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Abstract: In this paper, the creep deformation behavior, microstructure evolution, and damage mech-
anism of Super304H oxide dispersion strengthened (ODS) steel have been systematically investigated
at 650 ◦C. The creep behavior of the ODS steel could be understood by virtue of a dislocation creep
deformation mechanism. Interrupted creep experiments under 100 MPa were conducted to further
study the microstructure evolution during long-term creep deformation. The grains began to refine
at the initial stage, and some M23C6 phases were observed at grain boundaries, which enhanced the
microhardness during the first creep stage. Along with creep, both Y2O3 and Cu-rich precipitates
exhibited good coherence with the matrix. The Y2O3 precipitates showed better thermal stability
than the Cu-rich phase. During the second creep stage, some cavities emerged around the M23C6

phase and at grain boundaries. The cavities gradually developed into significant cracks, causing the
steel to fracture. The creep damage due to cavity growth could be determined according to the creep
damage tolerance factor value.

Keywords: austenitic ODS steels; long-term creep; microstructure evolution; precipitation; creep cavity

1. Introduction

Super304H austenitic steel is one of the most advanced 18-8 austenitic heat-resistant
steels, and has been widely used in ultra-supercritical (USC) power plants because of its
admirable creep and oxidation resistance at elevated temperatures [1,2]. Compared to
conventional TP304H steel, Super304H steel is additionally alloyed with about 3 wt.% Cu,
0.45 wt.% Nb, and a small amount of N [3–5]. Cu-rich phases, M23C6 carbides, and MX
(Nb(C, N)) phases are the predominant precipitates in Super304H stainless steel, and its
dominant strengthening effect is derived from the coherent precipitation of nano-sized
Cu-rich phases [6]. Jiang et al. reported that, during short-term aging at 650 ◦C, the yield
strength of Super304H steel could be significantly improved by the precipitation hardening
effect of the Cu-rich phases [7]. In addition, MX particles with a FCC structure displayed
excellent thermal stability, which could make a more durable contribution to the creep
strength at high temperatures [8].

However, as the temperature of the working steam and the pressure of the thermal
power unit in USC power plants reach approximately 600–650 ◦C and 25–30 MPa, re-
spectively [9,10], the application of Super304H steel has been seriously limited, due to
its deteriorated creep strength at elevated temperatures, such as the sharp decline of im-
pact toughness caused by the rapidly coarsening M23C6 carbides at boundaries [11]. On
the contrary, ODS steels have outstanding creep strength at high temperatures, owing
to the addition of nano-sized Y2O3-strengthening particles, which exhibit a remarkable
strengthening effect and low coarsening rate, thus obviously preventing the growth of
grains by impeding grain boundary migration and dislocation motion [12–14]. Hence, a
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novel nano-oxide dispersion strengthening strategy has been proposed for the fabrication of
heat-resistant austenite steels. Leo et al. demonstrated that the addition of 0.35 wt.% Y2O3
to 316L steel could result in a significant increase in yield strength, which was 1.5 times
that of the conventional 316L steel at room temperature and twice that at 650 ◦C [15]. Zhao
et al. found that the excellent ductility of ODS steels can be attributed to the bimodal struc-
tures and the uniformly dispersed Y2Ti2O7 particles [16]. Especially, for the Super304H
austenitic ODS steel, a wrapping structure of Cu-rich phases surrounded by Y-rich phases
was obtained, which was revealed to bring a more than 50% improvement of the tensile
properties at both room and high temperatures [17]. In fact, the creep deformation behavior
of austenitic stainless steel and its microstructure evolution during the creep process have
been extensively reported, such as creep properties of ODS 316L steel and the effect of
precipitating characteristics on the creep behavior of HR3C steel [18]. But, as it is widely
applied in extremely harsh environments involving high temperatures and pressures,
the creep deformation, microstructure evolution, and damage mechanism of Super304H
ODS steel at elevated temperatures have rarely been systematically investigated, which
may cause possible danger and economic loss in its practical applications. Therefore, it is
necessary to investigate the creep response of Super304H ODS steel at high temperatures.

