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ABSTRACT

2.25Cr-1Mo-0.25 V steel has been widely used to manufacture hydro-processing

equipment operating under harsh environments for its good creep performance.

Warm bending, a common fabricating process of 2.25Cr-1Mo-0.25 V steel ring

shells, inevitably changes the creep property of 2.25Cr-1Mo-0.25 V steel, but its

detailed effect still remains obscure. In this work, we experimentally investi-

gated the impact of warm bending on the microstructure and creep behavior of

2.25Cr-1Mo-0.25 V steel. First, a series of creep rupture tests were carried out at

482 �C and 350 MPa, in which test materials were extracted from an actually

fabricated ring shell and its raw plate. Thereafter, the microstructures of test

materials were semi-quantitatively analyzed by various characterization tech-

niques, such as electron backscatter diffraction (EBSD) and three-dimensional

high-resolution X-ray computed tomography (3D l-XCT). Finally, warm form-

ing induced microstructural degradation as well as their implication for creep

was discussed in detail. Creep rupture tests showed that warm bending leads to

a significant decrease in creep lifetime at the surface region of virgin plate but a

slight decline at the central region of virgin plate. An inhomogeneous creep

resistance distribution was thereby revealed along the thickness direction of the

ring shell, which could not be completely eliminated by subsequent tempering

at 705 �C for 8 h. Moreover, microstructural observations demonstrated that

warm deformation leads to multiple microstructural deterioration, including

carbide coarsening, ferrite matrix softening, void defect increasing, etc. Their

combined action appears to accelerate the creep fracture behavior of 2.25Cr-

1Mo-0.25 V steel. This work will contribute to the long-term safety and integrity

assessment of 2.25Cr-1Mo-0.25 V steel structures.
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GRAPHICAL ABSTRACT

Introduction

High-temperature hydrogen-bearing pressure vessel

serves as critical equipment in modern process

industry (e.g., petroleum refinery industry, coal

chemical industry, nuclear power industry, etc.)

[1, 2]. In the past, 2.25Cr-1Mo was widely used to

construct heavy-wall plate-bending ring shells for

long-term high-temperature hydrogen service [3, 4].

However, the increasing desire of industrial scale,

production efficiency and environmental require-

ment led to higher design parameters of process

equipment. The components made from 2.25Cr-1Mo

steel are ultra-thick, material consuming and uneco-

nomical, resulting in a number of fabrication and

maintenance challenges, thus cannot satisfy the

advanced industry demands. Nowadays, the vana-

dium modified Cr–Mo low-alloy heat-resistant steel

(2.25Cr-1Mo-0.25 V) has replaced 2.25Cr-1Mo steel

serving as the material of choice for high-temperature

high-pressure hydrogen-bearing equipment, mainly

due to its superior high-temperature strength and

better resistance to hydrogen attack [5, 6].

Since 2.25Cr-1Mo-0.25 V steel ring shell has to

operate under harsh conditions (especially elevated

temperature and high pressure) for a long time, creep

damage needs to be considered in the equipment

design and reliability analysis [1, 4, 7]. As we all

know, manufacturing inevitably changes material

properties; hence, the creep performance of ring shell

is expected to be very different from virgin plate.

Fig. S1 depicts the fabrication procedure of heavy-

wall plate-bending 2.25Cr-1Mo-0.25 V steel ring

shell. Virgin plate (VP) is firstly heated to 650 �C,
then bended into a ring shell in several minutes,

followed by multi-layer submerged-arc welding and

finally tempered at 705 �C for 8 h. For finished ring

shell (FRS), the weld is generally regarded as a weak

link, so its effect on the creep resistance of 2.25Cr-

1Mo-0.25 V steel has attracted extensive attention

from researchers. Song and his co-workers [8, 9]

carried out a series of creep rupture tests on 2.25Cr-

1Mo-0.25 V steel plate and its weld after tempering.

Their results indicated a superior creep resistance of

weld metal (WM) than base metal (BM) under 550 �C
and 275–375 MPa. Elsewhere, using the digital image

correlation (DIC) technique, Chu et al. [10] studied

the heterogeneous creep behavior of 2.25Cr-1Mo-

0.25 V steel plate welded joints under 455 �C and

400/420 MPa. According to their findings, the heat-

affected zone (HAZ) has the highest steady-state

creep rate, followed by BM, while WM shows the

lowest steady-state creep rate. More related literature

can be found in [11, 12]. In addition to welding,

2.25Cr-1Mo-0.25 V steel also encounters non-negligi-

ble deterioration during warm bending. Li et al.

[13, 14] reported that warm bending induces a great

J Mater Sci (2023) 58:3802–3824 3803



strength decline of 2.25Cr-1Mo-0.25 V steel plate.

Wang et al. [15] found that 660 �C plastic deforma-

tion increases the hydrogen embrittlement suscepti-

bility of 2.25Cr-1Mo-0.25 V steel plate. However, at

present, there is a paucity of studies concerning how

warm bending affects the creep performance of

2.25Cr-1Mo-0.25 V steel plate. Thus, a better under-

standing of the damage mechanisms of warm bend-

ing and its implications for creep failure of 2.25Cr-

1Mo-0.25 V steel is required to improve the accuracy

of structure integrity assessment.

So far, a lot of research has been conducted on how

various damage modes (e.g., loading mode, service

environment, manufacturing process, etc.) affect the

creep behavior of heat-resistant steels. Zhang et al.

[16] investigated the effect of creep-fatigue interac-

tion damages on creep properties of P92 steel and

found that the creep resistance of P92 steel is signif-

icantly degraded by creep-fatigue loading. Král et al.

[17] studied the impact of pre-deformation on creep

strength of 9%Cr steel and pointed out that severe

plastic deformation could greatly soften this material.

Chaudhuri et al. [18] revealed that thermal aging and

pre-strain degrade the creep properties of 2.25Cr-

1Mo steel, where carbide coarsening is proved to be

the dominant mechanism. Hosseini et al. [19] sys-

tematically evaluated the influence of prior tensile

and compressive deformation on subsequent creep

response of 10%Cr steel and found that tensile pre-

loaded specimens exhibit higher creep rate compared

to compressive ones. Rui et al. [20] investigated a

retired CrMoV bainitic gas turbine rotor and found

the long-term service exposure could increase the

creep strength of CrMoV steel but decrease the creep

ductility. More related literature can be found in

[21–23].

