
Analysis of Creep Rupture Behavior of Cr-Mo Ferritic Steels
in the Presence of Notch

SUNIL GOYAL, K. LAHA, C.R. DAS, and M.D. MATHEW

Effect of notch on creep rupture behavior of 2.25Cr-1Mo, 9Cr-1Mo, and modified 9Cr-1Mo
ferritic steels has been assessed. Creep tests were carried out on smooth and notched specimens
of the steels in the stress ranging 90 to 300 MPa at 873 K (600 �C). Creep rupture lives of the
steels increased in the presence of notch over those of smooth specimens, thus exhibiting notch
strengthening. The strengthening was comparable for the 9Cr-1Mo and 2.25Cr-1Mo steels and
appreciably more in modified 9Cr-1Mo steel. The strengthening effect was found to decrease
with the decrease in applied stress and increase in rupture life for all the steels. The presence of
notch decreased the creep rupture ductility of the steels significantly and the 2.25Cr-1Mo steel
suffered more reduction than in the other two 9Cr-steels. Finite element analysis of stress
distribution across the notch was carried out to understand the notch strengthening and its
variation in the steels. The variation in fracture appearance has also been corroborated based on
finite element analysis. Reduction in von-Mises stress across the notch throat plane resulted in
strengthening in the steels. Higher reduction in von-Mises stress in modified 9Cr-1Mo steel than
that in 2.25Cr-1Mo and 9Cr-1Mo steels induced more strengthening in modified 9Cr-1Mo steel
under multiaxial state of stress.
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I. INTRODUCTION

GOOD thermophysical properties, high-temperature
oxidation resistance, and mechanical properties and cost
effectiveness compared to austenitic stainless steels are
the main reasons for selection of ferritic steels as a
structural material for steam generating systems of
nuclear power plants, fossil-fired power plants, and
petrochemical industries. The Cr-Mo ferritic steels
derive their high-temperature strength from the solid
solution strengthening, phase-transformation-induced
dislocation substructure, and intra- and inter-granular
metal-carbonitride precipitates. Extensive studies have
been carried out on uniaxial creep behavior of these
steels and their weld joints.[1–3] However, the compo-
nents often experience multiaxial state of stress either
due to change in geometry or mode of loading during
service. In order to assess the life of such components, it
is important to estimate the deformation and damage
behavior of the components under multiaxial state of
stress. Notched specimens are widely used to study the
effect of multiaxial state of stress on creep deformation
and rupture behavior of materials.[4–11]

The presence of notches may result in notch strength-
ening or weakening depending on the notch shape and
sharpness, testing conditions and the material.[7–11]

Notch strengthening is expected when the high axial
stresses across the notch throat plane redistribute
quickly to a level below the applied stress. This kind
of behavior is typically observed in ductile materials.
However, the notch weakening is expected in situations
where the very high axial stresses due to the presence of
notch redistribute very slowly, and the local accumu-
lated strain exceeds the limit which is required for
fracture before attaining the steady state across the
notch root.
The stresses around the notch redistribute during

creep deformation and approach to a steady-state
condition.[12–15] Finite element (FE) analysis has been
extensively used for estimating stress distribution and
damage evolution around the notches under creep
conditions.[12–14] The FE analysis was carried out to
study the effect of different parameters viz. notch
geometry, notch acuity, and material’s ductility on
stress redistribution in notched specimens by Eggeler
et al.[15] The redistribution of the stresses was found to
be dependent on the creep constitutive law obeyed by
the material. Extensive information on uniaxial creep
behavior of the materials exists in open literature;
however, limited work has been carried out on multi-
axial creep behavior.[16–18]

Creep deformation in materials leads to creep cavita-
tion which is appreciably affected by the state of
stress.[19–21] Creep cavitation in materials proceeds with
the nucleation of creep cavities and their growth
followed by linkage into discrete cracks leading to
failure. Nucleation of creep cavity in Cr-Mo ferritic
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steels under multiaxial state of stress has been discussed
by Cane,[22] Goyal et al.[23] and Perrin et al.[24] Creep
deformation of the matrix is associated with the grain
boundary sliding (GBS) especially at relatively higher
homologous temperature (T/Tm), where T is the test
temperature and Tm is the melting point of the material.
The inhomogeneous grain boundary sliding around the
grain boundary irregularities, such as grain boundary
triple point, ledges, particles, etc., induces stress con-
centration around them, leading to the nucleation of
intergranular creep cavities. The von-Mises stress plays
a dominant role in the nucleation of creep cavities
resulted from decohesion of grains across the bound-
aries. Grain boundary sliding is expected to dominate
over the creep deformation at relatively lower stresses
and higher creep rupture lives. Bano et al., based on the
detailed accommodation mechanisms of GBS, predicted
wedge-type cracking below 0.5T/Tm and r-type creep
cavitation at higher temperatures in Cr-Mo steels.[25,26]

