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ABSTRACT
The small punch (SP) creep tests were carried out on different high nitrogen ferritic heat-

resistant steels in the temperature range of 650-800 °C, in the load range of 55-400 N, using
disc-type specimens measuring &8x0.5 mm (&8 mm) and @3x0.25 mm (&3 mm). The
influence of specimen size on SP creep behavior and on the conversion of SP creep rupture
results to conventional uniaxial creep rupture results were investigated. The creep deflection
and rupture life of &3 mm specimens were much smaller/shorter than those of the &8 mm
specimens. The experimentally determined SP load-uniaxial stress conversion coefficients to
correlate SP and uniaxial creep rupture life were different for the two specimens; 2.05 and
0.49 for ¥8 mm and &3 mm specimens, respectively. These observed effects were
considered as virtual specimen size effects as these could occur not only due to specimen size
but also due to geometrical parameters of the test rig. The conversion coefficients were found
to be independent of the type of steels investigated. The conversion coefficients determined
from finite element analysis, 2.03 and 0.47 for &8 mm and &3 mm specimens, respectively,
were in close agreement with those obtained from experimental results. Based on the close

agreement between the experimental creep rupture life and that predicted using finite element
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analysis results, it was found that there was no significant actual specimen size effect on the

creep rupture life.

Keywords: Small punch creep; Specimen size effect; High nitrogen ferritic steels; Load-

stress conversion coefficient

1. Introduction

The small punch (SP) creep testing technique is an effective method of characterizing creep
behavior of materials especially (a) when material for testing is available in limited quantity
during the design and development of new alloys [1, 2], (b) in the case where removal of
sample material large enough to fabricate conventional uniaxial creep test specimen from
operating component is not desirable for residual life assessment studies [3, 4] and (c) when
evaluation of creep properties of narrow heat-affected zones of welded joints is desired [5].
The technique has attracted the attention of several research groups worldwide who have
been working on its standardization [4, 6-12]. At present, the specimen and rig dimensions
employed by different research groups are different due to the fact that the technique is not
standardized [12]. The diameter (or size of square/rectangular specimen) and thickness of
specimen vary from 3 to 10 mm and 0.25 to 0.5 mm, respectively [12]. Accordingly, the
indenter diameter (1 to 2.5 mm) and rig dimensions also vary [12]. These geometrical
parameters are expected to influence SP creep test results. A few studies on the influence of
specimen thickness/diameter, indenter diameter, rig parameters, test atmosphere, loading
speed, etc. on SP creep behavior of materials have been reported [13-15]. Nakata et al. [16]
carried out finite element analysis and investigated the effect of specimen size on small punch
creep property of RAFM steel. Their study showed that the SP specimen dimensions, both
thickness and diameter, affect the SP creep rupture time and fracture deflection. However, the
availability of experimental results in the literature on specimen size effect, either on SP
creep test result or its conversion to uniaxial creep test result, is quite scarce. There are some
studies on the specimen size effect in the case of miniature creep specimens. Kanayama et al.
[17] studied the specimen size effect on creep properties of a Mod. 9Cr-1Mo steel using
tensile bulk specimens in different test environments like argon gas, air and vacuum. Their
study revealed that there was no effect of specimen size on the creep rupture life. However,
they observed that the testing environment influenced the creep rupture life. Itoh et al. [18]

investigated creep rupture behavior of Mod. 9Cr-1Mo, 2.25Cr-1Mo steels, 304 and 316
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stainless steels using miniature creep specimens and compared the results with those obtained
from the standard creep specimens. The study revealed that there was no specimen size effect
on the creep rupture life. Zhang et al.[19] found that the creep deformation and rupture
behavior of Gr.91 steels determined from miniature creep specimens were comparable to
those determined from the standard creep specimens which indicated no specimen size effect.