It is a common lore that the creep performance

degradation of heat-resistant steels has its roots in the

microscopic damages and defects. Recently, electron

backscatter diffraction (EBSD) and three-dimensional

high-resolution X-ray computed tomography (3D l-
XCT) have been extensively used in damage evalua-

tion and failure analysis across a range of materials.

For instance, Rui et al. [24] employed EBSD to

quantity the creep damage of grains in austenitic

stainless steel; Wang et al. [25] used EBSD to char-

acterize the creep-fatigue damage in GH4169 super-

alloy; Guo et al. [26] applied high frame rate 3D l-
XCT to SA508 class 3 reactor pressure vessel steel to

clarify the different behaviors between voids induced

by large and small inclusions under tensile defor-

mation; Wang et al. [27] utilized 3D l-XCT quasi

in situ measurement to investigate the hydrogen-as-

sisted void damage behaviors in 7075 Al alloy during

plastic deformation. More related literature can be

found in [25, 28–35]. However, to the extent of our

knowledge, the two powerful characterization

approaches are still scarcely applied to 2.25Cr-1Mo-

0.25 V steel. Thus, EBSD and 3D l-XCT should be

adopted to characterize the microscopic defects

caused by warm bending, which might provide bet-

ter avenues for understanding damage mechanisms

of 2.25Cr-1Mo-0.25 V steel.

In this work, a comprehensive investigation was

conducted to clarify the impact of warm deformation

on the creep resistance and microstructure of 2.25Cr-

1Mo-0.25 V steel. Our test materials were extracted

from an actually manufactured 2.25Cr-1Mo-0.25 V

steel ring shell and its virgin plate. At first, a series of

uniaxial creep rupture tests were carried out under

482 �C and 350 MPa. The difference in creep defor-

mation and rupture behaviors between VP and FRS

was analyzed. Moreover, the inhomogeneous creep

performance along the thickness direction of FRS was

also revealed and discussed. Secondly, warm bend-

ing induced microstructural degradation was care-

fully characterized by SEM, EDS, EBSD and 3D l-
XCT. The functional deterioration characteristics,

including carbide coarsening, grain softening, intra-

granular lattice distortion and micro-void prolifera-

tion, were identified and discussed. Finally, a

possible degradation mechanism of warm bending

was proposed based on obtained experimental

observations.

Materials and methods

Material preparation

Figure 1 illustrates a full procedure of material

preparation. Test materials were cut from an actually

manufactured 2.25Cr-1Mo-0.25 V steel ring shell and

its raw plate provided by Lanzhou Lanshi Heavy

Equipment Co., Ltd. Details are given in Table 1. For

conciseness, we hereafter refer to the test ring shell as

FRS and the test plate as VP. The circumferential

direction, radial direction and axial direction of FRS

correspond to the rolling direction (RD), normal

direction (ND) and transverse direction (TD) of VP,
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respectively. To avoid confusion, RD, ND and TD are

utilized to describe the material coordinate of both

VP and FRS. Since the influence of welding was not

thematized in this work, the welding heat-affected

zone of FRS was excluded. That is to say, the inves-

tigated FRS materials here encountered only warm

bending and tempering. The specific sampling posi-

tions are given in Fig. 1b. In the supplementary part,

the mechanical strength and microstructure of sur-

face region, 1/4 thickness position (1/4t) and center

region of virgin plate were provided. As can be

found, VP displays homogeneous mechanical and

microstructural property distributions along its

thickness direction (i.e., ND). Thus, we used the

materials at 1/4t to represent VP materials. As for

FRS, the materials at outer, neutral and inner surfaces

were all sampled for following experiments.

Creep rupture tests

Creep rupture tests were carried out at 482 �C and

constant load corresponding to initial stress levels of

350 MPa. The creep testing operations were in

accordance with Chinese standard GB/T 2039-2012

[36]. According to Nelson Curve in API RP 941 [37],

the temperature limit of 2.25Cr-1Mo-0.25 V steel

decreases with the increase in hydrogen partial

pressure. When the hydrogen partial pressure

exceeds * 13 MPa, the temperature limit of 2.25Cr-

1Mo-0.25 V steel decreases to 510 �C and remains

Figure 1 Preparation procedure of test materials: a manufacturing process of test ring shell, b sampling positions of test materials (unit:

mm).

Table 1 Specifications of test

materials Test ring shell

Raw material (i.e., virgin plate) SA542 Type D Cl. 4 (930 �C normalized ? 720 �C tempered)

Chemical composition (wt%) C Cr Mo V Ni Mn Si P S Fe

0.12 2.40 0.99 0.32 0.11 0.55 0.05 0.002 0.001 Bal

Forming operation Warm bending at 650–675 �C
Post weld heat treatment 705 �C 9 8 h

Inner diameter (mm) 2400

Thickness (mm) 152

Length (mm) 1700

Usage status Brand new
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unchanged. But the maximum design temperature of

2.25Cr-1Mo-0.25 V steel is limited to 482 �C by ASME

BPVC-VIII-2 Code [38]. More details can be found in

API Technical Report 934-B [39]. Nowadays, more

and more hydro-processing equipment is designed

with 482 �C [6], but their actual working temperature

is much lower (mainly around 450 �C). Although,

considering the test cost, we selected 482 �C as test

temperature. To shorten the test time, a high stress

level was also chosen. The dimensions of creep

specimens are depicted in Fig. 2a. Notably, creep

stress was controlled by a constant load applied by

Changchun Qianbang QBR-100 high-temperature

creep testing machine. Although some increase in

stress will occur during the accelerated creep stage,

constant load creep tests are still widely used [8–12].

Microstructure characterization

Metallographic samples (10 9 10 9 3 mm3) were cut

from test materials without creep using a wire electric

discharge machine (WEDM), as shown in Fig. 2b. The

observed sections were gradually ground with

60–2000 SiC papers, polished with 1 lm diamond

paste and cleaned with acetone. Thereafter, some of

metallographic samples were etched with 4% nitric

alcohol solution and observed by SEM (ZEISS Gem-

iniSEM 500), while the others were vibro-polished

and used for EBSD measurements (Oxford Symmetry

S3).