In this work, the Super304H austenitic ODS steel alloyed with 0.35 wt.% Y2O3 was
prepared through mechanical alloying (MA) and subsequent hot isostatic pressing (HIP)
consolidation. A series of creep tests were carried out at 650 ◦C, with stress levels ranging
from 100 to 300 MPa, to investigate the creep deformation behavior of the steel. Interrupted
creep experiments were performed under 100 MPa at 650 ◦C to further explore the mi-
crostructure evolution during different creep stages. In addition, the creep damage forms
were analyzed.

2. Experimental
2.1. Material Preparation

The Super304H austenitic ODS steel was fabricated by the method of powder met-
allurgy. The pre-alloyed austenitic steel powder was composed of atomized Super304H
stainless steel powder and 0.35 wt.% Y2O3 powder. The chemical compositions of the stan-
dard Super304H and the used steel are shown in Table 1. The MA process of the powder
mixture was conducted in a QM2SP12 planetary ball mill under a pure Ar atmosphere,
with a rotation speed of 200 rpm, a milling time of 48 h, and a ball-to-powder ratio of 6:1.
Then, the as-milled powder was degassed within a mold at 500 ◦C until the vacuum was
less than 0.01 Pa. The subsequent consolidation by hot isostatic pressing was conducted
at 1150 ◦C for 3 h under a pressure of 120 MPa. To avoid residual stress during the HIP
process, the sinter ingot was gradually cooled to 200 ◦C in the furnace; then, the pressure
was slowly lower to standard atmosphere pressure.

Table 1. Chemical compositions of Super304H stainless steel and the as-HIPed ODS steel (wt.%).

Elements Fe Cr Ni Si Mn Cu Nb N C Y O

Super304H Bal. 18.0 8.0 0.2 0.8 3.0 0.4 0.1 0.1 -- --
Super304H ODS Bal. 18.4 8.6 0.57 0.64 3.06 0.34 0.108 0.106 0.416 0.233

2.2. Creep Tests

Creep tests for all samples were conducted at 650 ◦C in an RDL-50 electronic creep
machine [19]. Before loading, all specimens were kept at 650 ◦C for about 1 h to ensure
temperature accuracy, and the temperature fluctuation range was controlled within ±2 ◦C.
As shown in Figure 1, the creep specimens were processed into a round shape, with
a diameter of 5 mm and a gauge length of 25 mm. The experimental design adheres
strictly to the dimensions mandated by the standard of GB/T 2039-2012. On account
of the boss existence in the end gauge part, the diameter between the gripping and the
gauge part is required to be 10% larger than that of the gauge diameter (5 mm) during the
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machined process, which is to ensure that the creep fracture occurs within the designated
gauge length.
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Figure 1. Geometrical shape of the creep specimens.

As can be seen in Figure 2, the Super304H ODS steel exhibited relatively high strength
at room temperature, and, when tested at 650 ◦C, its ultimate tensile strength and yield
strength were 478 ± 7 and 384 ± 5 MPa, respectively. In general, the half yield stress
represents the critical value at which elastic deformation (low-stress regime) transforms
into plastic deformation (high-stress regime) [20]. Therefore, in this study, the stress level
was ranged from 100 MPa to 300 MPa to cover the whole deformation scope, which was set
according to the half value of yield strength at 650 ◦C (~195 MPa) of the steel.
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Figure 2. Tensile curves of Super304H ODS steel tested at room temperature and 650 ◦C, respectively.