Hsia et al. carried out numerical study considering the
effect of GBS on the creep damage.[27] The model was
further extended for the multiaxial state of stress.[28] The
creep deformation, grain boundary sliding, and damage
depend on the test temperature appreciably. The stress
distribution under multiaxial state of stress is expected
to depend on test temperature, significantly affecting the
creep cavitation. The growth of nucleated cavities
strongly depends on the maximum principal and hydro-
static components of the stress.

In the present investigation, effect of notch on creep
behavior of different Cr-Mo steels has been studied. The
steels studied are 2.25Cr-1Mo, 9Cr-1Mo, and modified
9Cr-1Mo steels. The steels are extensively used in power
plants and petrochemical industries. Steady-state FE
analysis has been carried out to estimate the stresses
across the notch throat plane. The variation in fracture
behavior and strengthening effect has been correlated
based on the distribution of stresses across the notch.

II. EXPERIMENTAL

A. Materials and Creep Experiments

In the present investigation, creep behavior of three
ferritic steels viz. 2.25Cr-1Mo, 9Cr-1Mo, and modified
9Cr-1Mo steel in the presence of notch has been studied.
Chemical composition of the steels used in this study is
given in Table I. The 12-mm-thick plates were received
in normalized and tempered heat treated condition. The
2.25Cr-1Mo, 9Cr-1Mo, and modified 9Cr-1Mo steels
were normalized at 1223 K (950 �C) for 15 minutes,
1223 K (950 �C) for 15 minutes, and 1313 K (1040 �C)

for 1 hour, respectively, whereas the steels were tem-
pered at 1003 K (730 �C) for 60 minutes, 1053 K
(780 �C) for 120 minutes, and 1033 K (760 �C) for
1 hour. In the normalized and tempered condition, the
2.25Cr-1Mo steel had tempered bainitic structure,
whereas the 9Cr-1Mo and modified 9Cr-1Mo steels
had tempered martensitic structure. Prior austenite
grain sizes of the steels were 28, 24, and 23 lm,
respectively, for 2.25Cr-1Mo, 9Cr-1Mo, and modified
9Cr-1Mo steels.
Creep tests were carried out on smooth and notched

specimens of the steels at different stresses ranging from
90 to 230 MPa at 873 K (600 �C). Considering the
expected stress concentration in notched specimens, the
creep tests on smooth specimens of the steels have been
carried out at higher stresses (up to 300 MPa) to
facilitate the FE analysis. The applied stresses were
calculated based on the minimum cross section in
notched specimen. Circumferentially U-notch with
notch root radii of 1.25 mm, keeping the minimum
diameter of the specimen constant (5 mm), similar to
smooth specimen, was introduced in the cylindrical
specimens of the steels, Figure 1. The ratio of diameter
of parallel portion of specimen to notch throat diameter
(D/d) was fixed at 1.67.[29] Two notches were provided in
each specimen so that the un-failed notch could be
utilized for post-creep test metallographic investiga-
tions. The notches were sufficiently apart (�20 mm) to
avoid the interference of stress fields between them.[30]

Tests on notched specimens were carried out in such a
way that net applied stress acting in the notch throat
plane was equal to the nominal stress on smooth
specimen. Tensile tests were also carried out on the
steels to incorporate the elastic–plastic behavior of the
steels in FE analysis.
Electron Back Scatter Diffraction (EBSD) studies

were carried out to understand the difference in defor-
mation behavior of the steels under multiaxial state of
stress. For EBSD studies, the un-broken notch region of
the failed specimens was extracted and mechanically
polished. Finally, the specimens were polished using
colloidal suspension silica. EBSD measurements were

Table I. Chemical Composition of the Steels (Weight Percent)

Material\Element C Si Mn P S Cr Mo V Nb N Fe

2.25Cr-1Mo Steel 0.06 0.18 0.48 0.008 0.008 2.18 0.93 — — — bal.
9Cr-1Mo Steel 0.1 0.49 0.46 0.008 0.002 8.36 0.93 — — — bal.
Mod. 9Cr-1Mo Steel 0.092 0.39 0.45 <0.005 0.004 8.8 0.93 0.23 0.08 0.033 bal.