X-ray computed tomography (3D l-XCT)

For the purpose of cavity damage analysis, X-ray

tomography based on phase contrast with high spa-

tial resolution was adopted. The measurements were

conducted by the device of Phoenix Nanotom M

(General Electric, America) equipped with a high-

resolution detector (3072 9 2400 pixels). To optimize

the X-ray transmittance, needle-shaped samples

(U1 9 10 mm3) were cut from test materials without

creep by WEDM, as shown in Fig. 2c. Constrained by

the size of the detector, higher spatial resolution

means a greater geometric magnification and thus a

smaller field of view. Since spatial resolution is more

important for cavity identification, a 188 9 micro-

scope objective with a field of view of approximately

1.8 9 1.4 mm2 was used. That is to say, l-XCT scans

focused on the center regions of these needle-shaped

samples (U1 9 1.4 mm3, see the yellow rectangle in

Fig. 2c). The l-XCT scan parameters were optimized

by trial and error. Specifically, scanning was per-

formed at 80 kV tube voltage and 145 lA tube cur-

rent; 1250 projections were collected with an

exposure time of 1.67 s; low-energy X-rays were fil-

tered with a 1 mm aluminum filter. For each sample,

the acquired tomographic dataset (* 11 GB)

Figure 2 Machining procedure of a creep specimens, b metallographic samples and c CT samples (unit: mm).
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comprised 1250 X-ray transmission projections, and

the tomographic reconstruction was performed based

on a filtered back-projection algorithm provided by

the phoenix datosix CT software. The voxel size of

reconstructed 3D volumes was 700 9 700 9 700 nm3.

Cavity segmentation and characteristic
analysis

Cavity defect analysis was implemented using VG

Studio MAX 3.4 software. For a better comparison, a

unified region of interest (ROI) with a size of

U0.8 9 1 mm3 was extracted from the reconstructed

3D image set of each l-XCT sample, as depicted in

Fig. 3. Generally, cavity defects have much lower

X-ray mass attenuation coefficients than solid phases,

so darker features in the ROI can be recognized as

voids. Indeed, when reading the gray value distri-

bution of ROI, one could find dual peaks: the first

peak with lower gray values captures the void

defects, and the second peak with higher gray values

denotes the solid phases. As a consequence, grayscale

thresholding was employed here for cavity segmen-

tation, and the specific threshold value of each ROI

was determined by the intersection of the two

humps. Figure 4 gives a typical example of grayscale

threshold selection for clarity. As can be seen, thin

solid lines here accurately outline the boundary of

cavity, indicating an acceptable accuracy of segmen-

tation. It should be noted that small cavity like a

single voxel can be affected by noise in the CT data

[40]. Hence, the smallest distinguishable 3D defect

that can be resolved with confidence is generally

taken as about 3 times the pixel size [41]. Accord-

ingly, only cavities larger than 27 voxels were inclu-

ded in detailed quantitative analyses.

The above segmentation provided the binary ima-

ges of solid phases and void defects for further

analysis. In order to quantify the void characteristics,

some representative parameters (i.e., number density,

volume fraction, equivalent sphere diameter, cir-

cumscribed sphere diameter, sphericity, elongation

and flatness) were statistically analyzed based on the

defect data from the l-XCT tests. Their definitions

and calculations could be found in many literatures

[42, 43].

Results

Creep deformation and rupture behaviors

Figure 5 shows the creep strain curves of VP and FRS

materials, and their average steady-state creep rates

are listed in Table 2. As can be seen, FRS specimens

exhibit a significant performance degradation com-

pared to VP specimens. Specifically, the creep life-

time of VP specimens is about 1100 h, while that of

FRS specimens decreases by 19–76% (ranging from

264 to 908 h). Moreover, the steady-state creep rate of

FRS specimens (ranging from 1.02 9 10–8 s-1 to

3.88 9 10–8 s-1) is much higher than that of VP

specimens (c.a. 0.57 9 10–8 s-1). The secondary stage

creep of VP specimens reaches 800 h occupying more

than 70% of their creep life, while the secondary stage

creep of FRS specimens is no longer than 400 h which

occupies less than 50% of their creep life. From the

above results, we speculate that warm bending trig-

gers significant degradation on 2.25Cr-1Mo-0.25 V

steel which cannot be fully recovered by current

tempering.

In addition, Fig. 5 and Table 2 also suggest an

inhomogeneous distribution of creep resistance in

FRS along the thickness direction. In our creep rup-

ture tests, the neutral surface materials (average

creep life = 899 h) have the longest creep life,

Figure 3 Extraction strategy

of a unified ROI for cavity

analysis.
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followed by the inner surface materials (average

creep life = 430 h), while the outer surface materials

(average creep life = 267 h) exhibit the worst creep

property. Regarding the steady-state creep rate, cen-

ter materials are also superior than surface materials.

For instance, the average steady-state creep rate of

outer surface materials is 4 times as high as that of

neutral surface materials. The decreased behavior of

creep life at different thickness positions of FRS

implies three distinct damage states induced by

warm bending: tension deformation damage, com-

pression deformation damage and tension–compres-

sion transition damage. In this work, the greatest

reduction in creep life is caused by the tension

deformation, followed by compression deformation,

while the tension–compression transition damage has

little influence.

Figure 4 Determination of grayscale threshold value for cavity segmentation in the outer surface of FRS.

Figure 5 Creep strain curves

of VP and FRS materials.

Table 2 Average steady-state

creep rate of VP and FRS

materials

Sampling position Average steady-state creep rate (10–8 s-1)

1/4t (VP) 0.57

Outer surface (FRS) 3.88

Neutral surface (FRS) 1.02

Inner surface (FRS) 1.91
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Microstructure characteristics by SEM, EDS
and EBSD

Figure 6 shows SEM images of VP and FRS materials.

Here, the gray matrix is ferrite (FM), the island-

shaped uplift is a complex phase of martensite and

retained austenite (M-A island), the slightly uplifted

stripes are the grain boundaries of prior austenite

(PAGBs), and the white particles are dispersed car-

bides (such as MC and M23C6). Overall, the carbide

quantity of FRS materials is slightly higher than that

of VP material. Furthermore, the carbides at PAGBs

and FM were characterized at higher magnifications

(see the insets referred by Regions I and II in Fig. 6).