In order to standardize the SP creep test technique, it is essential to establish a
thorough understanding of the effect of influence parameters on both SP creep test result and
its conversion to uniaxial creep test result. In view of this, an effort has been made in the
present study to investigate the effect of specimen size on the SP creep test result and its
conversion to uniaxial creep test result. The SP creep testing using TEM disc-type specimen
having dimension J3x0.25 mm was developed by Komazaki et al. [3] for characterizing
creep rupture properties of the heat-affected zones of welded joints. This type of specimen
was originally employed for characterizing tensile properties [20—22]. In the present study,
both &3x0.25 mm and &8x0.5 mm specimens were used to examine the effect of specimen
size on creep deformation and rupture behavior of the steels and its dependence on the
correlation between SP and conventional uniaxial creep test results. This effect was
investigated in different heats of high nitrogen ferritic heat-resistant steels which vary by its
chemical compositions, heat treatment conditions and microstructures in order to examine
their influence on the specimen size effect. The size effect was analyzed based on the results

obtained from experiments and finite element analyses.

2. Experimental procedure

2.1 Materials and creep tests

The chemical compositions and heat treatment conditions of the high nitrogen ferritic heat-
resistant steels used in the present study are given in Tablel. The details of microstructure of
these steels have been reported previously [1]. The steels 1 and 2, which were normalized
and tempered, essentially had a tempered martensitic microstructure. The steel 3 which was
only normalized consisted of a fully ferrite microstructure. Steels 1 and 2 had same chemical
compositions but were subjected to different heat treatment conditions with an original intent
of studying their influence on creep rupture strength [1]. As mentioned previously, these
steels were considered in this study to clarify whether there is any dependence of size effect

on their microstructures and/or heat treatment conditions. The SP creep tests were conducted



at different temperatures in the range of 650-800 °C, under different loads in the range of 55-
400 N using two different sized SP specimens measuring &J8x0.5 mm (&8 mm) and
3%x0.25 mm (3 mm). Both surfaces of the specimens were ground and polished upto a
final mirror finish using 0.3 um Al,O3. The thickness of both specimens was carefully
controlled to achieve the specified thickness with a tolerance less than 1 %. The SP creep test
rigs employed for &8 mm and &3 mm specimens are schematically shown in Figs. 1a and b,
respectively. The test specimen was clamped between the upper and lower dies and a
constant load was applied to the specimen through a SizN4 spherical ball indenter. During the
test, the central deflection was measured using linear variable differential transducer
(LVDT). The SP creep tests were performed in a flowing argon (99.99 % pure) atmosphere
within the specimen chamber in order to prevent severe oxidation of the specimen-rig

assembly. The test temperature was maintained constant with an accuracy of +1 °C.

2.2 Finite element analysis

The Finite element (FE) analyses of SP creep test were carried out to examine the stress-state
in the SP specimen and to investigate the relationship between SP load and uniaxial stress.
Two-dimensional axisymmetric models for simulation of SP creep tests of &8x0.5 mm and
@3%x0.25 mm specimens were developed using FEA software ABAQUS standard 6.11 [3].
An example of @¥8x0.5 mm FE model is shown in Fig. 2. The specimens were modeled as
deformable bodies and meshed using linear quadrilateral elements of type CAX4R. The
specimen mesh size was 0.04x0.05 mm in the case of J8x0.5 mm specimen and 0.025x0.025
mm in the case of @3x0.25 mm specimen. These mesh sizes were used to get more accurate
results. It was confirmed that using mesh size smaller than this produced no significant
difference in the results. The indenter and dies, which were much stiffer than the specimen,
were modeled as perfectly rigid bodies. To the ball indenter, a displacement/rotation
boundary condition was applied so as to allow its displacement only in the loading direction.
The lower die was fixed by constraining all displacements and rotations at the reference point
indicated in Fig. 2. The displacements of nodes of the specimen on the axisymmetric axis
were constrained to move along the axisymmetric axis. The specimen is clamped between the
upper and lower die by applying a force to the upper die at the reference point indicated in
Fig.2. The SP creep tests were simulated by considering elastic-plastic-creep analysis. In the
present FE model, the elastic, plastic and creep properties of a conventional high Cr ferrtic
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steel (Gr.91[23]) were used in the simulation because of an insufficient material properties
available for these new high nitrogen steels. This approximation with respect to the material
properties was made based on the result of our previous study which showed that the
conventional and these new high nitrogen steels have same SP load-uniaxial stress conversion
coefficient of 2.05 [1]. The reason for the same load-stress conversion coefficients applicable
for the conventional steel Gr.91 and the high nitrogen steels is the creep ductilities of these
steels which fall in a range where the load-stress conversion coefficient remains same. This
was confirmed from the previous study of the variation of load-stress conversion coefficients
with equivalent fracture strain (indicative of creep ductility) by Komazaki et al. [24]. The
study showed that for certain high temperature alloys, including Gr.91 steel, having relatively
higher creep ductility values, the load-stress conversion coefficient values remain same. The
properties of the steel (Gr.91[23]) used in the FE model are given in Table 2. The creep
deformation was simulated by using Norton's power law constitutive equation. The coulomb
friction between the indenter and specimen was considered to be 0.39 and those between the
specimen and dies (upper and lower) were assumed to be 0.5. The simulations were carried
out under constant loads in the range 220-400 N applied on the reference point (RP) of the
indenter, at 650 °C.