Fig. 1—Geometry of creep specimen used for the investigation (all
dimensions are in mm).
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conducted using SEM equipped with an EBSD-system
operating at an accelerating voltage of 20 kV with the
pre-tilted stage at 70 deg with respect to horizontal axis.
KHL software was used for the data acquisition and
analysis. The scans were performed with a scan step size
of 0.3 lm at two different locations of the notched
specimens viz., center and root of the notch.

B. Finite Element Analysis

Finite element analysis of stress distribution across
the notch throat plane during creep exposure was
carried out to understand creep rupture behavior of
the notched specimens. Finite element analysis was
carried out considering both the 2D and 3D geometries
of the notched specimen employing ABAQUS 6.10 finite
element package. The typical mesh used for the notched

specimen geometries for 2D and 3D analysis is shown in
Figures 2(a) and (b), respectively. The 2D axisymmetric
analysis was carried out using 4-noded quadrilateral
elements, whereas the 3D analysis was carried out using
4-noded C3D4 tetrahedron elements.
The analysis was carried out implementing elastic–

plastic-creep behavior of the materials. The elastic–
plastic behavior was incorporated in the model using
Hollomon equation (rt ¼ Ken

0
p ) relating true stress with

true plastic strain and creep behavior using Norton’s
creep law relating the steady-state creep rate with
applied stress (_es ¼ Arn). The experimentally deter-
mined constants of the constitutive equations for the
steels under investigation are shown in Table II.
Von-Mises yield criterion has been used for occurrence

of yielding in the steels. The material was assumed to
deform elastically or elastic-plastically depending on the
notch root radius and net applied stress initially, followed
by creep deformation. The element size was reduced at
and close to the notch root, and elastic analysis was used
to ensure that the mesh configuration was sufficiently
refined near the notch root to predict the theoretical
elastic stress concentration factor at the notch root.[31]

The FE analysis was continued till the stress redistribu-
tion across the notch throat plane attained a steady-state
condition. The stress redistribution was considered to
attain steady-state condition when the creep strain in the
material at the notch throat plane reached the elastic
strain, as stated by Calladine.[32]

Theaxial stressdistributionsacross thenotch throatplane
after attaining the steady state considering 2Daxisymmetric
and 3D analysis are shown in Figure 3. It is interesting to
note that the stress distribution after attaining the steady
state was found not to be significantly affected by the types
of analysis used for the simulation (Figure 3). Considering
this fact, further detailed FE analysis has been carried out
using 2D axisymmetric model only.

III. RESULTS AND DISCUSSION

A. Creep Rupture Life of the Steels in the Presence
of Notch

Creep tests were carried out on smooth specimens
over the stress range 90 to 300 MPa and notched
specimens at the stresses in the range 110 to 230 MPa,
873 K (600 �C). The net applied stress (rnet) at notch
throat plane was same as that of applied stress (r) as in
the case of smooth specimen. The variations of steady-
state creep rate as a function of applied stress for
smooth specimens of the steels are shown in Figure 4(a).
All the steels exhibited power-law relationship between
steady-state creep rate and stress, except for the 2.25Cr-
1Mo steel at higher stresses showing power-law break-
down. The variation of Percent elongation of the steels
as a function of rupture life is shown in Figure 4(b). The
2.25Cr-1Mo steel possessed higher ductility than the
9Cr-steels. The variation of creep rupture lives of the
steels under uniaxial (smooth specimen) and multiaxial
(notched specimen) conditions is shown in Figures 5(a),
(b) and (c), respectively, for the 2.25Cr-1Mo, 9Cr-1Mo,

Fig. 2—Typical mesh used for (a) 2D and (b) 3D FE analysis of
stress distribution across the notched specimen.
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and modified 9Cr-1Mo steels. The power-law break-
down in 2.25Cr-1Mo steel is also reflected in the
variation of rupture life with stress, Figure 5(a). The
creep rupture lives of the steels in the presence of notch
(trn) were found to be higher than those of the smooth
specimens (trp), exhibiting strengthening in the presence
of notch in all the steels, Figure 5.

