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Abstract: In the present research work, the 2.25Cr1Mo0.25V
steel plates with a thickness of 112mm were welded using
the multi-pass submerged automatic arc welding process.
The creep specimens were prepared from the base metal
(BM) and weld metal (WM) in the welded joint after heat
treatment process. The uniaxial creep tests were performed
to investigate the creep deformation and rupture behaviors
at 550°C under different applied stress levels. The micro-
structure and fracture surface morphology of crept BM
and WM samples were also characterized using the scan-
ning electron microscope with energy-dispersive X-ray
spectroscopy. The results showed that typical three-stage
creep deformation curves are observed in both BM and
WM specimens, and the BM exhibits a faster deformation
rate than the WM. Both the creep rupture time and uni-
axial creep ductility are found to be increased with a
decrease in applied stress. Furthermore, the relationship
between the minimum creep rate and time to rupture of
both BM and WM samples was obtained, and it can be
described using a unified Monkman–Grant equation. In
addition, it is found that the creep fractures of the BM

and WM are a transgranular ductile failure. The creep
damages of both materials are mainly associated with
the microstructural degradations, that is, the initiation
and coalescence of creep cavities at second phase particles
such as carbide and inclusion particles along the loading
direction.

Keywords: 2.25Cr1Mo0.25V, weld, creep, creep cavities,
life prediction

1 Introduction

Hydrogenation reactor is the core process equipment in
petrochemical hydroreforming, hydrofefining, and other
petrochemical plants. Conventional high-strength chro-
mium–molybdenum steels such as the 2.25Cr–1Mo and
9Cr–1Mo steel have been extensively used for more than
50 years in the manufacture of hydrogenation reactors and
other pressure vessels that suffer high temperature and
high pressure. Many studies have been performed con-
cerning the hydrogen-assisted cracking, microstructure
evolution, and fracture behaviors of these Cr–Mo steels
and their welded joints in service environment for ensuring
the reliability of reactors [1–4]. However, the severer oper-
ating environment and the lightweight design of the hydro-
genation reactor require structural material with superior
mechanical properties [5]. Thus, a vanadium-modified
Cr–Mo steel (i.e., 2.25Cr1Mo0.25V steel), which exhibits
superior strength and resistance to hydrogen damage,
has been developed and used in the manufacture of
heavy-wall hydrogenation reactors [5,6].

For Cr–No steels are used for producing hydrogena-
tion reactors that operate at elevated temperatures, the
time-dependent deformation and damage processes at ele-
vated temperatures need to be considered in the equipment
design and reliability analysis [7]. Such a phenomenon
of time-dependent deformation at high temperatures is
known as creep. To guarantee the safety of the newly built
reactors in service process, it is necessary to fully
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understand the creep deformation and rupture behaviors of
the 2.25Cr1Mo0.25V steel at elevated temperatures. On the
other hand, the creep strength and life analysis and design
of weldment are critical issues in practice for components
operated at high temperatures [7,8]. It is known that
welding is an important procedure in producing reactors.
However, a weld is usually considered the weakest part
of high-temperature equipment owing to the mismatch of
chemical compositions, microstructures, and hence mechan-
ical performance in weld, which are inevitably caused by the
fusion welding process. A typical weld in the component
consists of the base metal (BM), heat-affected zone (HAZ),
and weld metal (WM). According to the crack location, the
failure of the welded joint can be classified into four types,
that is, Type I (cracks occur within the WM), Type II (cracks
occur across the WM and HAZ), Type III (cracks occur in the
coarse-grained HAZ), and Type IV (cracks take place in
the fine-grained HAZ) [9]. Many studies have pointed out
that the local nonuniform microstructure of the weld is
the fundamental reason causing different types of creep
failure [10–14]. For instance, Pandey et al. reported that
the Type IV cracking dominated the creep life of the P91
steel weldments in both as-welded and post-weld heat
treatment (PWHT) conditions [12,13]. The creep fracture
location in a 9Cr–1.8W–0.5Mo–VNb steel weldment was
found to shift from the BM to HAZ with a decrease in the
applied stress level [14]. Such complicated creep response
in the weld leads to the difficulty in accurately assessing
the creep life of components. Fully understanding the
creep rupture behavior and failure mechanism of the BM
and weld is thus vital in the integrity assessment of hydro-
genation reactors.