3. Results and discussion

3.1 Influence of specimen size on creep deformation and rupture behavior

Figure 3 shows the typical central deflection-time behavior (SP creep curve) and central
deflection rate-time behavior measured on &8 mm specimen of steel 2, at 103 N/750 °C. The
creep curves exhibited clear primary, secondary and tertiary creep regions. The deflection
rate rapidly decreased upon loading in the primary creep region. In the secondary creep
region, the deflection rate remained almost constant. This region was followed by a tertiary
creep region characterized by an accelerating deflection rate culminating with rupture of the
specimen. Figures 4a and b show the SP creep curves measured on &8 mm and &3 mm
specimens, respectively, at 700 °C under different loads in steel 2. Both specimens exhibited
qualitatively similar creep curves as described in Fig. 3. However, they exhibited a relatively
large difference in the central deflection which indicates difference in the creep rupture
ductility of the two specimens. The &8 mm specimen showed much higher total deflection of

~2.5 mm than the &3 mm specimen where the central deflection was ~0.7 mm. This result

5



was consistent with the finite element analysis results reported by Nakata et al. [16]. They
found that the creep fracture deflection increased with increasing specimen thickness. The
cause of the above difference could be both the specimen dimensions and different diameters
of the indenters which imparted different stresses to the specimen for an applied load.
However, the influence of diameter of the receiving hole which may have some possible
effects on the central deflection could not be studied here. The central deflection at rupture
was almost independent of the applied load, test temperature and time to rupture in both
specimens. The secondary creep stage was relatively longer in both specimens.

Figures 5a-d show the comparison of fracture morphology of &8 mm and @3 mm
specimens observed in steel 3 after creep testing at 700 °C. Both specimens were found to be
ruptured circumferentially (Figs. 5a and b). A typical ductile transgranular mode of fracture
was observed in both specimens (Figs. 5¢ and d). The fracture morphology in other two steels
were also found to be similar. Figure 6 shows the comparison of SP. creep rupture results
obtained from @8 mm and &3 mm specimens of the three steels, analyzed using Larson-
Miller parametric (LMP) method [25]. The rupture life of &8 mm specimens was longer than
that of the &3 mm specimens even when the applied loads were approximately same. This
effect is in agreement with the finite element analysis results reported by Nakata et al. [16],
who found that the creep rupture time increased with increasing specimen thickness.
Therefore, this effect could be attributed to the different thickness of the specimen. However,
it is also important to note that the ball indenter diameter used in two specimens were
different due to which the stresses imparted to the specimens for an applied load were
different. As a result, the difference in rupture time could also be caused by these different
stresses. Therefore, these observed differences including the above discussed central
deflections could be considered as virtual size effects because these could occur not only due
to different specimen sizes but also due to different stresses aroused on account of different
ball diameters for a given applied load and temperature. There was no significant difference

in the creep rupture strength between the three steels.