The rupture life of notched specimen increased with
decrease in net applied stress and obeyed a power-law
relation (tr ¼M0rm0 ) as in the case of smooth specimens,
where M¢ and m¢ are the stress coefficient and the stress
exponent, respectively. Stress sensitivity of rupture life of
the steels decreased in the presence of notch, and the
decrease was relatively more for modified 9Cr-1Mo and
least for 2.25Cr-1Mo steel. The extents of strengthening
in the presence of notch in the different steels as functions
of net applied stress and rupture life of smooth specimen
are shown in Figures 6 and 7, respectively. The extent of
strengthening of the steels in the presence of notch was
found to increase in the order of 2.25Cr-1Mo, 9Cr-1Mo,
and modified 9Cr-1Mo steels. The increase in strength-
ening was comparable for the 9Cr-Mo and 2.25Cr-1Mo
steels. However, significant increase in strengthening was
observed in modified 9Cr-1Mo steel. Eggeler et al.[4]

studied the effect of notch on creep behavior of 9Cr-1Mo
steel and observed strengthening in the steel. The
strengthening effect was found to decrease with the
decrease in applied stress and increase in rupture life for
all the steels, as depicted by decrease in slopes of plots in
Figures 6 and 7 with decrease in stress and increase in
rupture life, respectively, and tend to saturate at lower
applied stress and higher rupture lives.

Studies carried out by Dyson et al.[33] on notched
specimens showed notch strengthening in of Nimonic
80A superalloy. Al-Faddagh et al.[9] and Al-Abed
et al.[17] also reported similar observations of notch
strengthening for 2.25Cr-1Mo steel. However, Ng
et al.[34] reported that the 0.5Cr-0.5Mo-0.25V steel
(tempered bainitic structure) showed notch strengthen-
ing for shallow notches and tendency toward notch
weakening for sharper notches. Notch strengthening has
also been observed in modified 9Cr-1Mo steel by
Wasmer et al.[16] Variations of creep rupture ductility

Table II. Mechanical Properties of the Steels Obtained from Tensile and Creep Tests on Smooth Specimens

Material\Element

Tensile Properties Uniaxial Creep Properties

Yield Stress (MPa) K n¢ A (MPa�n h�1) n

2.25Cr-1Mo Steel 290 474.24 0.073 9.17 9 10�17 6.02
9Cr-1Mo Steel 310 445.65 0.049 1.27 9 10�21 8.34
Mod. 9Cr-1Mo Steel 350 489.78 0.048 3.57 9 10�33 12.92

Fig. 3—Comparison of stress distribution across the notch throat
plane considering 2D and 3D FE analysis.

Fig. 4—Variations of (a) steady-state creep rate with applied stress
and (b) percent elongation with rupture life for smooth specimen of
the steels.
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of the steels (Percent reduction in area) in the presence
of notch as a function of rupture life are shown in
Figure 8 and compared with those of smooth specimen.

The presence of notch decreased the creep rupture
ductility of the steels significantly. The 2.25Cr-1Mo steel
suffered more reduction in ductility in the presence of
notch than the other two steels.

Fig. 6—Variations of notch strengthening (trn � trp) as a function of
net applied stress for 2.25Cr-1Mo, 9Cr-1Mo, and mod. 9Cr-1Mo
steels.

Fig. 7—Variations of notch strengthening (trn � trp) as a function of
rupture life of smooth specimen for 2.25Cr-1Mo, 9Cr-1Mo, and
mod. 9Cr-1Mo steels.

Fig. 8—Variations of creep ductility for plain and notched specimen
for the steels.

Fig. 5—Variation of creep rupture life as a function of net applied
stress for (a) 2.25Cr-1Mo, (b) 9Cr-1Mo, and (c) modified 9Cr-1Mo
steels.
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B. Fracture Behavior of the Steels in the Presence
of Notch

Predominantly transgranular dimple failure was
observed in the notched specimens of the steels at
relatively higher applied stresses (Figures 9(a) and (b)),
as in the smooth specimens (Figure 10). Shear lip,
resulting in cup and cone type of failure, caused by final
mechanical instability at the notch root region was
observed, Figure 9(a). This indicated that the failure
began at the central location of the notched specimen and
propagated toward the notch root. Width of the shear lip
zone was found to decrease with decrease in applied
stress. The shape and size of the dimples in the failed
notched specimens was found to depend on the applied
stress and the location in the failed surface. Dimples
around the central location of the notch throat plane
were relatively bigger in size and deeper (Figure 11(a))
than those near to the notch root (Figure 11(b)). This
indicates that the voids at the central location of notch
throat would have grown appreciably by stress perpen-
dicular to it leading to cup and cone type of fracture at
relatively higher stresses. At relatively lower applied

