cause dispersion in some cases even for
the same material specification. It is predicted that the
chemical compositions and heat treatment conditions of the
material specification will be reviewed when metallurgical
factors strongly affect the dispersion of creep rupture
strength. Therefore, when revising chemical compositions
and heat treatment conditions it is important to clarify the
metallurgical factors.

The National Institute for Materials Science (NIMS)
started the Creep Data Sheet project in 1966 to obtain the
100,000 h creep rupture strength of heat-resistant steels and
alloys [18]. In this project, creep testing of multi-heat for
the same material specification was performed. The
degradation of materials and heat-to-heat variation of creep
strength have been investigated for heat-resistant steels and
alloys. Furthermore, the effects of chemical composition and
microstructural factors on the degradation of materials and
heat-to-heat variation of creep strength have been examined.
In the present overview, creep strength evaluation, allowable
stress, material degradation during long-term creep and
heat-to-heat variation of creep strength are discussed based
on long-term creep data obtained from NIMS Creep Data
Sheets.
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2. Method of Evaluating Creep Strength and Allowable
Stress

For determining the allowable stress, the 100,000 h creep
rupture strength is evaluated based on creep rupture data.
Regression analysis of the creep rupture data is performed
using a regression equation of logarithmic stress with TTP to
estimate the 100,000 h creep rupture strength. For example,
Larson—Miller (LM) [15], Orr—Sherby—Dorn (OSD) [19] and
Manson—Haferd (MH) [20] parameters are used as typical
TTP:

LM TTP = (T + 273.15)(C + log tg) (1)
OSD TTP =logtg — Q/[2.3R(T +273.15)]  (2)
MH TTP = (logtg — logt)/(T +273.15—T,) (3)

where t; = time to rupture (h), 7 = temperature (°C), C, O,
t,, and T, = optimized constants, and R = the gas constant.

The master creep rupture curve for the fitting is expressed
as follows:

TTP = by + by log S + by(log S)* + ... + br(log Y (4)

TTP = b+ byS + by log S + by(log S)* + ... + bi(log S)
)
where S = stress (MPa), b, by, by, by, bs, ..., by = regression
coefficients estimated by the least squares method, and
k = degree of regression equation.

Normally, all the creep rupture data are used for the
regression analysis. However, in some cases, the fitting curve
(dashed line) overestimates the long-term creep strength
when the creep strength abruptly degrades in the long term
as shown in Fig. 1. It is recommended that creep rupture data
of less than 500h should not be used for the regression
analysis in the ASME code [16]. Region-splitting analysis
was proposed [14] for the regression analysis in the event of
occurrence of creep strength degradation in the long term. In
this method, creep rupture data are divided into two regions
by the half value of 0.2% proof stress at each temperature,
which corresponds to the proportional limit [21]. Plastic
deformation can easily occur during creep exposure when
stress exceeds the proportional limit. On the other hand, creep
deformation can occur in relatively weak areas such as grain
boundaries under low stress that is less than the half value of
0.2% proof stress. For modified 9Cr-1Mo steels, tempered
martensite homogeneously recovered during creep exposure
under high stress. However, preferential recovery occurred
around prior austenite grain boundaries during creep
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Fig. 1 Creep rupture strength of ASME Grade 91 steel.
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Fig. 2 Result of region splitting analysis for creep rupture data of
Grade T91.

exposure under low stress in modified 9Cr-1Mo steels [13].
Figure 2 shows the result of region-splitting analysis for
creep rupture data of ASME Grade 91 steels (modified 9Cr-
1Mo steel). The LM parameter was used for the two regions
[22]. Creep strength can be accurately evaluated in the long
term even if creep strength degradation occurs in the long
term.

Multiregion analysis was also proposed for evaluating
creep strength [23]. In this method, creep rupture data are
divided into multiple regions based on the activation energy
for creep rupture time. For example, the activation energy
decreases in the long term for ASME Grade 91 steel [24].
Creep strength can be accurately estimated in the long term
by multiregion analysis based on the change of activation
energy for creep rupture time. Region-splitting analysis is
useful when there is not enough creep rupture data for the
very long-term region. On the other hand, multiregion
analysis can accurately evaluate long-term creep strength
when the activation energy can be estimated using enough
long-term creep rupture data.