As can be seen, most carbides in VP material are

dispersed in the matrix without obvious grain

boundary segregation, whereas some quantities of

carbides (c.a. 150 nm) can be observed uniformly

distributed along grain boundaries in FRS materials.

Also, there are more clusters of large-size precipitates

(c.a. 100 nm) in the FM of FRS materials than VP

material.

For quantitative analysis, Fig. 7 gives the statistical

results of carbides in Fig. 6. The carbide identification

was carried out by Image-Pro Plus 6.0 software which

is widely used for quantitative analysis of grains,

precipitates or voids [14, 15, 44]. Here, the precipi-

tates below 4 pixels were considered noise and not

included in the statistics. Many studies [45, 46]

reported, when carbides grow above 60 nm, their

pinning effect on dislocations will be greatly reduced.

Therefore, the carbides here were pre-divided into

two categories (i.e., small size and large size), and

60 nm equivalent circle diameter (Dequ) was used as

critical value. As can be seen, there are more small-

size carbides in VP material than in FRS materials,

while the situation is reversed for large-size carbides.

This suggests, a part of fine carbides in VP material

grow and coarsen during warm bending and subse-

quent tempering. In FRS, central and surface regions

exhibit a similar size distribution of carbides.

In these SEM images (see the insets of Region II in

Fig. 6), the point-like carbides (c.a. 10–60 nm) are

thought to be vanadium-rich carbides (MC) which

were also observed by Takeda Hiroyuki [47] in

2.25Cr-1Mo steel and evidenced to be prolongedly

stable under high temperatures. The large carbides

with irregular round, oval or rhomboidal shapes are

likely to be chromium-rich precipitates (M7C3 or

M23C6), which are relatively prone to coarsening

under the drive of temperature [48]. EDS analysis

was carried out on a cluster of * 150 nm precipitates

in the outer surface of FRS. The result (see Fig. 8)

corroborates, these large-size precipitates are enri-

ched in chromium, which gives indirect proof that

they are M7C3 or M23C6. The good creep resistance of

2.25Cr-1Mo-0.25 V steel is mainly attributed to the

stable dispersion of fine MC carbides [45] and is also

Figure 6 SEM images of VP and FRS materials before creep: a 1/4t of VP, b outer surface of FRS, c neutral surface of FRS and d inner

surface of FRS.
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due to in matrix solid solution alloying elements (Cr,

Mo, V, Ti and Ni, etc.) [49]. The former acts as strong

obstacles for dislocation motion, while the latter

improves the matrix plastic resistance. The growth

and coarsening of M7C3 or M23C6 were widely

investigated in the thermal or thermo-mechanical

process of 2.25Cr-1Mo-0.25 V steel (such as hot

forming [50], normalizing [51] and tempering [52]).

Although the carbide evolution of 2.25Cr-1Mo-0.25 V

steel during warm bending and subsequent temper-

ing is not well understood, it can be deduced that the

conversion of MC to M7C3 or M23C6 and their

coarsening simultaneously occur during this period.

Thereby, the deleterious effects on solution

Figure 7 Carbide statistics of VP and FRS materials before creep (calculated based on Fig. 6): a 1/4t of VP, b outer surface of FRS,

c neutral surface of FRS and d inner surface of FRS.

Figure 8 EDS analysis of a * 140 nm carbide cluster in the FM of FRS.
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strengthening and dispersion strengthening caused

by carbide behaviors may preliminary explain the

great loss of creep life of FRS compared to VP.

Figure 9 (up-side) shows the inverse pole fig-

ure (IPF) maps of VP and FRS materials. The black

solid lines represent the high-angle grain boundaries

(C 15�, HAGBs), and the gray ones indicate the low-

angle grain boundaries (2�–15�, LAGBs). As can be

observed, the 1/4t materials of VP and the central

materials of FRS are quite similar in grain morphol-

ogy and orientation, and mainly exhibit HAGBs. As

for surface regions of FRS, many LAGBs are

observed, and the grains of outer and inner surface

materials are circumferentially deformed, especially

those marked in green. Specifically, the grains of

outer surface materials are elongated circumferen-

tially, whereas the grains of inner surface materials

are compressed circumferentially (also appearing as

radially elongated). This corresponds to warm

bending induced inhomogeneous plastic deformation

along the thickness direction of FRS. That is to say, in

FRS, the central area is the low deformation zone for

grains whereas the surface and near-surface regions

are high deformation zones for grains. Moreover,

recrystallization is not found here, implying the

microstructure evolutions during warm bending and

subsequent tempering are primarily ascribed to strain

strengthening, dynamic recovery and static recovery.

The limited capability of recovery mechanism on

HAGBs may explain the phenomenon that warm

Figure 9 EBSD maps of VP and FRS materials before creep (step size = 0.2 lm, raster = 250 9 250, scan region 1).
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bending induced grain-scale degradation still

remains in the FRS materials (especially in surface

regions).

It is well acceptable that {110}\ 111[ slip,

{112}\ 111[ slip and {123}\ 111[ slip are the

dominant deformation modes of body-centered cubic

(BCC) single crystals. They also play a pivotal role in

the plastic deformation behavior of BBC polycrys-

talline metals. Therefore, based on the obtained EBSD

data, Schmid factor (SF) maps for {110}\ 111[ ,

{112}\ 111[ , {123}\ 111[ slip systems of VP and

FRS materials were calculated, as shown in Fig. 9

(down-side). The stress axis used for SF calculation is

in line with the creep rupture test, that is, along RD of

test materials (see horizontal direction in Fig. 9). And

each pixel displays the maximum SF value of 12 (or

24) equivalent slip systems. A larger SF value refers

to a softer crystallographic orientation, meaning a

higher probability of activation of the corresponding

slip system. Obviously, most of grains in VP material

are biased toward hard orientation whereas the sit-

uation for FRS materials is the opposite. For FRS, soft-

oriented grains dominate the surface regions, while

the numbers of hard- and soft-oriented grains are

essentially comparable in the central region. More-

over, Fig. 10 depicts the area fraction of hard- and

soft-oriented grains in VP and FRS materials. Here,

the SF of 0.4 was utilized as the cut-off value [53], and

to make our analysis more convincing, the EBSD data

of another 50 9 50 lm2 scan areas (see in the sup-

plementary materials) were also involved. Appar-

ently, for all of three slip systems, the hard-oriented

grains show a higher area fraction in VP material

than in FRS materials. As for FRS materials, the center

has the higher area proportion of hard-oriented

grains than the outer and inner surfaces. In surface

regions of FRS, soft-oriented grains occupy almost

95% of the area. Based on the above analysis, one

could speculate that VP material is more resistant to

creep deformation than FRS materials. And in the

FRS, the creep resistance of center material is thought

to be higher than that of surface materials, which

differs from the conventional wisdom that thick-

walled structures have the weakest center. This could

also well explain the different steady-state creep rates

of VP and FRS materials (see Table 2).