stresses, evidences of intergranular creep failure were
also observed in 2.25Cr-1Mo at close to notch root,
Figure 12. Eggeler et al.[4] have reported intergranular
creep cavitation at the notch root for relatively lower
applied stresses, suggesting a cross over of fracture
mode for relatively lower stresses which may lead to
notch weakening kind of behavior in the P9 steel. The
studies carried out on alloy X-750 by Pandey et al.[5]

showed notch strengthening in the material for the
testing conditions. They observed that the crack initia-
tion site moved systematically from notch center at high
stresses toward the notch root at relatively lower
stresses. For the notch root radius of 1.25 mm and over
the stress range investigated, relatively less extent of
creep cavitation was observed in the 9Cr-1Mo and
modified 9Cr-1Mo steels. This indicates that these steels
are more resistant to creep cavitation under multiaxial
state of stress than the 2.25Cr-1Mo steel. Further, creep
cavitation of exposed grain boundary facets has been
studied employing SEM. The grain boundary facets
with creep cavities were exposed by breaking the creep
tested un-failed notch under impact load at liquid
nitrogen temperature. Grain boundaries weakened in
the presence of creep cavities provide easy path for
intergranular crack propagation over that of the intra-
granular cleavage, resulting in two different fracture
appearances, extent of which depends on the prior creep
cavitation. The state of intergranular creep cavitations
in the steels near to the notch root is shown in Figure 13.
The propensity for creep cavitation under multiaxial
state of stress near the notch root was found to be in the
decreasing order of 2.25Cr-1Mo, 9Cr-1Mo, and modi-
fied 9Cr-1Mo steel.

C. FE Analysis of Stress Distribution Across the Notch
Throat Plane

The steels under investigation exhibited notch
strengthening under creep conditions, extent of which
was found to depend on the material. Finite element
analysis of stress distribution across the notch throat

Fig. 9—(a) Typical cup and cone fracture with (b) dimpled ductile
fracture appearance observed in notched specimen at relative higher
stresses (210 MPa, 873 K) in 2.25Cr-1Mo steel.

Fig. 10—Typical dimpled ductile fracture appearance observed in
smooth specimen of 2.25Cr-1Mo steel creep tested at 150 MPa.
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plane during creep exposure was carried out to under-
stand the difference in notch strengthening of the
materials. The FE analysis was carried out on incorpo-
rating elastic–plastic-creep behavior of the materials.

Fig. 11—(a) Relatively deep dimpled fracture at the central region of
notch throat plane (b) relatively shallow dimpled fracture at the
notch root region of notch throat plane, in notched specimen at rela-
tive lower stresses (130 MPa, 873 K) in 9Cr-1Mo steel.

Fig. 12—Intergranular creep cavitation observed in notched speci-
men of 2.25Cr-1Mo steel creep tested at 130 MPa and 873 K.

Fig. 13—SEM micrograph revealing creep cavities on grain facets, as
exposed by breaking of creep exposed notched specimen at liquid
nitrogen temperature for (a) 2.25Cr-1Mo (110 MPa), (b) 9Cr-1Mo
(110 MPa), and (c) modified 9Cr-1Mo steels (190 MPa and 873 K).

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 46A, JANUARY 2015—211



1. Distribution of von-Mises stress on initial loading
On initial loading under multiaxial state of stress, the

material will under go elastic deformation followed by
plastic deformation. Von-Mises yield criterion has been
used for onset of yielding in the steels during loading.
Von-Mises stress under multiaxial state of stress is
defined as

rvm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r1 � r2ð Þ2þ r2 � r3ð Þ2þ r3 � r1ð Þ2

2

s

where r1, r2, and r3 are the maximum, intermediate,
and minimum principal stresses, respectively. The dis-
tribution of von-Mises stress distribution across the
notch throat plane for notch root radius of 1.25 mm for
the steels immediately after loading is shown in Fig-
ure 14. The axial stress at the central region of notch
throat plane was significantly lower than that of net
applied stress (210 MPa). The von-Mises stress, govern-
ing the yielding in material, was higher than the yield
stress for 2.25Cr-1Mo (290 MPa) and 9Cr-1Mo
(310 MPa) steels at the notch root region resulting in
localized yielding. Localized yielding at the notch root
region resulted in decrease in stress at the notch root for
2.25Cr-1Mo and 9Cr-1Mo steels. However, for modified
9Cr-1Mo steel, stress concentration at the notch root
was lower that yield stress (350 MPa) resulting in no
reduction in the developed stresses. It is interesting to
note that even after localized yielding at the notch root,
the stresses experienced were found to be higher than
that of net applied stress (210 MPa) for all the steels,
Figure 14. Uniaxial creep tests were carried out up to
300 MPa based on the stresses developed in the notched
specimens.