A number of studies so far have been conducted to
investigate the creep rupture properties of the conven-
tional 2.25Cr1Mo steel and its weld [15–20] for providing
references for the service integrity of the equipment. For
instance, Ray et al. [15] carried out a number of creep-
rupture tests of 17-year service exposed 2.25Cr1Mo steel
from a thermal power plant at the temperature range of
500–600°C. The results showed that both the steady-
state creep rate and rupture time could be described by
the Monkman–Grant relationship. Chaudhuri and Ghosh
[16] found that the main damage mechanism dominating
the creep strain evolutions of the 2.25Cr1Mo steel is the
softening caused by carbide coarsening. Furthermore, a
mechanism-based model was used to estimate the creep
curve, and a precise estimation of creep life up to 5% strain
was obtained. As for the vanadium-modified 2.25Cr1Mo steel,
however, the study on creep rupture behavior is limited.
Most studies regarding the 2.25Cr1Mo0.25V steel focused
on the microstructures and tensile behaviors [21–23], reheat

cracking sensitivity [24,25], and hydrogen-induced damage
[26,27]. Only a few experimental investigations have been
conducted to study the creep performance of various regions
in 2.25Cr1Mo0.25Vwelded joint [28,29] and the creep–fatigue
interaction behavior [30]. Thus, more data are necessary
for establishing the Monkman–Grant relationship between
the rupture time and steady-state creep rate for the predic-
tion of creep lifetime. Moreover, the creep damage asso-
ciated with the nucleation and coalescence of cavities needs
to be clarified for a better understanding of the creep fracture
mechanism of 2.25Cr1Mo0.25V steel and weld.

The purpose of the present research work is to experi-
mentally study the creep deformation and rupture behaviors
of BM and WM specimens extracted from a 2.25Cr1Mo0.25V
steel welded joint with a thickness of 112mm, which is pre-
pared for the fabrication of a heavy-wall hydrogenation
reactor. Tensile creep tests were performed at 550°C under
different applied stress levels for the round-bar BM and WM
specimens in the welding direction (WP). The quantitative
relationship between the steady-state creep rate and time to
rupture of both BM and WM was obtained based on the
Monkman–Grant equation for creep life prediction. The dif-
ferences in the creep deformation and rupture properties
between BM and WM samples were also analyzed. Finally,
the fracture surface morphology andmicrostructural change
ahead of the fracture tip were investigated to clarify the
creep damage mechanism.

2 Experimental details

2.1 Materials and specimen preparation

The investigated material was the 2.25Cr1Mo0.25V steel,
which is low alloy steel widely used for manufacturing
hydrogenation reactors in the petrochemical and coal
chemical industries. The chemical compositions (wt%)
of the investigated steel are given in Table 1. The speci-
mens used for tensile creep tests were extracted from a
multi-pass welded steel plate with a thickness of 112 mm,
as displayed in Figure 1(a). The schematic of the groove
design is depicted in Figure 1(b). The welding process
involved the root pass and filling pass. Specifically, the
shielded metal arc welding (SMAW) and submerged auto-
matic arc welding (SAAW) techniques were utilized for
the root pass and the filling pass, respectively. The
welding process parameters including the welding vol-
tage, current, travel speed, and thermal efficiency are
shown in Table 2. Because the welding thermal cycles
can induce significant welding residual stress and have
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an adverse impact on the microstructure and mechanical
property of WM, a PWHT was conducted to minimize the
welding residual stress and refine the microstructure of
the weld. In particular, the PWHT temperature and the
soaking time were 705°C and 8 h, respectively. In addi-
tion, the non-destructive X-radiography testing was
carried out to inspect any welding defects such as
microcracks or pores in the weld.