Consequently, both the selection of TTP and dividing the
creep rupture data set are important to evaluate long-term
creep strength when creep strength degradation occurs in
the long term. Therefore, it is important to identify the
metallurgical factors causing creep strength degradation in
the long term.

The analysis method mentioned above evaluates average
creep strength. In order to establish the allowable stress,
minimum creep strength must also be evaluated [16]. For
example, the minimum creep strength [17] is expressed as
follows from eq. (1) and eq. (4) in case of the LM parameter:

logtg = (T +273.15)"'[by + by log S + b(log S)*

+ ...+ bi(log )] — C — 1.65SEE (6)
where SEE = the standard error of estimate. If the heat-to-
heat variation of creep strength is large even for the same
material specification, the value of SEE is estimated to be
large. This means the minimum creep strength is very low. To
improve the allowable stress, not only average creep strength
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but also minimum creep strength should be increased,
indicating that the heat-to-heat variation of creep strength
should be small. Therefore, it is important to clarify the
reason for the heat-to-heat variation of creep strength in terms
of microstructural changes and chemical compositions.
Equation (6) is also used to estimate the life of operating
plants. The coefficient of SEE in eq. (6) depends on the
confidence interval. The heat-to-heat variation of creep
strength can also affect the estimation of life of operating
plants. For conventional heat-resistant steels, product form,
chemical composition and heat treatment condition can affect
the heat-to-heat variation for the same material specification.
Recently, creep strength was evaluated for heat-resistant
materials by additive manufacturing [25, 26]. In this case, not
only the factors mentioned above but also build direction
may be a reason for the heat-to-heat variation of creep
strength [25].

3. Material Degradation during Long-Term Creep
Exposure

3.1 Carbon steels and low alloy steels

Normally, carbon steels and low alloy steels consist of
ferrite and pearlite. Figure 3 shows SEM images of creep
ruptured specimens of 0.2C silicon-killed steel, JIS STB 410
[27]. The spheroidization of pearlite structure occurred after
creep rupture and was remarkable at higher temperatures in
the long term. Stress promotes spheroidization during creep
exposure [28]. However, no remarkable drop in creep rupture
strength was confirmed in the long term for carbon steels
[27]. 1t was reported that a large drop in creep strength
occurred in the long term for carbon steel with high nitrogen
[29]. In this case, the solid solution nitrogen contributed to
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the creep rupture strength in the short term. However, the
creep rupture strength degraded in the long term because
the amount of solid solution nitrogen decreased during creep
exposure due to precipitation of nitride [29]. In addition to
the spheroidization of pearlite, graphitization can occur
during long-term creep exposure in carbon steels. It was
reported that graphite was formed after creep exposure for
232,983.5h at 400°C in 0.3%C steel [30] although Japanese
Industrial Standards (JIS) [31] and Japan Petroleum Institute
(JPI) Standard [32] note the occurrence of graphitization
above 425°C. Figure 4 shows SEM micrograph of a creep
ruptured specimen for 0.3%C steel. Elongated graphite was
observed after creep rupture even at 400°C [30]. Spherical
graphite can also be formed after creep rupture [30].
Elongated graphite tends to form during creep exposure
under higher stresses [30]. Graphite may serve as the origin
of fracture of components after long-term operation in power

Fig. 4 Graphite observed in creep ruptured specimen of 0.3C steel. 400°C,
tr=232,983.5h.

SEM images

(a) As-received

(c) 450°C, 137 MPa, 101 292.8 h

(b) 400°C, 216 MPa, 179 512.2 h

T Tt R

Stress

Fig. 3 SEM images of creep ruptured specimens of 0.2C silicon-killed steel.
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plants [33]. Therefore, it is important to identify the time and
temperature of occurrence of graphitization. The time-
temperature-precipitation diagrams of graphitization were
also reported for 0.2C, 0.3C and 0.5Mo steels [34].