2.3. Microstructure Observation and Analysis

The creep rupture specimens for observation were cut near the fracture position, while
the interrupted samples were taken from their gauge part. A field emission scanning elec-
tron microscope (FE-SEM, JSM-7800F), equipped with an electron backscattered diffraction
(EBSD) system, was employed to observe creep damage features and analyze the evolution
of grains. The SEM samples were mechanically polished and then etched with HCl-CuCl2
solution for 40 s. The samples for EBSD were prepared by argon ion polishing on a Gatan
691 ion thinning instrument and scanned along the stress direction by an EDAX Hikari
camera with a step size of 0.05 µm. The collected data were analyzed using OIM 7.2.1
software. The detailed microstructure of the as-HIPed sample and creep samples were char-
acterized by a transmission electron microscope (TEM, FEI Tecnai G2 F30), equipped with
an energy dispersive spectroscopy (EDS). High-resolution transmission electron microscope
(HRTEM) and high-angle annular dark-field-scanning transmission electron microscope
(HAADF-STEM) images were employed to identify the specific structure of nanoparticles.
The foil TEM samples were manually thinned to 30 µm in thickness and were then twin-jet
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electro-polished in a mixed solution of 10% perchloric acid and 90% ethanol. More than
100 particles in 10 TEM images were counted through Image Pro-Plus 6.0 software, so as to
evaluate the evolution of particle diameter and number density.

The microhardness was measured as a supplement to analyze the strength evolution
during long-term creep. For each sample, the microhardness was measured five times on a
Tukon 2100B Vickers hardness tester, with an applied load of 0.2 kg and a dwelling time of
10 s.

3. Results and Discussion
3.1. Initial Microstructure of the As-HIPed Sample before Creep

Figure 3 depicts the microstructure of the as-HIPed austenitic steel. The austenite
matrix is composed of equiaxed grains, which can be divided into the ultrafine grain (UFG)
zone and coarse grain (CG) zone, as marked in Figure 3a. The size of coarse grains ranges
from 1 to 4 µm, while that of most ultrafine grains are less than 400 nm. Such a distribution
of grain size is typical in ODS steels after HIP sintering, which can induce back stress to the
matrix, due to the non-uniform yield between the UFG zone and CG zone, contributing to
the superior strength of ODS steels [21,22].
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nanoparticles, labelled as A and B in (d).

Furthermore, several types of precipitates can be found within the matrix. As can
be seen, MX carbon-nitrides with a stable FCC structure are distributed along the grain
boundaries (Figure 3b). These precipitates are identified as NbN particles, according to
the selected area electron diffraction (SAED) and EDS results, and their mean diameter
is about 0.29 µm. Some bright Cr-O particles preferentially precipitate within the UFG
region, and their mean diameter is about 0.24 µm (Figure 3c). In addition, some disc-shaped
nanoparticles that are dispersedly distributed can be observed within the austenite grain
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interior (Figure 3d). The mean diameter of these particles is about 9.7 nm, and the number
density is 2.6 × 1015 m−2. According to HAADF-STEM results, two kinds of nanoparticles
(marked as A and B) can be identified in Figure 3d. Particle A, exhibiting stronger contrast
with the matrix, due to its heavier molar mass, is identified as Y2O3 phase (Figure 3e),
and Particle B is characterized as Cu-rich phase (Figure 3f). The lattice misfits (δ) of the
Y2O3 and Cu-rich phases with the austenite matrix can be quantified by the following
formula [23]:

δ = 2

∣∣Dm − Dp
∣∣

Dm + Dp
(1)

where Dm and Dp represent the interplanar spacing of the mismatched planes in the matrix
and particle, respectively. For the Y2O3 particle, the interfacial orientation relationships
are determined as [001]Y2O3

∣∣∣∣∣∣[011
]

Matrix and (200)Y2O3

∣∣∣∣∣∣(022)Matrix , and the value of δ

is calculated as 4.7% (Figure 3e). As for the Cu-rich phase, the parallel zone axes are
found to be

[
011

]
Cu

∣∣∣∣[011
]

Matrix , with a pair of parallel planes of (111)Cu||(111)Matrix ,
and the value of δ is merely 0.3% (Figure 3f). Both kinds of particles exhibit a completely
coherent relationship with the austenite matrix, which is favorable for their precipitation.
These coherent nanoparticles can effectively obstruct the motion of dislocations and the
migration of grain boundaries during creep, contributing to the microstructure stability of
the austenitic ODS steel.