2.2 Microstructure observation

Metallographic specimens with the size of 10mm × 10mm
× 10mm were extracted from the welded steel plate for
observing initial microstructures of the BM and WM after
the heat treatment process. The metallographic speci-
mens were mechanically polished with grinding papers
and etched with a solution of 20mL HCl + 4 g CuSO4·5H2O +
20mL H2O. The microstructures of materials were observed
with the aid of an OLYMPUS optical microscope and a field
emission scanning electron microscope (FE-SEM, MAIA3LMH,
TESCAN, Czech Republic) with energy-dispersive X-ray spec-
troscopy (EDS). In addition, creep ruptured specimens were

also prepared to study the creep fracture mechanism with the
aid of FE-SEM. Specifically, half of the fractured samples were
sectioned longitudinally for observing themicrostructures and
distribution of creep cavities ahead of the fracture tip, whereas
the other half was cut transversely for investigating the frac-
ture surface morphologies.

2.3 Creep rupture tests

The round-bar specimen with a gauge length of 24.6 mm
and a diameter of 5 mm was used for creep tests. The
scheme of sampling for creep specimens is shown in
Figure 1(a), and the geometrical dimension of the creep
specimen is displayed in Figure 1(b). Uniaxial tensile
creep tests were performed at 550°C under constant
applied stress based on the ASTM E139-11 standard [31].
The experimental temperature is slightly higher than the
design temperature of the hydroreforming reactor in the
petrochemical industry. The applied constant stress is
required to be below the yield strength of the tested mate-
rial. Thus, prior to creep tests, uniaxial tensile tests were
carried out on the BM and WM tensile specimens at 550°C
under a strain rate of 2.5 × 10−4 s−1 to obtain the yield
properties. The tensile properties of the BM and WM
including the strength and ductility at 550°C are summar-
ized in Table 3. Specifically, the yield strength of the
BM and WM at 0.2% offset of plastic strain was deter-
mined as 393 and 416 MPa, respectively. Based on these
results, different applied stress levels ranging from 375 to

Table 1: Chemical compositions (wt%) of BM and WM in the
2.25Cr1Mo0.25V steel welded joint

Element C Si Mn P S Cr Mo V

BM 0.15 0.10 0.54 0.009 0.01 2.30 0.98 0.30
WM 0.12 0.22 1.07 0.004 0.004 2.45 1.03 0.42

Figure 1: Schematics for (a) extracting creep samples from the 2.25Cr1Mo0.25V steel welded joint and (b) the groove design; (c) dimensions
of creep specimen (unit: mm).
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275 MPa were selected in the present creep tests. Two
specimens were tested under the stress of 375 and 275MPa,
while only one specimen was tested for other conditions (i.e.
350, 325, and 300MPa). The loading direction was parallel to
theWP, as depicted in Figure 1(b). During the creep tests, the
engineering strain was automatically measured as a function
of time until the rupture occurred.

3 Results and discussion

3.1 Microstructure characteristics

The microstructures of the 2.25Cr1Mo0.25V steel BM and
WM after heat treatment are observed by using an optical
microscope and illustrated in Figure 2. Both BM and WM
exhibit typical granular bainite characteristics. However,
it is worth noting the grain size of the WM is finer than
that of BM, indicating the grain refinement in the WM
caused by the PWHT process. The probability distribu-
tions of grain sizes were determined by Image-Pro Plus

software and the results are shown in Figure 3. The
average grain sizes of the BM and WM were estimated
to be 7.52 and 6.16 μm, respectively. Furthermore, the
microstructural morphologies were also observed using
the FE-SEMwith higher magnification, and the results are
shown in Figure 4. The SEM images show that the grain
size of the BM is slightly larger than that of the WM.
In addition, substantial carbide particles are dispersed
inhomogeneously in the ferrite matrix and grain bound-
aries of both materials.

3.2 Creep deformation behavior

Uniaxial tensile creep testswere conducted on the 2.25Cr1Mo0.25V
steel BM and WM specimens at 550°C under various stress
levels, which are lower than the corresponding yield
stresses. The representative evolutions of creep strain
versus testing time are illustrated in Figure 5. Clearly,
the creep strain curves of both samples show three creep
damage stages, that is, the primary creep stage, the sec-
ondary/steady-state creep stage, and the tertiary creep stage.