Cavity characteristics by 3D l-XCT

Figure 11 displays the 3D visualization of micro-void

segmentation in VP and FRS materials before creep,

and the void population is colored according to their

equivalent spherical diameter. Obviously, there are

few micro-voids in the VP material, while the surface

regions of FRS exhibit much more cavities, which

could be ascribed to the fabrication damage.

Figure 10 Area fraction of

hard- and soft-oriented grains

in VP and FRS materials

before creep:

a {110}\ 111[ slip system,

b {112}\ 111[ slip system

and c {123}\ 111[ slip

system.
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Specifically, the highest number density of void is

found for the outer surface of FRS (573 mm-3), fol-

lowed by inner surface of FRS (300 mm-3), and the

VP material shows the lowest number density of void

(107 mm-3). Analogously, the void volume fraction

maximizes at 0.0174% for the outer surface of FRS,

the inner surface of FRS is the second (0.0113%), and

VP material has the lowest void volume fraction

(0.0022%). It can be found that the number density

and volume fraction of voids in the FRS’s outer sur-

face material are almost 5 and 8 times higher than

those in the VP material, respectively. In contrast, the

creep rupture time of the former is less than a quarter

of that of the latter (see ‘‘Creep deformation and

rupture behaviors’’ Section), which is likely linked

with the cavity proliferation during warm bending.

As discussed in ‘‘Creep deformation and rupture

behaviors’’ Section, no recrystallized grains have been

observed in all test materials; thus for RFS materials,

these forming induced micro-voids are considered to

be incurable by 705 �C 9 8 h tempering. That is to

say, warm bending will generate a large number of

micro-defects in 2.25Cr-1Mo-0.25 V steel, leading to a

remarkable creep resistance deterioration of ring

shell.

Figure 12 shows the size distributions and mor-

phology characteristics of voids in VP and FRS

materials without creep. From Fig. 12a and b, it can

be found that the equivalent and circumscribed

sphere diameters of void population in all test

materials exhibit similar distributions and can be well

described by normal fitting. The equivalent sphere

diameter of voids mainly ranges from 3 to 10 lm in

VP material, while that of FRS materials is concen-

trated in 3–15 lm. Compared to VP, the increase in

3–10 lm and 10–15 lm voids in FRS suggests the

nucleation and growth of cavities during warm

bending, respectively. Although compressive defor-

mation is generally considered to have an inhibitory

effect on defects, statistical analysis shows that there

are still more micro-voids in the inner surface of FRS

than in VP, which may be attributed to the stress

triaxiality induced by warm bending. Notably, for the

inner surface of FRS, warm bending mainly increases

the voids between 5 and 15 lm, but less voids below

5 lm are generated than the outer surface of FRS,

suggesting that the cavity formation is somewhat

depressed in the compression zone of FRS. Similar

findings can be easily inferred from the void cir-

cumscribed sphere diameter distribution. As for the

morphological parameters of voids, their distribu-

tions also conform to the normal law. Specifically, for

the cavity population of VP and FRS, sphericity

mainly distributes at interval of 0.5–0.7, elongation is

concentrated in 1–2, and flatness ranges from 1 to 1.5.

That is to say, before creep, the cavities in VP and FRS

are mainly sub-globose and ellipsoidal, and the latter

accounts for the majority. The average void sphericity

values of FRS materials are a little higher than that in

VP, and their distributions are slightly deflated

toward the high values (see Fig. 12c). The average

elongation and average flatness of voids in FRS both

show a decline compared with VP, and a range

contraction toward lower values is also discerned for

them (see Fig. 12d and e). Considering a consensus

that void nucleation tends to sprout into sphere, the

different void morphologies between VP and FRS

further corroborate void generation during warm

bending.

Figure 11 l-XCT volume

rendering of voids in VP and

FRS materials before creep:

a 1/4t of VP, b outer surface of

FRS and c inner surface of

FRS.
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As is well known, micro-voids provide a particu-

larly strong effect on the creep behavior of metals

[54], and their behaviors (i.e., nucleation, growth and

coalescence), thereby, have been widely investigated

[55, 56]. Considering the cup-and-cone fracture of all

creep rupture specimens, the ductile fracture mech-

anism dominated in our short-time creep tests. To

date, numerous studies have demonstrated that there

is a critical cavity volume fraction for the coalescence

of voids which is the final stage in the ductile fracture

of metals. In other words, the space between voids

becomes smaller as the void volume fraction

increases; when the critical value is reached, the

linking of voids can occur, leading to a rapid failure.

Therefore, compared to VP, the increase in void

density in FRS is speculated to accelerate the creep

cavity evolution of 2.25Cr-1Mo-0.25 V steel. Strong

evidence can be found in Figs. 13 and 14. The former

displays the spatial distribution of voids in VP and

FRS materials with 200 h creep, and the latter gives

their detailed void characteristics. Apparently, after

200 h creep, the outer surface of FRS shows much

more voids than VP. The number density of cavities

at the outer surface of FRS (1900 mm-3) is almost 7

times that of VP (275 mm-3). Likewise, the volume

fraction of cavities at the outer surface of FRS

(0.0203%) is over 3 times that of VP (0.0062%).

Moreover, the equivalent and circumscribed sphere

diameters of voids in the outer surface of FRS pri-

marily concentrated in the size interval of 4–6 lm
and 5–10 lm, respectively, while VP shows a com-

paratively homogeneous void size distribution over a

wider range. This suggests that the higher void

number density of FRS is attributed to the increase in

smaller voids and indicates a faster creep cavity

proliferation in FRS. Moreover, the shape distribution

of voids in VP and FRS materials supports above

speculation as well. As can be found in Fig. 14c and

d, despite 200 h creep, these parameters still conform

to the normal distribution well. In contrast to VP, the

Figure 12 Void characteristics of VP and FRS materials before creep: a equivalent spherical diameter, b circumscribed sphere diameter,

c sphericity, d elongation and e flatness.