3.2 Influence of specimen size on load-stress conversion coefficient
The correlation between the rupture life of SP and uniaxial creep test can be achieved by

converting the load applied in SP creep test to the stress applied in uniaxial creep test which



provides an equivalent rupture life using a load-stress conversion coefficient. The relationship
between the SP load (F) and uniaxial stress (o) can be expressed as,

F=co 1)
where « is load-stress conversion coefficient. The load-stress conversion relationships for
both &8 mm and &3 mm specimens were determined by performing regression analysis on
the SP and uniaxial creep rupture results (stress versus LMP plot), by varying o between 2
and 3 in the case of &8 mm specimen, and between 0.4 and 0.6 in the case of ¥3 mm
specimen. Based on the maximum value of regression coefficient of determination (r’ma),
which yielded the best fit, the conversion coefficients were determined to be 2.05 and 0.49
for the @8 mm and @3 mm specimens, respectively. Figures 7a-c show the results of
correlation between the SP and uniaxial creep rupture life for &8 mm and &3 mm specimens,
using experimentally determined load-stress conversion coefficients. The SP creep rupture
results were in relatively good agreement with the uniaxial creep rupture results, although
some scatter (less than 5%) can be seen in steel 3 (Fig. 7c). The similar scatter was also be
observed in the uniaxial creep test results (less than 5%) (Fig. 7c) , the cause of which is not
yet known. At high stress levels the variation seems to have a different slope than that in the
lower stress levels. Because of inadequate uniaxial creep rupture results in the high stress
regime the cause for the slope change at high stress regime could not be identified.

The FE analysis was performed to analyze the stress-state in the SP creep test
specimen, more specifically to determine relationship between the stress-state in the
secondary creep region and the applied load. A typical comparison of the SP creep curves
obtained from the experiment and FE analysis for @8 mm specimen is shown in Fig.8. Both
creep curves were in good agreement which indicated the validity of FE model. As
mentioned above, since the simulation of creep deformation considered only the secondary
creep properties, and creep crack initiation and propagation were not taken into account, the
tertiary creep region of the FE creep curve was not in agreement with the experimental one
(220 N). The stress analysis revealed that the Von-Mises stress reached maximum at a
location away from the centre of specimen in the radial direction, where the fracture is likely
to occur, as shown in Fig. 9. The maximum Von-Mises stress generally occurs in the
specimen close to its contact boundary with ball indenter and the location shifts in the radial
direction as the contact area between the specimen and indenter increases. Figure 10 shows

the variation of average Von-Mises stress (average equivalent stress) with creep time for
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different SP loads in &8 mm specimen. The average Von-Mises stress was calculated along
the thickness direction of the specimen at a location where the maximum Von-Mises stress
existed (Fig. 9) on the outer surface of the specimen. At first, this location was identified after
the completion of creep simulation. Then, at this location at a creep time corresponding to
secondary stage creep was chosen to calculate the average Von-Mises stress. Further, at this
location, the average VVon-Mises stress was considered because there was only a marginal
difference between the maximum Von-Mises stress at the outer surface and the minimum
VVon-Mises stress at the inner surface of the specimen along the thickness direction. As can be
seen, the VVon-Mises stress, after an initial abrupt decrease, attained a constant value which
remained constant during most of the creep time until the onset of acceleration creep stage.
This constant stress is likely to control the creep deformation and fracture behavior of the
specimen, and seems to be a stress equivalent to uniaxial creep stress which provides a
rupture time equivalent to that of the SP creep test. Further, this region of the curve where the
average equivalent stress was constant appeared to be corresponding to the steady-state creep
region. It is interesting to note that the central deflection rate-time behavior shown in Fig. 3
resembled the average equivalent stress-time behavior shown in Fig. 10, exhibiting a steady
creep deflection rate and a constant equivalent stress. The average equivalent stress increased
with increase in load. There was a linear relationship between the equivalent stress (os) and
the SP load (F) in both specimens which can be seen in Fig. 11, in Gr.91 steel. These

relationships were determined to be,

F, = 2.030, (2)

F,s =0.470; 3)