Table 2: Welding parameters during the SMAW and SAAW processes

Passes Welding process Voltage (V) Current (A) Travel speed (mm·min−1) Efficiency

Root passes SMAW 26 230 129.2 0.75
Filling passes SAAW 32 580 316.7 0.90

Table 3: Tensile properties of the BM and WM at 550°C

Material Temperature (°C) Yield strength (MPa) Tensile strength (MPa) Reduction of area (%)

BM 550 393 430 82.6
WM 550 416 450 79.4

Figure 2: Optical microscope images showing microstructures of the 2.25Cr1Mo0.25V steel: (a) BM and (b) WM.
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The primary creep stage is little for all cases, and the
followed secondary stage occupies the majority of creep
life. When the steady-state stage appears, the creep rate
attains the lowest value and maintains a roughly constant
value. Since the tensile creep tests were carried out until
rupture, the final tertiary stage in which the creep strain

rate increases sharply with increasing time can be seen in
all creep curves. On examination of results as shown
in Figure 5, it is found that the creep lifetime increases
with decreasing applied stress. For instance, the plots in
Figure 5(a) indicate that for the creep tests of BM specimens,
the creep lifetime shows an increase from 0.2 to 26.8 h with

Figure 3: Probability distributions of grain size of the 2.25Cr1Mo0.25V steel: (a) BM and (b) WM. The average grain size of BM and WM are
determined as 7.52 and 6.16 μm, respectively.

Figure 4: SEM images showing microstructures of the 2.25Cr1Mo0.25V steel: (a and b) BM and (c and d) WM.
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a decrease in the applied stress from 375 to 275 MPa. Like-
wise, the plots in Figure 5(b) show that with decreasing
stress from 375 to 275 MPa for creep tests of the WM speci-
mens, the creep lifetime increases significantly from 0.4
to 52.3 h. Additionally, by comparing the secondary

stages under various stress levels, it can be found that the
minimum creep rate increases monotonically by increasing
the applied stress.

By comparing the creep curves of both BM and WM
specimens, it is obvious the WM exhibits a superior creep
damage resistance with a longer creep lifetime at the
same level of the applied stress. This result is in agree-
ment with the present tensile results where the WM spe-
cimen exhibits superior high-temperature tensile strength.
The better creep resistance as well as tensile properties of
the WM could be ascribed to the smaller grain size in the
weld. To further illustrate the microstructural effect on the
creep curves of BM and WM samples, the creep curves at
different stress levels were normalized using the corre-
sponding creep rupture time and rupture strain. Figure 6
presents the normalized creep curves of the BM and WM
at the applied stress of 275MPa. It is important to note
the normalized creep curves of both materials coincide
perfectly with each other, indicating that the influence
of microstructural differences in BM and WM on creep
deformation in the whole creep lifetime is insignificant
in the present study. In addition, it can be seen that the

Figure 5: Creep deformation curves of the 2.25Cr1Mo0.25V steel: (a) BM and (b) WM under various stresses.

Figure 6: Normalized creep curves of BM and WM using the corre-
sponding lifetime and creep rupture strain at 550°C under 275 MPa.

Table 4: Summary of creep-rupture time, minimum creep rate, and rupture elongation of BM and WM in 2.25Cr1Mo0.25V steel welded joint

Temperature (°C) Stress (MPa) Time to rupture (h) Minimum creep rate (h−1) Rupture elongation (%)

BM WM BM WM BM WM

550 375 0.18 0.36 1.57 × 10−1 1.09 × 10−1 5.16 9.26
550 375 0.20 0.45 1.55 × 10−1 0.60 × 10−1 5.14 8.58
550 350 0.81 1.41 3.09 × 10−2 2.06 × 10−2 10.57 12.95
550 325 2.34 6.66 1.32 × 10−2 4.59 × 10−3 15.87 13.76
550 300 9.99 16.70 3.85 × 10−3 2.24 × 10−3 17.22 15.62
550 275 28.16 40.80 1.24 × 10−3 1.07 × 10−3 20.10 20.48
550 275 26.83 52.41 1.45 × 10−3 8.29 × 10−4 18.43 19.13
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steady-state creep stage dominates the whole creep pro-
cess of both BM andWM samples. Nearly 60% of the creep
life is consumed in this stage.