Figure 13 l-XCT volume rendering of voids in VP and FRS

materials after 200 h creep (the applied stress is along the vertical

direction): a 1/4t of VP and b outer surface of FRS.
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outer surface of FRS exhibits a slightly higher average

void sphericity, and its void sphericity distribution is

expanded toward higher values (see Fig. 14c). As

opposed, the elongation and flatness of voids in the

outer surface of FRS show lower average values in

comparison with VP, and their peaks in FRS are

shifted toward lower values as well. This void

geometry difference is observed to occur as an indi-

rect result of the easier spherical creep cavity for-

mation in FRS than in VP.

From another perspective, our l-XCT results reveal

creep cavity evolution in VP and FRS materials.

Considering that the outer surface of FRS has the

shortest creep rupture time among all tested materi-

als, the following focuses on its creep cavity behav-

iors. For clarity and credibility, we reorganize the

aforementioned relevant l-XCT characterization

results, and provide additional data of the outer

surface of FRS with 50 h creep, as shown in Fig. 15.

Apparently, in the creep time range from 0 to 200 h, a

longer creep aging leads to a linear increase in the

number density and volume fraction of void (see

Fig. 15b). Taken macroscopic creep behavior into

consideration, the primary creep regime is little and

thus can be neglected, whereas the followed steady-

state creep regime lasts for * 200 h and occupies the

majority of creep life (* 267 h). Therefore, one can

say that the creep cavity damage develops linearly in

the steady-state creep regime. Note that, creep dam-

age is well known to accelerate drastically in the

tertiary creep regime, but is not involved here for its

relatively shorter duration. In terms of void size, the

average circumscribed sphere diameter decreases

monotonically with the increasing creep time, which

can be ascribed to the continuous formation of

smaller voids with the circumscribed sphere diame-

ter of 5–10 lm (see Fig. 15c). For the outer surface of

FRS after 200 h creep, apart from the sharp peak,

there is an additional hump at the circumscribed

sphere diameter of * 15 lm (see red circles in

Fig. 15c). Despite the small absolute amount, this

weak hump still implies a non-negligible void

growth behavior as well as its coexistence with

dominant proliferation in the steady-state creep

regime. Besides, no ultra-large cavities (over 50 lm
here) or so-called micro-cracks are observed in our l-
XCT results, suggesting void coarsening has not

occurred yet. In other words, void linking is not

markedly activated in the secondary creep stage,

which coincides with domain knowledge. When it

Figure 14 Void characteristics of VP and FRS materials after 200 h creep: a equivalent spherical diameter, b circumscribed sphere

diameter, c sphericity, d elongation and e flatness.
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comes to void shape, the selected shape parameters

all behave differently (see Fig. 15d–f). The average

void sphericity rises from 0.53 to 0.62 after initial 50 h

creep and remains stable during followed creep

aging (up to 200 h). As creep time increases, the void

sphericity distribution continuously concentrates

toward higher values. For 50 h and 200 h crept

materials, almost 80% of the voids are close to either

spherical or ellipsoidal, and situated in the sphericity

range of 0.6–0.7. The average void elongation shows a

trend of rising first and then falling with longer creep

time (up to 200 h). The comparison of void elonga-

tion distributions after 0 h and 50 h creep reveals a

slight decrease in voids with elongation less than 1.4,

but a marked increase in voids with higher elonga-

tion, especially the ones with elongation over 2. On

the one hand, this implies a change trend of void

shape from quasi-sphere into prolate ellipsoid; on the

other hand, for shorter creep times, void growth is

more pronounced than void generation. In the sub-

sequent creep damage process (that is, from 50 to

200 h), there is a dramatic increase in voids with

elongation below 2, but no significant change is

observed in voids with higher elongation. Hence, one

can conjecture that void formation is more pro-

nounced than void growth with the development of

steady-state creep. Last but not least, the average

void flatness is roughly constant for 0 h, 50 h and

200 h creep aged samples. Their void flatness

distributions are all concentrated in the range of

1–1.5, which means no broadly ellipsoidal cavities or

flat micro-cracks are formed in the secondary creep

regime. Many studies have reported that large creep

cavities with complex shape occur in the secondary

and tertiary stages of brittle creep, such as diffusion

creep [57]. The absence of such voids may be attrib-

uted to the ductile fracture mechanism under 482 �C
and 350 MPa creep loading on the one hand, and the

limited cavitation capacity of decay and steady-state

creep on the other hand.

Discussion

Qualitative analysis on microstructural
degradation caused by warm bending

From the experimental analysis given above, the

microstructural degradation caused by warm bend-

ing can be preliminary elucidated. The microstruc-

ture of 2.25Cr-1Mo-0.25 V steel has been widely

investigated [8, 9, 13, 14]. Despite of some differences

in these investigations, carbides are well agreed to

play a fundamental role in the thermo-mechanical

properties of 2.25Cr-1Mo-0.25 V steel. Based on our

SEM observations in this work (see Fig. 6), the fol-

lowing carbide behaviors can be revealed. In VP, a

large number of small-size carbides are dispersed in

Figure 15 Creep cavity evolution in the outer surface of FRS: a number density, b volume fraction, c circumscribed sphere diameter,

d sphericity, e elongation and f flatness.
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the ferritic matrix, some large-size carbides are clus-

tered, and few carbides are segregated at grain

boundaries. After warm bending and subsequent

tempering, these carbides are overall coarsened,

severely clustered and undesirably segregated. Sim-

ilar carbide behaviors were also reported in the

660 �C forming process of 2.25Cr-1Mo-0.25 V steel

plate by Wang [15] and 705 �C tempering process of

2.25Cr-1Mo-0.25 V steel casting by Jiang et al. [52].

Although the specific carbide evolution during the

integrated process of warm bending and tempering

has not been fully understood yet, Ostwald ripening

of fine particles may explain these carbide behaviors.