3.2. Creep Behavior

Figure 4a,b present the creep strain versus time curves and creep rate versus time
curves under 100–300 MPa at 650 ◦C, respectively. It can be found that, with the increase of
applied stress, the creep rupture time decreases, and the minimum creep rate increases. In
detail, the creep rupture time is shortened from 4572.53 to 1.89 h, and the minimum creep
rate increases from 4.48 × 10−4 to 0.77 h−1. This can be attributed to the higher stress levels
during the creep period, which can accelerate the deformation rate and cause premature
failure. When the applied stress is higher than 195 MPa, the creep strain increases with
the increase of stress. However, it should be noticed that creep strain under 100 MPa
(4.29%) is higher than that under 300 MPa (2.40%). This can be attributed to the extremely
slow deformation rate under low stress levels, which leaves enough time for the recovery
behavior to alleviate the working hardening effect, thus promoting continuous deformation
in return. In general, a relatively short gauge length is prone to lead to an amplified overall
creep strain [24,25], but it has no noticeable effect on other creep characteristics, such
as creep strength and failure mode. Therefore, the obtained creep results are reliable in
revealing the creep deformation behavior of the Super304H ODS steel. The detailed creep
properties under different stress levels, involving creep strain (εf), creep rupture time (tr),
and the minimum creep rate (

.
εm), are statistically summarized in Table 2.

Table 2. Detailed creep properties of the Super304H ODS steel under different stress levels at 650 ◦C.

Stress (σ, MPa) 100 195 230 265 300

Creep strain (εf, %) 4.29 0.80 1.31 1.85 2.40
Creep rupture time (tr, h) 4572.53 12.59 7.41 3.45 1.89

Minimum creep rate (
.
εm, h−1) 4.48 × 10−4 0.0415 0.1297 0.3302 0.7677

The creep deformation mechanism of the austenitic ODS steel is analyzed through
the relationship between the minimum creep rate (

.
εm) and applied stress (σ), based on the

Norton’s power law [26]:
.
εm = Bσn (2)

where B is a constant, and n is the stress exponent to represent different mechanisms of
creep deformation. However, it should be noted that, in the ODS steel, the dispersed
distribution of precipitates can effectively impede the dislocation motions, displaying
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threshold stress [27,28]. Hence, the n discussed here actually presents the apparent stress
exponent. Figure 5 displays the double logarithmic curve of the minimum creep rate
versus stress. The line is well-matched across varied stresses, demonstrating an identical
creep deformation mechanism under different stresses. The apparent stress exponent n
is calculated to be 6.7, which is close to that reported in 18Cr9Ni and 316LN austenitic
stainless steels [26,29]. This suggests that the creep deformation of the Super304H ODS
steel is controlled by dislocation motion [30].
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To further clarify the microstructure evolution at different creep stages, creep tests
for interrupted samples were carried out under 100 MPa, and the results are shown in
Figure 4c. As can be seen, the whole creep period can be divided into three distinct creep
stages: the transient creep stage with gradually decreasing creep rate, the steady-state creep
stage with a stable creep rate, and the accelerated creep stage with rapidly increasing creep
rate. On account of this, the interrupted time was set as 214, 975, 2032, and 3360 h, on
behalf of the transient stage, the early steady-state stage, the medium steady-state stage,
and the onset of the accelerated stage, respectively. Figure 4d presents the corresponding
creep strain versus time curves. It can be found that all interrupted creep curves fit well
with that of the fracture sample, suggesting the good repeatability of creep tests and the
uniform microstructure distribution of this austenitic ODS steel.
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3.3. Microstructure and Microhardness Evolution during Creep
3.3.1. Evolution of Precipitates

Figure 6 presents the evolution of MX phases, Cr-O oxides, and M23C6 particles during
different creep stages, and Figure 7 presents the corresponding mean diameters and particle
density, which means the number of particles per unit area. As mentioned above, in the
Super304H austenitic ODS steel, MX phases and Cr-O oxides dispersedly precipitate within
the grain interior during the HIP process (Figure 2b,c). In addition, M23C6 carbides are
found to precipitate along austenite grain boundaries during creep.