3.3 Creep rupture behavior

Some important creep properties can be obtained from
the uniaxial creep strain curves, including the time to
rupture (tf ), the minimum creep rate (ε̇m

c ), and the rupture
elongation. Table 4 shows the creep-rupture data of BM
and WM samples in the present 2.25Cr1Mo0.25V steel
welded joint under different stress levels obtained from
the creep curves. Figure 7 presents the plots of rupture
time and minimum creep rate versus applied stress in
the double logarithm coordinate. It is apparent that
the creep rupture time decreases monotonically with
increasing applied stress. During the steady-state creep

stage, increasing the applied stress causes an obvious
increase in the minimum creep rate, i.e. accelerating the
creep deformation, as shown in Figure 7(b). Moreover,
at the same stress level, the minimum creep rate of
WM is smaller than that of BM, indicating the higher
creep resistance of WM. This is consistent with the pre-
vious study that a larger creep deformation rate of
BM was observed than that of WM during creep in the
2.25Cr1Mo0.25V steel welded joint by using the digital
image correlation technique [29]. In addition to the
minimum creep rate, the creep ductility is another impor-
tant property in assessing the integrity of the equipment at
high temperatures [32]. In this study, the creep rupture
elongation was used to characterize the uniaxial creep
ductility of BM and WM specimens. Figure 8 presents the
plots of rupture elongation versus applied stress and time
to rupture. It is obvious the rupture elongation increases
with a decrease in the applied stress and increases with
the rupture time, indicating an improvement in ductility.

Figure 7: Variation of (a) time to rupture and (b) minimum strain rate with respect to applied stress for BM and WM specimens.

Figure 8: Variation of rupture elongation with respect to (a) applied stress and (b) time to rupture for BM and WM specimens.
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The rupture elongation data of BM and WM specimens are
comparable under low applied stress, whereas the elonga-
tion of WM is higher than that of BM under high stress.

Generally, for the given temperature, the relationship
between the creep life (tf ), minimum creep rate (..), and
the applied stress (σ) can be described by the traditional
power law equation [33,34]:

M t ε Aσ Q RṪ exp ,f m
c n

c( )/ = = − / (1)

where M is the Monkman–Grant constant, A is the mate-
rial constant, n is the stress exponent for creep, Qc is the
activation energy for creep, R is the gas constant, and T is
the absolute test temperature. The coefficients of determi-
nation (R2) for linear fitting of the creep data in Figure 7 are
found to be close to 1, indicating a good fit. The stress
exponent n can be calculated as the slopes in Figure 7(b)
using equation (1). The obtained values of n for both BM
and WM samples are 15.08 and 14.26, respectively. Yang
and Xuan [35] studied the creep behavior of the weld pass
metal in the WP and the multiple weld passes through the
thickness direction (MWP) in a Cr–Mo–V weldment using
miniature specimens at 538°C. Their results showed that
the stress exponents were obtained as 13.48 and 13.14 for
the MWP andWP specimens, respectively, which are quite
close to those of the present results. Previous studies
regarding the creep rupture properties of the 2.25Cr1Mo
steels with various testing conditions have shown that
the values of stress exponents distributed in the range of
5–13 [15,19,20,36]. The obtained stress exponents in this
work are also in agreement with the upper limit in the
literature. In addition, it is shown that the variation in
stress exponent can be interpreted by the change in creep
fracture mechanism [37]. Thus, the almost same stress
exponents between BM and WM samples suggest a similar
fracture mechanism.

Figure 9 shows the variation of the minimum creep
rate with the creep rupture time for BM and WM samples.
Obviously, there is a perfect linear relationship between
the rupture time and the minimum creep rate for both BM
and WM samples in the double logarithmic coordinates
with an R2 value of 0.994. The linear fitting equation is as
follows:

ε tlog ̇ 1.054 log 1.579.m
c

f= − − (2)

It can also be written as the Monkman–Grant (M–G)
relation:

ε t Ċ ,m
c

f
m⋅ = (3)

where m = 1.054 and C = 0.0263. The M–G parameters m
and C are independent of test temperature and applied
stress. Moreover, the obtained two parameters in this