2. Distribution of stresses during creep deformation
Stress redistribution across the notch during creep

exposure has been reported by several investiga-
tors.[12–15] The difference in creep rates across the notch
due to change in diameter leads to stress redistribution

across the notch throat plane during creep exposure. As
creep deformation takes place, regions of high stress
shed load to the regions of lower stresses due to the high
stress sensitivity of creep deformation rate. Under creep
condition, stress redistribution across the notch was
found to change with creep exposure and approached to
a steady state. The stresses across the notch especially
across the notch throat plane were found to vary in a
complex way. The axial stress was found to be signif-
icantly higher at the notch root than that around the
center of notch throat plane after elastic/elastic–plastic
deformation (axial stress after steady state for all the
steels). With creep exposure, the axial stress at the center
of notch throat plane increased, whereas it decreased at
the notch root (Figure 15). The steady-state distribution
of axial stress showed a maximum between the center of
notch and notch root and had a value higher than the
net applied stress.
The 2.25Cr-1Mo steel exhibited power-law break-

down at relatively higher stresses, Figure 4(a). However,
the 9Cr-steels were found to obey power-law relation
even at higher stresses. The higher stress exponent due
to power-law breakdown in case of 2.25Cr-1Mo steel
would result in accelerated localized creep deformation
around the notch root. The stress distribution at the
notch root with creep exposure for the steels at the net
applied stress of 210 MPa is shown in Figure 16. It is
interesting to note that the time required for the stress
redistribution to attain the steady state was only a small
fraction of total rupture life. The stress around the notch
root redistributes quickly to a value below the power-
law breakdown stress. Hence, it is expected that the
Norton’s law used for the 2.25Cr-1Mo steel is adequate
to depict the material’s behavior under multiaxial state
of stress, and the power-law breakdown would not had
affect the notch strengthening behavior of the steel
appreciably.
The distributions of steady-state axial (maximum

principal) stress considering both elastic-creep and
elastic–plastic-creep behavior of 2.25Cr-1Mo steel at a
net applied stress of 210 MPa across the notch throat

Fig. 14—Variations of von-Mises stress across the notch throat
plane for all the steels after elastic/elastic–plastic deformation at
210 MPa and 873 K.

Fig. 15—Redistribution of axial stress across the notch throat plane
as a function of creep exposure (sss is the time to reach steady state).
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plane are shown in Figure 17. It can be concluded that
localized plastic deformation at the notch root does not
play significant role in the distribution of stresses across
the notch throat plane during creep exposure.

3. Creep cavitation in the steels in presence of Notch
Creep cavitation in materials occurs by cavity nucle-

ation, their growth, and final fracture. Since the nucle-
ation of creep cavity occurs due to constrained
deformation across the discontinuities at the grain
boundary, the grain boundary sliding which is con-
trolled by plastic deformation of the matrix, von-Mises
stress, plays a major role in creep cavity nucleation.[35]

However, stability of the nucleated creep cavities is
decided by the maximum principal stress as the critical
cavity size rc which can avoid the sintering governed by
rc = 2cc/r1, where cc is the surface energy and r1 is the
maximum principal stress. For the growth of existing
creep cavity, it has to attain the critical size otherwise
the cavity will sinter. The nucleated stable creep cavity

can grow basically by two mechanisms: (i) plasticity-
controlled growth[36] and (ii) stress-directed flow of
atoms (diffusive growth).[37] Cavity can grow in the
presence of hydrostatic stress. Cavity growth by plas-
ticity controlled by von-Mises stress occurs as a result of
creep deformation of the matrix surrounding the grain
boundary cavity in the absence of vacancy flux.[38] The
von-Mises stress will assist the cavity growth by induc-
ing plasticity, whereas cavity growth by stress-directed
flow of atom will be controlled by maximum principal
stress. The cavity growth at high temperatures can also
be driven by the hydrostatic component of the stress
state, as in the case of high-temperature ductile fracture.
Creep deformation and cavitation behavior of the Cr-