As shown in Figure 6a–c, with the prolongation of the creep period, the MX phases still
exist within the grain interior in square or bulk shapes. The mean diameter of them remains
stable, and the particle density gradually decreases (Figure 7). Prat et al. have stated that
MX phases possess excellent thermal stability, thus leading to a lower coarsening rate [31].
In addition, it has also been proved that the main role of MX particles in contributing
to creep strength is impeding the dislocation motions during creep, and the interactions
between dislocations could accelerate the dissolution of MX phases, thus resulting in the
decrease of number density [32].

As shown in Figure 6d–f, with the prolongation of the creep period, Cr-O oxides
remain in a round shape and are prone to precipitate within the fine-grain region. As the
creep time is prolonged to 2032 h, the particle density of Cr-O phases increases from ~0.3
to ~0.35 µm−2, and then remains stable (Figure 7). Notably, the preferential accumulation
of these particles in the fine grain zone can induce stress concentration at the boundaries
between UFG and MG, leading to the formation of creep cavities.

As shown in Figure 6g–i, M23C6 carbides precipitate in a bulk shape along grain
boundaries during the early creep stages of 214 h, and then these particles transform into a
chain-like shape. With the prolongation of the creep period, as shown in Figure 7, the mean
diameter and particle density first present an increasing trend from 214 to 975 h, and then
remain stable until 3360 h. After that, the M23C6 particles start to grow rapidly, resulting
in a sharp decrease of particle density. The coarsening process is related to the diffusion
of Cr atoms from austenite, where the grain boundaries can act as diffusion channels [33].
As a result, Cr-poor zones can be formed at the interface, weakening the matrix [30,33]. In
addition, Wang et al. proved that the coarsening of M23C6 particles would weaken their
pinning ability for boundary migrations, leading to the growth of grains [11].
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Figure 8 presents the distribution of Y2O3 and Cu-rich phases and their interfacial
relationship with the matrix after creep rupture. In HAADF-STEM images, the gray
particles are Y2O3 phases, and the brighter particles are Cu-rich phases, due to their
different atomic weight. As can be seen, the Y2O3 particle maintains a semi-coherent
relationship with the matrix, and the lattice misfit is calculated to be 10.1%; Cu-rich particles
still keep a completely coherent relationship with the matrix, and the lattice misfit δ is 1.2%
(Figure 8b,c). Figure 9 displays the mean diameter and particle density of Cu-rich and
Y2O3 particles. During the whole creep period, the mean diameter of the Cu-rich particles
gradually increases from ~12.5 to ~25 nm, while that of the Y2O3 particles remains stable.
Before 972 h, the density of Cu-rich particles is about 2.5 × 1015 m−2, which then quickly
decreases to less than 1 × 1015 m−2 with the prolongation of creep time, up to 2032 h. In
contrast, the density of Y2O3 particles exhibits a gradually decreasing trend.
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Based on the above results, it can be recognized that Y2O3 particles exhibit superior
thermal stability to Cu-rich phases. Cu-rich phases are typically soft particles, and can be
easily dissolved into the matrix under the effect of dislocation cutting [15]. In addition, the
completely coherent relationship with the matrix provides more diffusion channels for Cu
atoms, which is beneficial for the growth of Cu-rich phases. Besides, Y2O3 particles have a
strong pinning effect on dislocations, so that they can sustain a notable density and maintain
good coherence with the matrix until creep rupture. From a performance viewpoint, semi-
coherent particles with suitable size are preferred, because they are non-sheared and can
increase the detachment stress for pinned dislocations [34]. Therefore, compared with
Cu-rich phases, Y2O3 particles play a more durable contribution on improving the creep
strength in the Super304H ODS steel.
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3.3.2. Evolution of Grain Structure