In detail, when the small-size carbide population

reaches its equilibrium amount at a certain temper-

ature, the coarsening of large-size carbides takes

place at the expense of small-size ones [11]. Addi-

tionally, a strain-induced precipitation phenomenon

was found in the hot deformation process (over

900 �C) of 2.25Cr-1Mo-0.25 V steel forging by Wang

[50], but no significant difference in carbides between

the surface and center materials of FRS is observed

here. This can be attributed to the relatively low

plastic deformation in the surface regions of 152 mm

thick ring shell (below * 10%).

Apart from carbides, dislocation also has a critical

impact on creep performance of 2.25Cr-1Mo-0.25 V

steel plate. Since the normalizing and tempering

treatments after hot rolling, the dislocation density in

VP is relatively low. As reported in [15], the dislo-

cation density of 2.25Cr-1Mo-0.25 V steel plate rises

with larger 660 �C plastic deformation (up to 5%),

owing to the competitive mechanism of strain hard-

ening and dynamic recovery. In the strain hardening

mechanism, dislocation generally proliferates, moves,

interacts with carbides, tangles with each other, piles

on at grain boundaries and so on, leading to

numerous lattice defects. In the dynamic recovery

mechanism, dislocation rearrangement and

annihilation take place to reduce lattice distortion.

During warm bending, the surface regions of FRS

have a comparatively high plastic deformation and

thus strain hardening occupies a preponderant place,

whereas the central region of FRS undergoes little

plastic deformation and hence dynamic recovery

dominates. Our EBSD results show, compared to VP,

there is an apparent LAGB increase in the outer and

inner surface regions of FRS but a marked LAGB

decline in the central region of FRS. As we all know,

LAGBs correlate with the degree of intragranular

distortion, which indirectly reflects the dislocation

density. For our test ring shell, the current tempering

cannot completely cure the warm bending induced

dislocation defects in the surface regions. It is well

accepted for 2.25Cr-1Mo-0.25 V steel that the reduc-

tion of dislocation density during tempering is

accompanied by material softening [14]. That is to

say, the warm bending induced inhomogeneous

dislocation density distribution can be alleviated via

prolonger tempering treatment at the expense of

strength loss.

Last but not least, warm bending also promotes the

formation of micro-voids as probed by 3D l-XCT.
The void behaviors during plastic deformation of

metal materials have been studied for more than

40 years [58]. As is well known, cavity initiation sites

within the microstructure are generally associated

with hard secondary phase particles [59]. The mis-

match between deformation responses of ferrite

matrix (soft phase) and precipitates (hard phase) is

one of the most important causes of void nucleation

in the warm bending process of 2.25Cr-1Mo-0.25 V

steel. There are two typical ways for void nucleation:

a debonding of the matrix/particle interface or par-

ticle cracking [60]. Here, we focus on the former as it

is more common in carbides with Dequ\ 1 lm. For

submicron-scale carbides, void nucleation shows a

strong dependency on carbide size [26]. The bonding

Figure 16 CT images of

typical voids in FRS materials

after 200 h creep.
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energy of matrix/carbide interface decreases with

increasing carbide size, so voids are prone to nucleate

at larger carbides. Figure 16 presents some CT ima-

ges of typical voids in FRS materials after 200 h creep.

As for smaller carbides, warm bending induced dis-

location pile-up can increase their near-field stress

and thus facilitate the breaking of the matrix/carbide

interface [60]. Taken together, both small- and large-

size carbides in 2.25Cr-1Mo-0.25 V steel serve as

nucleation sites, and the plastic strain generated by

warm bending acts as the driving force for

nucleation.

Possible correlation between creep
resistance degradation and warm
deformation

The creep rupture tests of VP and FRS materials

reveal that warm bending leads to an inhomogeneous

degradation in the creep resistance of large thickness

2.25Cr-1Mo-0.25 V steel plate along the normal

direction which cannot be completely erased by

subsequent 705 �C 9 8 h tempering. This residual

inhomogeneous deterioration effect should be traced

back to the inhomogeneous microstructural degra-

dation generated by warm bending. The degradation

characteristics caused by warm bending have been

carefully discussed in ‘‘Qualitative analysis on

microstructural degradation caused by warm bend-

ing’’ Section, but it still remains unclear how warm

deformation affects the creep behavior of 2.25Cr-

1Mo-0.25 V steel at the microscopic scale. The exact

mechanism could not be fully clarified yet since there

are few related investigations on 2.25Cr-1Mo-0.25 V

steel and our experimental observations here are still

limited. Nevertheless, some possible underlying

correlations are discussed below.

As viewed from the dislocation creep mechanism,

the creep resistance of metals has largely linked to

their resistance to thermally activated dislocation

motion [61]. When it comes to 2.25Cr-1Mo-0.25 V

steel, its good creep strength is mainly attributed to

the effective pinning force of fine carbides that are

stably dispersed in ferrite matrix over a long term,

especially the vanadium-rich carbide MC [45]. Our

SEM analysis confirms the growth and coarsening

behaviors of nanoscale precipitates during warm

bending. The larger precipitates are less stable than

the smaller one and more likely to coarsen under

creep exposure, as observed in many CrMoV steels

[49]. After a certain creep duration, the size of pre-

cipitates in FRS is thus rationally presumed to be

larger than that in VP. The ability of carbides to sta-

bilize dislocation structure decreases with their

increased size [11]. Therefore, when a certain load is

applied, the dislocations in FRS materials are thought

to move more easily than these in VP material, which

manifests as a higher creep strain rate of FRS mate-

rials compared to VP material. Moreover, the growth

and coarsening of precipitates also consume a huge

amount of solid solution alloying elements in the

ferrite matrix (such as Cr, Mo, V, Ti and Ni) [62],

making the bainite grains easier to deform. At the

same creep aging time, greater loss of solid solution

elements, namely softer grain matrix, is expected for

FRS materials since their carbides may coarsen more

severely than those in VP. This presumption may

further explain the discrepancy in minimal creep rate

between VP and FRS materials.