Mo steels under multiaxial state of stress have been
assessed based on the distribution of the von-Mises,
principal, and hydrostatic stresses across the notch
throat plane. Variations of the steady-state von-Mises,
maximum principal, and hydrostatic stresses across the
notch throat plane for 2.25Cr-1Mo steel are shown in
Figure 18. The von-Mises stress was found to remain
below the net applied stress and increased toward notch
root. Maximum principal stress was found to be lower
than net applied stress at the center and root of notch
and showed a maximum value which was more than the
net applied stress. The behavior of hydrostatic stress
under steady-state condition across the notch throat
plane was similar to that of principal stress, but the
maximum value of the hydrostatic stress remained
below the net stress. Similar variations in different
components of stresses have been observed for other
two steels.
The decrease in von-Mises stress below the net applied

stress after stress redistribution leads to the creep
strengthening in the steels in the presence of notch
(Figure 5).[10] Figure 6 revealed that the extent of
strengthening in the presence of notch decreased with
decrease in net applied stress and tends to saturate at
relatively lower applied stresses. The decrease in steady-
state von-Mises stresses compared to that in the smooth
specimen (net applied stress) across the notch throat

Fig. 16—Redistribution of von-Mises stress at the notch root as a
function of creep exposure for different steels at 210 MPa.

Fig. 17—FE analysis of axial stress distribution across the notch
throat plane considering elastic-creep and elastic–plastic-creep behav-
ior of 2.25Cr-1Mo steel at 210 MPa and 873 K (600 �C).

Fig. 18—Distribution of von-Mises, maximum principal, and hydro-
static stresses across the notch throat plane after attaining the steady
state.
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plane is shown in Figure 19(a) for different net applied
stresses. The reduction in von-Mises stress across the
notch throat plane decreased with net applied stress,
indicating that the extent of strengthening in the
presence of notch decreases with decrease in applied
stresses. The difference of maximum principal stress
with respect to net applied stress across the notch throat
plane at different applied stresses is shown in Fig-
ure 19(b). The maximum principal stress across the
notch throat plane was less than the net applied stress
both in the notch central and root regions. The
reduction in maximum principal stress became less with
decrease in applied stress. At regions close to notch root,
the maximum principal stress was more than the net
applied stress, and the increase was less for lower
applied stresses. Presence of high principal stress cou-
pled with relatively higher von-Mises stress near to the
notch root region is expected to nucleate and stabilize
the intergranular creep cavity. However, under higher
net applied stresses resulting in relative less creep
rupture life, nucleated creep cavity would have little
time to grow by diffusive transfer of atoms from cavity
surface to grain boundary for inducing creep cavitation.

Thus, predominantly ductile dimple failure in notch
specimens was observed at higher applied stresses
(Figures 9 and 11). At lower applied stresses causing

Fig. 19—Variation of difference in (a) von-Mises and (b) maximum
principal stresses with respect to net applied stress across the notch
throat plane for different net applied stresses.

Fig. 20—Distribution of normalized (a) von-Mises, (b) maximum
principal, and (c) hydrostatic stresses across the notch throat plane
after attaining the steady state in 2.25Cr-1Mo, 9Cr-1Mo, and modi-
fied 9Cr-1Mo steels.
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relatively longer creep rupture life, evidences of inter-
granular creep cavitation were observed near to the
notch root region (Figure 12).

4. Material dependency of Notch strengthening
The presence of notch was found to increase the creep

rupture life of the steels (Figure 5). The extent of
strengthening was comparable for the 2.25Cr-1Mo and
9Cr-1Mo steels. However, the modified 9Cr-1Mo steel
exhibited more extensive strengthening than that of the
other two steels (Figure 6). To assess the different extent
of notch strengthening in different steels, FE analysis of
stress distribution across the notch throat plane was
carried out on incorporating the tensile and creep
deformation properties of the individual steels.

The redistribution of von-Mises stress at the notch
root with creep exposure for different steels is shown in
Figure 16. The time for redistribution has been nor-
malized with the time to reach steady-state stress
distribution for the steels. The stresses relaxed with
creep exposure at different rates and to a different
extents depending upon the materials. The redistribu-
tion was relatively faster for modified 9Cr-1Mo steel
and slowest for 2.25Cr-1Mo steel, because of higher
stress sensitivity of creep deformation in modified 9Cr-
1Mo steel (n = 12.92) than that in 2.25Cr-1Mo
(n = 6.02) and 9Cr-1Mo steels (n = 8.34). This is
reflected in the difference in the steady-state variation
of maximum principal, von-Mises, and hydrostatic
stress variations across the notch throat plane. The
variations of maximum principal, von-Mises, and
hydrostatic stresses normalized with respect to yield
stress of individual steel are shown in Figure 20. The
normalized stresses were found to be in the increasing
order of modified 9Cr-1Mo, 9Cr-1Mo, and 2.25Cr-
1Mo steel. Higher stresses across the notch throat
plane in 2.25Cr-1Mo steel results from the lack of
stress redistribution (Figure 16) than in other two
steels. This implies that at a given net applied stress
2.25Cr-1Mo steel would spend most of its life time in
higher stress than in modified 9Cr-1Mo steel, resulting
in lower notch strengthening (Figure 6).
In order to understand the creep deformation and