Figure 10 shows the inverse pole figures (IPFs) of the Super304H ODS steel in the
as-HIPed state and during different creep stages, and Figure 11 displays the corresponding
grain size distribution histograms, where the red line is its fitting result through Gaussian
function. It can be seen that the grain orientation in all samples is random, and no evident
texture is formed during the whole creep process. Before creep, the UFG and CG zones
can be clearly distinguished (Figure 10a). After creep for 214 h, the coarse grains are
transformed into finer grains (Figure 10b). With the prolongation of creep period to 4572 h,
the fine grains grow up, resulting in a gradually increasing percentage of the CG zone
(Figure 10c–f).
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In detail, compared with the as-HIPed state, the mean grain size is reduced from ~0.41
to ~0.30 µm during the initial 214 h, due to the dynamic recrystallization within the matrix
(Figure 11a,b). This process involves the nucleation, growth, and replacement of grains in
response to high-temperature plastic deformation. The entanglement of dislocations can
create sites for the nucleation of new grains, which contributes to relieving deformation
hardening [6]. During the second stage from 214 to 3360 h, the mean grain size is maintained
at ~0.3 µm, on account of the work-hardening balance (Figure 11c–e). During the last stage,
from 3360 to 4572 h, the mean grain size sharply increases from 0.31 to 0.40 µm, owing
to the grain coarsening and the decrease of the number density of M23C6 particles, which
weaken the pinning ability for boundary migrations (Figure 11f).

3.3.3. Evolution of Microhardness

Figure 12 presents the evolution of microhardness of the Super304H ODS steel during
the creep period. The hardness value increases from 273.6 ± 4.6 to 294.1 ± 5.9 HV during
the first creep stage of 214 h. This can be attributed to the dynamic recrystallization behavior,
which can produce numerous finer grains and enhance the boundary-hardening effect.
With the prolongation of the creep period to 3360 h, the hardness gradually decreases
to 286.5 ± 6.1 HV, indicating that the particle strengthening effect and matrix softening
behavior are roughly kept in balance. Further, with the prolongation of creep time to
4572 h, the hardness exhibits a relatively fast decrease to 271.7 HV. This can be explained
by the intense coarsening of M23C6 particles and the growth of grains, which weakens
solution-hardening and boundary-hardening effects [11].
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It should be mentioned that there is no significant difference in microhardness between
the ruptured sample and the as-HIPed one, indicating that the austenite matrix has not
been significantly weakened after long-term creep.

3.4. Creep Damage and Fracture Mechanism

Figure 13 depicts the creep damage images around the deformed zone during different
creep stages of the Super304H ODS steel. When the creep time is 975 h, no obvious creep
damage can be observed. As the creep time is extended to 2032 h, some creep cavities
appear along grain boundaries (Figure 13a,b). With further prolongation of the creep period,
the number density and size of creep cavities increase, causing contact with each other,
leading to the formation of creep cracks (Figure 13c,d). Due to the incompatible deformation
ability and the existence of Cr-O phases with higher hardness, the creep cavities are likely
to form along the interfaces between the UFG and CG zones (Figure 13e). Additionally,
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some coarse M23C6 particles are observed around the creep cracks. Hu et al. have proved
that, during the creep deformation process, stress concentration can be generated around
the interface between the precipitates and the matrix [18]. As the stress value exceeds
the fracture critical stress, creep cavities start to nucleate and grow, eventually resulting
in failure.

Metals 2023, 13, x FOR PEER REVIEW 12 of 15 
 

 

3.4. Creep Damage and Fracture Mechanism 
Figure 13 depicts the creep damage images around the deformed zone during differ-

ent creep stages of the Super304H ODS steel. When the creep time is 975 h, no obvious 
creep damage can be observed. As the creep time is extended to 2032 h, some creep cavities 
appear along grain boundaries (Figure 13a,b). With further prolongation of the creep pe-
riod, the number density and size of creep cavities increase, causing contact with each 
other, leading to the formation of creep cracks (Figure 13c,d). Due to the incompatible 
deformation ability and the existence of Cr-O phases with higher hardness, the creep cav-
ities are likely to form along the interfaces between the UFG and CG zones (Figure 13e). 
Additionally, some coarse M23C6 particles are observed around the creep cracks. Hu et al. 
have proved that, during the creep deformation process, stress concentration can be gen-
erated around the interface between the precipitates and the matrix [18]. As the stress 
value exceeds the fracture critical stress, creep cavities start to nucleate and grow, eventu-
ally resulting in failure. 