study are in good agreement with previous results of
the 2.25Cr1Mo steels in creep-rupture studies reported
by Ray et al. [15], Chen et al. [17], and Song et al. [19].
Their results are m = 1.027 and C = 0.0278, and m = 1.04
and C = 0.046, andm = 1.016 and C = 0.0528, respectively.
It should be noted that this equation is of great signifi-
cance in practice for the prediction of creep lifetime. Gen-
erally, the hydrogenation reactor in service suffers high-
temperature environment, and therefore, the creep life-
time needs to be estimated for ensuring the reliability and
integrity. However, the creep rupture time is difficult to
be directly measured by testing. The Monkman–Grant
law provides us an opportunity for estimating the creep
lifetime by using the minimum creep rate, which can be
achieved by performing standard creep tests within a
short period. A number of investigations have demon-
strated that the Monkman–Grant relationship between the
minimum creep rate and the rupture time applies to a broad
range of temperatures and applied stresses [15,38–40].
Therefore, it is believed that equation (3) is helpful for the
prediction of the creep lifetime of hydrogenation reactors
and other pressure vessels made from the 2.25Cr1Mo0.25V
steel. Because such steel is believed to have at least 20-year
lifetime in hydrogenation reactors, further studies should be
carried out to investigate the long-term creep rupture beha-
vior under lower applied stress, which helps to provide
significant data support for the prediction of long-term
creep lifetime by equation (3).

It is also worth noting that in the present study, the
BM and WM samples follow a single Monkman–Grant
equation, indicating the insignificant effect of microstruc-
tures on the linear relationship. Previous studies have
shown that microstructural variations in materials during
creep have little influence on the Monkman–Grant relation

Figure 9: The relationship between the minimum creep rate and the
creep rupture time.
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[17,19,40,41], which is consistent with our results. It has
been confirmed that once the initial state of an alloy is
fixed, the corresponding Monkman–Grant equation will
not be changed [19]. For instance, Hug et al. [41] studied
the creep behavior of nodular cast irons with three various
matrix compositions and microstructures at various tem-
peratures. Their results showed the relationship between
the minimum creep rate and creep rupture time of all
materials obeyed a unified Monkman–Grant law. A
similar result was also obtained in the creep studies of
the 2.25Cr1Mo steels with and without impurity element
Sb [17]. Thus, it is reasonable for both BM and WM speci-
mens to obey a unifiedMonkman–Grant law. In this study,
the change in microstructures has an influence on the
creep lifetime and creep rate, however, has no effect on
the Monkman–Grant relation.

3.4 Fracture surface morphology

To investigate the fracture mode, the creep ruptured spe-
cimens were sectioned transversely and the fracturemorphol-
ogies were observed by SEM. Figures 10–12 show the fracture

appearances of fracturedBMandWMsamples under different
stress levels (i.e. 375, 325, and 275MPa). It can be noted that
all the fractured specimens exhibit obvious necking after
creep damages under different applied stresses, indicating
ductile failure. The overall fracture surface includes the duc-
tile fracture region located in the center of the sample, and the
shear fracture region next to the surface, indicating that the
creep damage initiates in the center of the specimen and then
propagates to the surface. The existence of numerous equal-
axis dimples, which results from the micro-void nucleation
and coalescence, indicates that normal stress acts as a domi-
nant role during the creep process. Comparisons of the overall
fracture surfaces of BM andWM samples suggest that the BM
specimens have many dimples with an obviously larger dia-
meter and depth, while the dimples in fracture surfaces of the
WM specimens are relatively small and shallow. Such phe-
nomenon is independent of the applied stress, suggesting that
the BM exhibits a higher ductility than WM. The magnified
SEM images (i.e. Figures 10(b and d), 11(b and d), and
12(b and e)) in the center of the sample show the presence
of fine equiaxial dimples. The inclusion can also be observed
in the center of dimples on fracture surface of the WM sam-
ples, as shown in Figures 10(d) and 12(f). The elements of the
inclusion located inside the dimple in weld (Figure 12(f))were

Figure 10: SEM fracture morphologies of the creep ruptured (a and b) BM and (c and d)WM specimens at 550°C under the stress of 375 MPa.
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measured by EDS, and the corresponding results are
described in Figure 13. Substantially high contents of
oxygen, aluminum, silicon, and manganese can be found
in the EDS spectra of the inclusion. The existence of inclu-
sions in weld promotes the nucleation and growth of
dimples.