For low alloy steels, ferrite-pearlite, bainite and martensite
structures can be used depending on heat treatment. The
creep rupture strength of the martensite structure is compared
with that of the ferrite-pearlite structure for 2.25Cr-1Mo steel
in Fig. 5 [35]. The creep strength of martensite is far superior
to that of ferrite-pearlite in the short term while no difference
in creep rupture strength was observed between martensite
and ferrite-pearlite structures in the long term. It was
confirmed that the martensite and pearlite structures
disappeared after long-term creep exposure (Fig. 6), meaning
that the ferrite structure remained for both steels [35]. That is
why the creep strength of the martensite structure was almost
the same as that of the ferrite-pearlite structure in the long
term. Therefore, microstructural changes during creep
exposure should be retarded to improve long-term creep
strength. It was reported that in 0.5Cr-0.5Mo steels, the long-
term creep strength of the ferrite-pearlite structure was higher
than those of bainite, tempered martensite and martensite
structures [36]. In addition to recovery of pearlite and
martensite structures during creep exposure, a precipitation
free zone (PFZ) forms around grain boundaries during creep
exposure in low alloy steels [37]. The PFZ spreads with
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Fig. 5 Creep rupture strength of 2.25Cr-1Mo steels at 550°C.

Fig. 6 TEM images of creep ruptured specimens of 2.25Cr-1Mo steel. (a)
STBA24 (initial: ferrite-pearlite): 550°C, tr =46,816.8h. (b) ASTM
A542 (initial: martensite): 550°C, tr = 85,906.2 h.
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increasing creep time [37]. Creep deformation can become
concentrated in the PFZ because precipitation strengthening
is reduced in the PFZ. It is predicted that creep voids can
form on grain boundaries due to the concentration of creep
deformation in the PFZ. Therefore, not only the recovery of
pearlite and martensite structures during creep exposure but
also the formation of PFZ contribute to the creep strength
degradation of low alloy steels.

3.2 9-12%Cr ferritic steels

In this section, 9-12%Cr ferritic steels with tempered
martensitic structure are discussed. 9-12%Cr ferritic steels
are widely used for ultra-supercritical power plants because
of their good creep strength [38]. For example, 9—12%Cr
ferritic steels such as ASME Grade 91 [39], Grade 92 [39]
and Grade 122 [39] steels have the nominal composition of
9Cr-1Mo-V-Nb-N, 9Cr-0.5Mo-1.8W-V-Nb-N and 11Cr-2W-
0.4Mo-1Cu-Nb-V, respectively. 9-12%Cr ferritic steels are
strengthened by a tempered martensitic structure, Mj3;Cq
(M: Cr, Mo, W) carbide and MX (M: V, Nb, X: C, N)
carbonitride as shown in Fig. 7 [40]. Mo and W can also
contribute to solid solution strengthening [41]. The
martensitic structure of creep interrupted specimens is shown
in Fig. 8 together with hardness value [42]. The martensitic
structure recovered during creep exposure and this recovery
caused a decrease in hardness during creep exposure. The
martensitic structure disappeared and changed to equiaxed
subgrains after creep rupture as shown in Fig. 8(d). For

MGG virgin
MAG: 10000x

Fig. 7 (a) TEM micrograph of as received material of ASME Grade 91
steel, (b) Result of elemental map by STEM-EDS for as received material
of ASME Gr.91 steel. Red particle: M»;Cq, Blue particle: V-rich MX,
Green particle: Nb-rich MX. (online color)



Material Degradation of Heat-Resistant Steels during Long-Term Creep Exposure

Fig. 8 TEM micrographs of as received and crept materials of ASME
Grade 91 steel. (a) Before creep, (b) 600°C/50,000h, (c) 600°C/
70,000, (d) 600°C/80736.8 h.

Fig. 9 Preferential recovery around prior austenite grain boundary after
creep rupture in Grade 91 steel. 600°C, 110 MPa, tr = 24.189.1 h. Dashed
line: prior austenite grain boundary.

ASME Grade 91 steel, the creep strength abruptly degrades
in the long term as shown in Fig. 2. The martensitic structure
homogenously recovered during creep exposure under high
stress while preferential recovery of martensite occurred
around prior austenite grain boundaries under low stress as
shown in Fig. 9. Therefore, the preferential recovery can
contribute to the creep strength degradation in the long term
[13], as was also reported for Grade 92 and Grade 122 steels
[43]. The martensitic structure can statically recover during
aging [23]. It was reported that creep strength degradation
can occur when the static recovery of the martensitic structure
is remarkable during aging [23].