It was found that the load-stress conversion coefficients determined from the FE analysis
were in reasonably good agreement with the experimentally determined load-stress
conversion coefficients. From our previous study, it can be noted that the load-stress
conversion coefficient for the conventional Gr.91 steel was same as that of the high nitrogen
steels [1]. Therefore, consideration of the material properties of Gr.91 steel in the FE
simulation did not significantly affect the result of load-stress conversion relationships for
high nitrogen steels. From the experimental and FE analysis results, it can be seen that the
load-stress conversion coefficients were different for &8 mm and &3 mm specimens. This
indicates that the load-stress conversion coefficient depends on the specimen size. Further,
the load-stress conversion coefficient also depends on the material properties of the specimen.
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A recent study by Komazaki et al. [24] showed that the creep ductility of specimen material
affects the load-stress conversion coefficient. They observed that the load-stress conversion
coefficient increased with increase in creep ductility up to a certain value of creep ductility
and beyond which it remained almost constant. Further, the analytical equations for the load-
stress conversion coefficient suggest that in addition to the specimen dimension, the ball
diameter and other geometrical parameters of the test rig also affect the load-stress
conversion coefficient [2, 26]. This is discussed in the following section. Therefore, from the
viewpoint of all the above mentioned influence parameters the effect of specimen size on the
load-stress conversion coefficient can also be regarded as virtual specimen size effect. The
load-stress conversion coefficients were found to be same for the three steels, although these
steels had different microstructures, namely, martensite (steel 1 and 2) and fully ferrite (steel
3), different chemical compositions, mainly with respect to Cr and V contents, and different
heat treatment conditions. This result revealed that the load-stress conversion coefficients
were not influenced by the type of microstructures, variation in the chemical compositions

and heat treatment conditions of these high nitrogen steels.

3.3 Size effect on creep rupture property

The dependence of load-stress conversion coefficient on other geometrical parameters such
as radius of the ball and receiving hole of the lower die was analyzed. A schematic
illustration of the deformation of specimen in SP creep test is shown in Fig. 12. The effective
sectional area (in mm?) of the specimen represents the load-stress ratio, F/o, which is equal to
the load-stress conversion coefficient o (in mm?). The effective sectional area depends on the
specimen thickness. Therefore, the load-stress conversion coefficient of @8x0.5 mm
specimen is higher than that of the &J3x0.25 mm specimen. An equation relating F and o,

proposed in Chakrabarty's membrane stretching model [26] can be expressed as,
F/a:2nh[R+g}sinz¢ (4)

where F is the SP load, o is the membrane stress, R is the radius of the ball, h is the thickness
of specimen and ¢ is the angle between the load axis and the line connecting the center of ball
and the point of maximum stress in the deformed specimen. This equation indicates that the
load-stress conversion coefficient depends on the specimen thickness, the radius of ball and

the angle ¢. According to the European Code of Practice (CoP) [2], the load-stress conversion
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ratio depends also on the radius of receiving hole in the lower die in addition to the other
geometrical parameters. The proposed relationship was,

F/o =3.33k, r**R**h (5)
where, Ksp is the ductility constant of the specimen material, ris the radius of receiving hole in
the lower die, R is the radius of the ball and h is the specimen thickness.

In the present study, the creep rupture life was taken as a parameter to analyze the
actual size effect. From Eqns. 4 and 5, the ratios of load-stress conversion coefficients for the
specimen-indenter geometry used in the present study, assuming that the angle ¢ is same in

both specimens, can be calculated as,

EL/G =4.67 (6)
_F?S/CT_Chak

EL/O_ =457 @)
L F¢3/O-_COP

Similarly, the ratios of load-stress conversion coefficients obtained from the experimental

results and FE analysis can be calculated as,

Fo/O | _a1g (8)
_F¢3/G_Exp.

Falo| _43 9)
F

L ¢3/O-_FE

A comparison of the load-stress conversion coefficient ratios determined using the
analytical equations, FE model and experimental results is shown in Table 3. The ratios
determined from the Chakrabarty's model (Egn 6), CoP (Eqn 7) and FE analysis (Eqn 9) were
used to estimate the load-stress conversion coefficient for @3 mm specimen by considering
the load-stress conversion coefficient 2.05 of &8 mm specimen. Then, the estimated load-
stress conversion coefficient of &3 mm specimen was used to predict creep rupture life of &3
mm specimen. Figure 13 shows the comparison of the experimental creep rupture life and
predicted creep rupture life (using Eqn 6, 7 and 9) for &3 mm specimen, analyzed using LMP
method. As can be seen in Fig. 13, the experimental creep rupture life was in close agreement
with that predicted using the FE analysis (Eqn 9). This result of close agreement indicated
that there existed no significant actual specimen size effect. This result could be regarded as