Figure 14 shows the fracture morphology after creep rupture of the Super304H ODS 
steel. It can be seen that only cleavage planes are generated on the fracture surface, sug-
gesting a brittle fracture characteristic. In addition, some M23C6 carbides are also found 
near grain boundaries, indicating that these particles are the inducements for creep dam-
ages [15]. 

 
Figure 13. Cavity morphologies of austenitic ODS steel in the vertical direction during different 
creep stages: (a) 975 h, (b) 2032 h, (c) 3360 h, and (d) 4572 h; (e,f) Creep cracks in the longitudinal 
direction at 4572 h. 

 
Figure 14. Creep fracture images at (a) a low magnification and (b) a higher magnification. 

Figure 13. Cavity morphologies of austenitic ODS steel in the vertical direction during different creep
stages: (a) 975 h, (b) 2032 h, (c) 3360 h, and (d) 4572 h; (e,f) Creep cracks in the longitudinal direction
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Figure 14 shows the fracture morphology after creep rupture of the Super304H ODS
steel. It can be seen that only cleavage planes are generated on the fracture surface,
suggesting a brittle fracture characteristic. In addition, some M23C6 carbides are also
found near grain boundaries, indicating that these particles are the inducements for creep
damages [15].
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The creep damage tolerance factor (λ) proposed by Kachanov and Rabotnov can be
used to analyze the creep damage mechanism, which can be expressed as follows [35]:

λ = ε f /
.
εmtr (3)

where ε f is the fracture strain,
.
εm is the minimum creep rate, and tr is the rupture time. In

general, the value of λ for different steels varies from 1 to 20; with the increase of λ value,
there is a gradual transition of the fracture mode from brittle fracture to ductile fracture.
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Specifically, when λ is 1, the fracture mode is determined to be a brittle fracture with a
relatively low creep strain; when the value of λ is in the range of 1.5–2.5, the creep damage
mode is characterized by cavity growth; when λ exceeds 2.5, the dominant damage mode
is shifted to necking because of microstructure degradation.

Figure 15 exhibits the damage diagnostic diagram of the Super304H ODS steel under
different stress levels. As can be observed, the values of λ under different stress levels
mostly fall into the range of void growth, indicating that the creep damage mode is
cavity growth controlled by power law and diffusion creep. This phenomenon should be
attributed to the combined effects of multiple factors, including grain deformation and
precipitation coarsening, as well as the formation and growth of cavities. As described in
Figure 12b, small cavities can form around M23C6 particles during the steady-state creep
stage, and can gradually develop into creep cracks under continuously applied stress,
finally leading to a premature rupture.
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4. Conclusions

In summary, the creep deformation behavior, microstructure evolution, and creep
damage mechanism of Super304H ODS steel under different stress levels at 650 ◦C were
investigated in this paper. The following conclusions can be drawn:

(1) The creep deformation behavior under different stress levels is studied. The
apparent stress exponent n is 6.7, which indicates that the creep deformation mechanism of
Super304H ODS steel is dominated by dislocation motion.

(2) The microstructure evolution during long-term creep deformation is studied
through interrupted creep experiments under 100 MPa. Along with creep, the austenite
undergoes dynamic recrystallization, and M23C6 particles precipitate at grain boundaries,
which can improve the microhardness during the first creep stage. Both Y2O3 and Cu-rich
particles exhibit good coherence with the matrix, whereas Y2O3 precipitates are more
important to creep strength because of their better thermal stability.

(3) The creep damage mode is determined as cavity growth, which is related to the
coarsening of M23C6 particles and inhomogeneous stress distribution at grain boundaries.
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