Coarsening of M,3C¢ and MX precipitates occurs during
long-term creep exposure, causing a decrease in precipitation
strengthening. This process is basically explained by Ostwald
ripening [44, 45]. It was reported that the addition of B can
retard the coarsening of M,3Cq during creep exposure in
9%Cr steel [46]. Creep stress and/or strain promotes the
coarsening of precipitates during creep exposure [47]. In
addition to the coarsening of precipitates, the formation of a
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harmful phase can occur during creep exposure and decrease
long-term creep strength. Modified Z phase [Cr(V,Nb)N] is
harmful to creep strength [48] because its formation
consumes fine MX precipitates during long-term creep
exposure as shown in Fig. 10. It was reported in 12%Cr
steels that Cr in the matrix diffuses to MX precipitates during
creep exposure and MX precipitates gradually transform to
modified Z phase [49]. Figure 11 shows the time-temper-
ature-precipitation diagram of modified Z phase in 9-12%Cr
steels [50]. An increase in Cr content promoted the formation
of modified Z phase during creep exposure as shown in
Fig. 11. An increase in Ni content can also promote the
formation of modified Z phase during creep exposure [51,
52]. Accordingly, the Cr and Ni contents should be reduced
to avoid the formation of modified Z phase during creep
exposure in 9-12%Cr steels. Danielsen et al. reported the
effect of elements on the driving force of the formation of
modified Z phase, using Thermo-calc [53]. The addition of
N can increase the driving force. Laves phase such as Fe;Mo
and Fe,W is formed during creep exposure [54, 55]. This
phase can provide nucleation sites for creep voids because
the size of the Laves phase is larger than those of M,;C¢ and
MX [56]. The Laves phase can contribute to precipitation
strengthening, but the effect of Laves phase formation on
creep strength is unclear because the formation consumes
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solute Mo and W which contribute to solid solution
strengthening [41].

3.3 Austenitic heat-resistant steels

Figure 12 shows the creep rupture strength of
SUS304HTB (18Cr-8Ni) [57] and KA-SUS304J1HTB
(18Cr-9Ni-3Cu-Nb-N) [58]. The creep strength is higher in
KA-SUS304J1HTB than in SUS304HTB. The creep strength
of KA-SUS304J1HTB was improved by the addition of Cu
and Nb to SUS304HTB [59]. However, the creep strength of
both steels degrades in the long term. The difference in creep
strength between the two steels becomes small in the long
term because the creep strength degradation is remarkable for
KA-SUS304J1HTB as compared with SUS304HTB. Nor-
mally, no precipitates except for inclusions are observed
before creep exposure for both steels because solution heat
treatment is performed. M,3C¢ and sigma phase are formed
during creep exposure for both steels.

For KA-SUS304J1HTB, the time-temperature-precipita-
tion diagram of My;C¢ and sigma phase during aging are
shown in Fig. 13. The sigma phase is formed after M;Cq
formation during aging. Figure 14 shows SEM micrographs
of the grip portion of creep ruptured samples for KA-
SUS304J1HTB. The precipitates shown in black are M,3Cq
particles. Fine Mj;C¢ particles are formed on grain
boundaries after short-term aging. These particles contribute

K. Sawada

Fig. 14 SEM micrographs of grip portion of creep ruptured specimens of
KA-SUS304J1HTB. (a) 650°C, 7636.9h. (b) 650°C, 44602.7 h. Black
particles: M,3Cq. Arrows indicate 6 phase.