Additionally, it can be observed that the average size
of fine dimples located in the center of the specimens
increases with a decrease in the applied stress. This phe-
nomenon is particularly obvious for the BM specimens, as
shown in Figures 10(b) and 11(b) and and 12(b). Gener-
ally, the larger size of dimples indicates a higher ductility
of material. That is to say, in this study, the lower applied
stress results in higher ductility of both BM and WM
samples. This result is consistent with the experimental
observation of the variation of creep rupture elongation
with applied stress, as displayed in Figure 8. Such a
result is also consistent with the previous experimental
phenomenon in a 2.25Cr1Mo steel [19], Zr–2.5Nb alloy [38]
and 9Cr–1Mo steel [42]. It was reported that during the
creep tests under high applied stresses, the coalescence
of micro-voids may occur before they grow to a large size,
whereas at low applied stresses, the micro-voids can pre-
ferentially grow prior to their coalescence [38]. As a

result, an increase in dimple size with decreasing applied
stress is reasonably obtained.

3.5 Creep damage mechanism

On the basis of the continuum damage mechanics, the
creep damage evolution process prior to rupture can be
elucidated by the creep damage tolerance factor λ, which
is used for evaluating the susceptibility of a material to
strain concentration. The value of λ can be obtained as
the ratio of strain to rupture εr to the product of ε ṫ mc f⋅ as
follows [43]:

λ ε ε ṫ .r m
c

f= / ⋅ (4)

Previous studies have shown that different damage
micro-mechanisms during creep generally lead to dif-
ferent characteristic values of λ [37,44]. As stated in ref.
[43], for λ = 1, the material has a very low creep strain and
no appreciable plastic deformation occurs, leading to
brittle failure. A higher value of λ in the range of 1–2.5
indicates that a low rupture strain occurs in the material
and the damage is caused by the intergranular cavitation.
If the value of λ lies in the range of 2.5–5, the material

Figure 11: SEM fracture morphologies of the creep ruptured (a and b) BM and (c and d)WM specimens at 550°C under the stress of 325 MPa.
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experience appreciable localized plastic deformation,
resulting in significant necking in the gauge section.
Besides, the value of λ higher than 5 indicates the domi-
nant damage mechanism is microstructural degradation
such as the coarsening of precipitates and rearrangement
of dislocations. Additionally, it is recommended that the
value of λ is equal to or larger than 5 so that sufficient
localized strain levels typically occurred during service can
be ensured. In this investigation, the calculated values of λ at
all stress levels are found to be in the range of 5.4–10.5,

indicating the creep failure of both BM and WM samples
are mainly caused by the microstructural degradation.

In order to observe the microstructure after creep
failure, the ruptured BM and WM samples were first long-
itudinally sectioned, then mechanically polished, and
finally etched with the appropriate chemical solution.
Figure 14(a) shows the entire graph of the longitudinal
cross-section of the BM sample under the stress of 275MPa,
and Figure 14(b–e) shows the microstructures near the frac-
ture tip. An apparent necking can be seen in Figure 14(a). By

Figure 12: SEM fracture morphologies of the creep ruptured (a–c) BM and (d–f)WM specimens at 550°C under the stress of 275 MPa; (c) and
(f) are the morphologies of dimples in (b) and (e), respectively.
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carefully observing the microstructures with high magnifi-
cations, numerous elongated creep cavities showing dif-
ferent sizes, which are mostly initiated ahead of carbide
particles (Figure 14(c and e)), can be found inside the mate-
rial. These cavities propagate parallel to the loading direc-
tion, suggesting the applied stress plays a dominant role in
the coalescence of cavities. Furthermore, the creep cavities

have a tendency to gather into a micro-crack with several
microns in length along the carbide particles (Figure 14(c
and e)). The linkage of these cavities to form a crack and its
propagation under the applied stress could accelerate the
creep failure of material.

Figure 15 displays the entire image of the longitu-
dinal cross-section of the creep ruptured WM specimen

Figure 14: SEM images showing the damage zones of the creep ruptured BM specimen under the stress of 275 MPa. (a) The entire image of
the longitudinal cross-section; (b) and (d) are the distribution of creep cavities in the BM; (c) and (e) are the morphologies of corresponding
creep cavities in (b) and (d), respectively.