damage across the notch throat plane, EBSD was
carried out on the un-failed notch of the steels. The
KAM map has been successfully used to evaluate
localized plastic strain in materials.[39–41] Kernel average
misorientation (KAM) maps (calculated on the basis of
first nearest neighbor) obtained at the center and root
regions of the notch for the 2.25Cr-1Mo steel creep
tested at 110 MPa are shown in Figure 21, showing
higher extent of misorientation in the notch root region
than that in the notch central region. Higher KAM
values in the grains correspond to higher local misori-

Fig. 21—Kernel average misorientation maps at center and root regions of notch for 2.25Cr-1Mo steel creep tested at 110 MPa and 873 K
(600 �C).

Fig. 22—Number fraction of KAM at the notch root of 2.25Cr-
1Mo, 9Cr-1Mo, and modified 9Cr-1Mo steels creep tested at
170 MPa, 873 K (600 �C).
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entations (i.e., higher creep deformation). It is clearly
evident that the creep deformation is relatively more at
the notch root as compared to the center of notch. The
distribution of KAM value at the notch root region for
the 2.25Cr-1Mo, 9Cr-1Mo, and modified 9Cr-1Mo
steels is shown in Figure 22. The peak of the KAM
value was found to be in the decreasing order of 2.25Cr-
1Mo, 9Cr-1Mo, and modified 9Cr-1Mo steel. However,
the peak value of KAM was found to be at the same
misorientation angle for all the steels. This indicates that
2.25Cr-1Mo steel has experienced more deformation as
compared to the other two steels.

IV. CONCLUSIONS

The following conclusions have been drawn based on
the studies on the effect of multiaxial state of stress
introduced by notch with root radius of 1.25 mm on
creep rupture strength of 2.25Cr-1Mo, 9Cr-1Mo, and
modified 9Cr-1Mo steel, creep tested at 873 K (600 �C)
over a stress range 110 to 230 MPa and distribution of
stresses across the notch based on finite element
analysis:

1. Multiaxial state of stress introduced incorporating
notch in uniaxial specimen led to increase in creep
rupture life of the steels. The increase in creep rup-
ture life decreased with decrease in applied stress
and tends to saturate at lower applied stress.

2. The increase in creep rupture strength under multi-
axial state of stress was comparable for 2.25Cr-
1Mo and 9Cr-1Mo steels whereas significantly more
for modified 9Cr-1Mo steel.

3. Creep ductility of the steels decreased under multi-
axial state of stress, which became more significant
at lower applied stress. The reduction in creep rup-
ture strength was more for 2.25Cr-1Mo steel and
less for modified 9Cr-1Mo steel.

4. Under the investigated multiaxial state of stress, the
steels failed predominantly in ductile mode with
some evidences of intergranular creep failure espe-
cially on long-term creep exposure. The 2.25Cr-
1Mo steel was more prone to intergranular creep
cavitation than both the 9Cr-steels.

5. The von-Mises stress across the notch throat plane
was less than the net applied stress and progres-
sively increased from notch center to notch root.
The maximum principal stress showed a maximum
value between notch center and root, and the maxi-
mum value was more than net applied stress.

6. The reduction in von-Mises stress across the notch
throat plane under multiaxial state of stress in-
creased the creep rupture life of the steels. Higher
reduction led to more creep rupture strength in
modified 9Cr-1Mo steel than that in other two
steels. The lower extent of von-Mises stress reduc-
tion with decrease in applied stress led to tendency
of saturation at lower stress.

7. Presence of relatively higher maximum principal
stress close to the notch root region was found to
promote intergranular creep cavitation at notch

root region. Relatively higher maximum principal
stress in 2.25Cr-1Mo than that in the 9Cr-steels
revealed higher susceptibility to intergranular creep
cavitation in 2.25Cr-1Mo steel than in 9Cr-1Mo
and modified 9Cr-1Mo steels.
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