to grain boundary strengthening [60]. On the other hand,
coarse sigma phase is formed on grain boundaries and
consumes M»;C¢ particles after long-term aging as shown
in Fig. 14. Therefore, the formation of sigma phase can cause
creep strength degradation in the long term. Fine NbX
particles and Cu phase are also formed after short-term creep
in KA-SUS304J1HTB [61] in contrast to SUS304HTB. The
NbX particles change to modified Z phase after long-term
creep [61]. The modified Z phase can contribute to
precipitation strengthening because the size of the modified
Z phase is small in contrast to 9-12%Cr steels. Cu phase
is coherently formed in the matrix after short-term creep
and contributes to precipitation strengthening [62]. However,
the coherency disappears due to coarsening after long-term
creep, contributing to creep strength degradation [62]. The
creep fracture mode changes depending on stress and
temperature for both steels [63, 64]. Transgranular or wedge
type fractures can occur under a high stress condition and
cracking at the sigma phase/matrix interface is seen under
a low stress condition [63, 64]. Figure 15 shows a TEM
micrograph after long-term creep exposure for KA-
SUS304J1HTB. 1t is clearly seen that a PFZ is formed
around the sigma phase on grain boundaries [65]. It is
predicted that creep deformation is concentrated on the PFZ
and creep voids can form at the sigma phase/matrix interface.
Schematic illustrations of microstructural changes after creep
exposure are compared between SUS304HTB and KA-
SUS304J1HTB as shown in Fig. 16. M»;C¢ precipitates are
observed in the grain interior for SUS304HTB while fine
Cu phase, NbX and modified Z phase are distributed in the
grain interior for KA-SUS304J1HTB after short-term creep
exposure. Therefore, the precipitation strengthening in the
grain interior is higher in KA-SUS304J1HTB than in
SUS304HTB. Sigma phases are formed on grain boundaries
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Fig. 15 PFZ around o phase on grain boundary in creep ruptured specimen
of KA-SUS304J1HTB. 700°C, 60 MPa, tr = 50214.3 h.

after long-term creep for both steels together with the
formation of PFZ. This indicates that deformation resistance
is higher in the grain interior than in the PFZ after long-term
creep exposure. The difference in the deformation resistance
between the grain interior and the PFZ is higher in KA-
SUS304JIHTB than in SUS304HTB because the precip-
itation strengthening in the grain interior is very high in
KA-SUS304J1HTB. This leads to the remarkable drop in
creep strength for KA-SUS304J1HTB as compared with
SUS304HTB as shown in Fig. 12. For example, the effect
of PFZ formation on creep strength can be explained by a
“core—mantle” model [66] to explain the grain-size de-
pendence of the creep rate.

4. Heat-to-Heat Variation of Creep Strength

Figure 17 shows the creep rupture strength of carbon steel,
JIS STB 410 [27]. The data were obtained from 9 heats that
were in the range of the material specification. Three steel-
makers supplied the materials for creep testing [27]. The
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Fig. 17 Creep rupture strength of carbon steel (JIS STB 410).

heat-to-heat variation of creep rupture strength is very clear at
all testing temperatures even in the range of the material
specification. At 400°C, the difference in creep rupture time
is one order of magnitude. It is predicted that the SEE value
in eq. (6) will be large, indicating that the allowable stress
is estimated to be small because of low minimum creep
strength. The reason for the large difference in creep rupture
time is due to the difference in Mo content [67], although
the Mo content is not specified in JIS STB 410 [29]. The
relationship between stress and LM parameter of JIS STB
410 is shown in Fig. 18 together with Mo content [67]. The
creep strength apparently increases with increasing Mo
content even in the range of the material specification. It
was reported that an increase in Mo-C atomic pairs can
increase the creep strength in carbon steel based on the
calculation of the equilibrium solute elements and atomic
pairs by Thermo-calc [68]. Therefore, it is possible that an
appropriate allowable stress can be established if the Mo
content is specified in JIS STB 410.
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“core”
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Fig. 16 Schematic illustrations of microstructural changes during creep exposure for SUS304HTB and KA-SUS304J1HTB. Left hand
side: after short-term creep, Right hand side: after long-term creep. (online color)
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Fig. 19 Creep rupture strength of Grade 91 steels at 650°C.

Figure 2 shows the creep rupture strength of ASME
Grade 91 steel tubes [22] including 6 heats from several
steel-makers. The heat-to-heat variation of creep rupture
strength is clearly seen at 600°C to 650°C. No correlation
between Ni and Al contents and creep rupture strength was
confirmed [69] although it was reported that the increase
in Ni [70] and Al [71] content decreases the creep rupture
strength. The creep rupture strength at 650°C is shown in
Fig. 19. It seems that the creep rupture data can be divided
into two groups by sampling year. The solid and open
symbols mean the heat sampled in the 1990s and 2000s,
respectively. However, the sampling year cannot be the
reason for the heat-to-heat variation. In addition to the
chemical compositions, a difference in initial microstructure
can cause a difference in creep rupture strength. Figure 20
shows the results of elemental mapping of Cr after
renormalizing for as received samples of ASME Grade 91.
The Cr segregates along the longitudinal direction of the
boiler tube for MGG heat as compared with MGB heat as
shown in Fig. 20. Normally, M,3C4 and MX precipitates are
formed after normalizing and tempering in the steel.
However, M,;C¢ and MX precipitates can dissolve in the
matrix after renormalizing. The Cr segregation shown in
Fig. 20 corresponds to Cr from dissolved M,3C¢ because M
in M»3Cq is Cr and Mo for Grade 91 steel. MGB and MGG