Figure 13: EDS result of the inclusion inside the dimple in the fracture surface of WM in Figure 12(f).
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and the corresponding microstructures near the fracture
tip at the stress of 275MPa. An obvious necking is also
observed in the fracture surface, as displayed in Figure 15(a).
A large number of small cavities can be found in themicro-
structure, as displayed in Figure 15(b and d). It can also be
observed that the density of carbide particles in the WM is
smaller than that in BM, indicating that the precipitation of
carbides in the BM is easier to occur under creep. The
ellipse cavities shown in Figure 15(c, e, and f) are found
to be initiated at both carbide particles and inclusions. The
propagation of these cavities was also parallel to the
loading direction. The main elements of the inclusion,
which is located inside the cavity and marked by the
yellow arrow in Figure 15(e), were measured by an EDS.

The corresponding EDS results are shown in Figure 15(g).
Obviously, the EDS spectra exhibit distinctly high contents
of oxygen, aluminum, silicon, and manganese of the
inclusion in WM. The existence of inclusion causes loca-
lized stress concentration for the initiation and propaga-
tion of cavities, as shown in Figure 15(e and f).

It is vital to clarify the creep damage mechanism of the
2.25Cr1Mo0.25V steel and weld for better understanding of
the creep deformation and rupture behaviors. As analyzed
above, the creep strength prediction model and the creep
rupture properties are independent of the applied stress
level. The almost identical stress exponents of BM andWM
samples indicate a similar creep damage mechanism for
both materials. In general, the growth and coalescence of

Figure 15: SEM images showing the damage zones of the creep ruptured WM specimen under the stress of 275 MPa. (a) The entire image of
longitudinal cross-section; (b) and (d) are the distribution of creep cavities in WM; (c)– (f) are the morphologies of creep cavities in (b) and
(d); and (g) is the point scanning by EDS for the inclusion in the creep cavity in the WM.
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creep cavities are the primary damage mechanism causing
creep failure [45]. It is shown that the cavities are probably
to initiate and grow in the early stage of the creep process
at some localized regions such as grain boundaries or par-
ticles [45–47]. In this work, the analyses on the distribu-
tion of cavities demonstrate that the initiation and growth
of creep cavities at second phase particles along the
loading direction are the main reason leading to the trans-
granular ductile failure for both specimens. In particular,
for BM specimens, the cavities mainly nucleate at carbide
particles grow in the loading direction. Precipitates observed
in Figure 13(c and e) in a crept BM specimen indicate that the
carbides aided in the cavity formation. On the other hand,
for WM specimens, both carbide and inclusion particles play
as the preferential sites for cavity formation, as shown in
Figure 14(e and f). These second phase particles with various
sizes can lead to sufficient stress concentration for cavity
formation under the effect of applied stress. The number of
cavities increases gradually with increasing creep time and
cavities can grow and coalesce to form numerous micro-
cracks, as depicted in Figure 13(c). Further propagation of
these micro-cracks will lead to the tertiary creep stage with
rapid strain rate and final fracture. Therefore, one can con-
clude that the microstructural degradations, that is the
initiation and growth of creep cavities at second phase par-
ticles along the loading direction, are the primary failure
mechanism resulting in the creep failure of BM and WM in
the 2.25Cr1Mo0.25V steel welded joint.

4 Conclusions

In the present research work, the creep deformation and
rupture properties of the BM and WM in a 2.25Cr1Mo0.25V
steel welded joint used for manufacturing the hydrogena-
tion reactor were experimentally investigated at 550°C
under different applied stress levels ranging from 375 to
275 MPa. The prediction of creep rupture strength and the
microscopic analyses on creep damages have been per-
formed. Major findings and conclusions are summarized
as follows:
(1) The minimum creep rate increases with increasing

applied stress, while the creep ductility decreases
with the applied stress for both BM and WM samples.
TheWM exhibits a superior resistance to creep damage
than that of the BM.

(2) The relationship between the minimum creep rate
and time to rupture of both BM and WM samples can
be described by a unified Monkman–Grant equation,
expressed as ε ṫ 0.0263m

c
f

1.054⋅ = , where ε̇m
c is in h−1,

and tf is in h.

(3) The creep fractures of both BM and WM are charac-
terized by transgranular ductile failure. The creep
damages inside both materials are mainly associated
with the initiation and growth of creep cavities at
second phase particles such as carbide and inclusion
particles along the loading direction.
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