From another point of view, the creep rupture

behavior of metals can also be regarded as a ductile

failure process in which cavity evolution plays an

important role. As previously discussed, the different

plastic behavior between soft and hard phases is an

important reason for void nucleation. Our EBSD

analysis finds that warm bending rotates some of the

bainite grains to softer orientations in which sliding

systems are more easily activated. Considering the

heterogeneous plastic strain of various microstruc-

tures under creep load [63], these softer grains are

more likely to suffer plastic strain during prolonged

operation. Consequently, a more severe deformation

mismatch of ferrite matrix and intragranular carbides

is expected in these soft-oriented grains. In other

words, micro-voids prefer to generate within soft-

oriented grains over hard-oriented ones. Based on

this, under a certain creep exposure, the surface

regions of FRS that has the largest number of soft-

oriented grains should suffer most creep cavities,

followed by the central region of FRS, while VP

material is the last. Although direct evidence is not

observed in this work, our l-XCT results in Fig. 13

provide important corroboration to the above con-

jecture. In addition, FRS exhibits higher initial void

number density as well as initial void volume frac-

tion than VP, which is considered to accelerate the

development of creep cavity population. Specifically,

initial voids, especially larger ones, exacerbate the

strain localization in their vicinity, which helps them

continue to expand on the one hand [64] and
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promotes the formation of creep cavities on the other

hand [26]. Furthermore, the higher initial void den-

sity, that is, a smaller inter-void spacing, can advance

the moment of void linking [65] and thus shorten the

duration of creep failure.

In summary, a synergistic effect of multiple

microstructural deterioration induced by warm

deformation, including coarsened carbides,

decreased matrix hardness, intensified carbide/ma-

trix deformation mismatch and increased cavity

defects, could preliminary explain the discrepancy in

creep behavior between VP and FRS as well as the

inhomogeneous creep performance in FRS.

Notwithstanding, it has to be emphasized that our

above arguments have not been evidenced here, and

further exploration is needed. Additionally, the creep

behavior and microstructural damages of 2.25Cr-

1Mo-0.25 V steel at lower temperature and lower

load were not investigated in this work. Therefore,

readers should interpret our findings cautiously

based on this limitation.

Creep life prediction based on machine
learning (ML)

In the past century, a large number of models have

been proposed to predict the creep behavior of vari-

ous metals [66], including time–temperature param-

eter (TTP) method (e.g., Larson-Miller [67], Manson-

Haferd [68], Manson-Succop [69], etc.), damage

parameter method based on continuum creep dam-

age mechanics (CDM) model [70], phenomenology-

based prediction method based on creep curve (e.g.,

h-projection method [71], X-method [72], etc.) and so

on. In engineering practice, despite of limited

extrapolation precision, Larson-Miller equation is

most widely used to convert creep life from high

temperature to low temperature or from high stress

to low stress because of its simplicity.

However, due to the complex mechanism of warm

bending damages, we cannot directly apply these

traditional models to accurately quantify the creep

performance of warm-bended 2.25Cr-1Mo-0.25 V

steel. As an alternative, data-driven approaches may

bring new solutions. In recent years, ML has been

more and more applied on material creep perfor-

mance prediction. For instance, Liu et al. [73]

employed machine learning algorithms to take alloy

composition, temperature, stress, heat treatment

process and several microstructural parameters into

the creep life prediction of Ni-based single crystal

superalloys; Zhang et al. [74] proposed a ML-based

life predictor for 316L steel under creep, fatigue and

creep-fatigue conditions; Zhang et al. [75] utilized

physics-informed neural network (PINN) to intro-

duce domain knowledge into ML models, which was

proved to overcome the conundrum of small creep

dataset; Lu et al. [76] developed multi-fidelity neural

network (MFNN) based on transfer learning [77] and

residual network [78], which offers new avenues for

creep behavior prediction. As can be found, ML

methods can learn the underlying mechanisms from

high-quality small datasets and model complicated

correlations among various factors with little con-

sideration of their physical backgrounds [79].

Based on the above analysis, ML is thought to be

capable of predicting long-term creep life of

deformed 2.25Cr-1Mo-0.25 V steel from short-term

creep rupture data. According to the general work-

flow of ML [80], the warm deformation process, rel-

evant microstructural damages, heat treatment

parameters, creep temperature and creep stress can

be considered into the creep life prediction model of

2.25Cr-1Mo-0.25 V steel. The key to success resides in

building a high-quality experimental dataset for

model training. Thus, acceleration creep tests of

2.25Cr-1Mo-0.25 V steel with different deformation

extents should be performed at different tempera-

tures and stress levels. The application of physics-

informed constraint and transfer learning could

reduce the amount of data required. Notably, we did

not include the specific implementation process of

ML in this work, but provide some ideas for reference

only. Thus, the above arguments have not been evi-

denced here and should be explained with caution.

Conclusions

In this work, the impact of warm bending on the

microstructure and creep behavior of 2.25Cr-1Mo-

0.25 V steel plate was investigated by SEM, EDS,

EBSD, 3D l-XCT and creep rupture tests. Notably,

the creep tests were only performed under 482 �C
and constant load corresponding to initial stress

levels of 350 MPa. Following conclusions can be

drawn.

(1) Warm bending leads to a significant degrada-

tion of creep performance of 2.25Cr-1Mo-0.25 V
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steel plate, and the surface regions are more

severely deteriorated than the central region,

resulting in an uneven distribution of creep

property along the thickness direction of ring

shell. This inhomogeneity persists after

705 �C 9 8 h tempering, which may serve as a

potential risk for long-term operation of 2.25Cr-

1Mo-0.25 V steel ring shell.

(2) Warm bending triggers the degradation of

multiple microstructures, which unfortunately

persists after 705 �C 9 8 h tempering. Owing to

the energy input of ring shell fabrication,

carbides are coarsened, segregated and clus-

tered, impairing the ability to hinder disloca-

tion motion as well as providing numerous

sites for cavity initiation. Moreover, the plastic

strain generated by warm bending causes some

of bainite grains rotate to softer orientations

and highly promotes the formation of micro-

void defects at the same time.

(3) After warm bending and subsequent temper-

ing, the plasticity resistance of 2.25Cr-1Mo-

0.25 V steel is significantly reduced due to the

deterioration of multiple microstructures,

resulting in a faster creep strain rate controlled

by the dislocation creep mechanism as well as

an easier cavity nucleation caused by the

debonding of the interface between larger

carbides and softer matrix. Additionally, the

higher void number density and void volume

fraction induced by warm bending can also

accelerate the ductile damage progression of

2.25Cr-1Mo-0.25 V steel under creep exposure

load.
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