K. Sawada

>
>

Longitudinal direction of tube

<
*

Fig. 20 Results of Cr mapping by SEM-EDS for as received sample after
renormalizing in Grade 91. (a) MGB heat, (b) MGG heat. (online color)

heats were sampled in the 1990s and 2000s, respectively.
Therefore, the creep strength is lower in MGG heat than in
MGB heat, meaning that the Cr segregation decreases the
creep strength [69]. It was reported [69] that the decrease
in number of Mjy;C¢ precipitates during creep exposure
was more remarkable in MGG heat than in MGB heat.
Furthermore, recovery of martensitic structure during creep
exposure was faster in MGG heat than in MGB heat [69].
The precipitates and martensite structure strengthening
significantly decrease during creep exposure in the strongly
segregated heat. The difference in these microstructural
changes can cause the difference in creep strength between
the two heats. The effect of segregation along the longitudinal
direction of the boiler tube on creep strength was reported
for not only Grade 91 but also Grade 92 steels [72]. Ideally,
the effect of chemical composition on the creep strength
should be discussed for a material in which segregation is
eliminated. Since it may be difficult to eliminate the
segregation during the manufacturing process of a commer-
cial steel, it is recommended to specify the reduction of the
segregation in the material specification.

For 700°C, the creep rupture strengths of austenitic heat-
resistant steels are shown in Fig. 21 [58, 73, 74]. The data are
obtained from several heats for each steel. The heat-to-heat
variations of creep rupture strength are clearly observed for
each steel even for the same material specification. It was
reported that a correlation between solute nitrogen content
and creep rupture time was observed for SUS304HTB [75].
For SUS321HTB (18Cr-10Ni-Ti), the creep rupture time
increased with increasing grain size [75]. The increase in
boron content increased the creep rupture time of
SUS347HTB (18Cr-12Ni-Nb) even in the range of the
material specification [75]. The heat-to-heat variation of
creep strength is observed for not only heat-resistant steels
but also Ni based alloys such as JIS NCF718-B [76].
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Fig. 21 Creep rupture strengths of SUS304HTB, SUS321HTB and

SUS347HTB.

5. Creep Strength Evaluation and Allowable Stress in
Future

For a commercial steel it is difficult to avoid creep strength
degradation in the long term because the precipitation and
dislocation strengthening will decrease during creep exposure
as shown in section 3. Furthermore, deformation and fracture
mechanisms may change depending on the stress conditions.
The methods such as region-splitting analysis and multi-
region analysis mentioned in section 2 are suitable for
evaluating creep strength when creep strength degradation
occurs. Therefore, for a developed material, not only creep
rupture data but also information on microstructural changes
during creep exposure should be considered to evaluate long-
term creep strength and establish an allowable stress. For
next-generation nuclear reactors, the 60-year creep rupture
strength should be evaluated. In this case, creep rupture data
and data of microstructural changes in the very long term
will be needed to clarify whether a method such as region-
splitting analysis should be applied or not.

In order to establish an allowable stress, the minimum
creep strength estimated from eq. (6) is also needed. The
minimum creep strength decreases when the heat-to-heat
variation of creep strength is large as mentioned in section 2.

1459

For developing a new material, in addition to improving
average creep strength, it is important to minimize the heat-
to-heat variation of creep strength. The range of chemical
composition and manufacturing process can affect the heat-
to-heat variation of creep strength as mentioned in section 4,
indicating that robustness is needed for a new heat-resistant
material. Recently, additively manufactured (AM) materials
are being developed as heat-resistant materials [26, 77, 78],
and these materials are also actively being standardized in the
ASME code [79]. For AM materials, printing parameters and
build direction may be new factors that affect the heat-to-heat
variation of creep strength.

It is easy to predict long-term creep strength when no
remarkable microstructural changes occur during creep
exposure. Ideally, solid solution strengthened materials
without precipitation strengthening are suitable for heat-
resistant materials, but these have not yet been achieved.
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