an actual specimen size effect because of the fact that the actual specimens consisted of
10



several microstructural features mainly grains size, grain boundaries, block/lath boundaries
etc but the similar features were not taken into account in the FE model. And despite this fact,
the FE analysis result was in close agreement with the experimental one. The results obtained
in the present study were consistent with the results reported in the literatures on the effect of
specimen size in Mod. 9Cr-1Mo [17, 18], 2.25Cr-1Mo steels [18] and Gr.91 steel [19]. The
observed relatively large difference between the experimental creep rupture life and that
predicted using Egns 6 and 7 (Chakrabarty's model and CoP) could be due to the
assumptions/approximations made in these equations and it needs further investigations for a
clear understanding. For future studies of the specimen size effect on creep rupture property,
these results provide insight into the load-stress conversion coefficients for the two specimens
and these coefficients can be used to conduct SP creep tests on both specimens at same
equivalent stress and temperature which enables direct comparison of their creep rupture life.

From the metallurgical point of view, as the test specimen is miniaturized the
influence of microstructural features on the characterized material property becomes an
important factor. One of the prime metallurgical features is the number of grains that a
specimen consists in order to represent a bulk or standard size specimen. The number of
grains in the specimen can cause the size effect on the creep properties, more importantly in
those alloys where grain size is relatively large, for instance in austenitic stainless steels and
Ni-base alloys. In the case of ferritic steels, where the grain size is relatively smaller, even
further miniaturized SP specimen (&3 mm) is likely to contain sufficient number of grains
for deformation process to be able to represent &8 mm SP specimen. The grain size of the
steels studied was 30-40 um. The approximate number of grains contained in the thickness
direction were 12-16 and 6-8 in a @8 mm and &3 mm specimen, respectively. Based on the
results obtained in this study, a further miniaturized SP specimen (&3 mm) can be used to

characterize creep properties of ferritic and ferritic-martensitic steels.

4. Conclusions

The small punch creep behavior of the high nitrogen ferritic heat-resistant steels was
investigated using &@8x0.5 mm and &J3x0.25 mm specimens. The influence of specimen size
on SP creep behavior and on the correlation between SP and uniaxial creep rupture results
were analyzed. The creep deflection and time to rupture were found to be influenced by the

specimen size. The load-stress conversion coefficients to correlate SP creep rupture life to
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that of the uniaxial one were different for the two specimens; 2.05 and 0.49 for &8x0.5 mm
and J3x0.25 mm specimens, respectively. These effects of specimen size were considered as
virtual specimen size effects as these could occur not only due to specimen size but also due
to other geometrical parameters of the test rig. The load-stress conversion coefficients were
not dependent on whether the microstructure of the steel was tempered martensite or ferrite,
and also it was independent of their heat treatment conditions. The conversion coefficients
determined from the finite element analysis, 2.03 and 0.47 for &8 mm and &3 mm
specimens, respectively, were in close agreement with those obtained from the experimental
results. As a results of this and based on the close agreement between the creep rupture life
obtained from the experiment and that predicted using finite element analysis results, it was

found that there was no significant actual specimen size effect on the creep rupture life.
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Figure 1. Schematic of SP creep test-rigs used for a) &8 mm and b) &3 mm specimens.
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Figure 4. Central deflection-time behavior of a) @8 mm and b) &3 mm specimens at
700 °C under different loads, in steel 2.
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Figure 7. Correlation between SP and uniaxial creep rupture life for @8 mm and &3 mm
specimens in a) steel 1, b) steel 2 and c) steel 3.
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Figure 8. Typical central deflection-time behavior obtained from FE analysis in
comparison with the experimental one at different loads.

Figure 9. FE stress analysis result showing the region where maximum Von-Mises stress
occurred on the outer surface of SP specimen.
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Table 1. Chemical compositions and heat treatment conditions of high nitrogen ferritic steels.

Chemical composition (wt. %)
Steels C N Cr Mo V Nb W Co Mn Ni Si Fe

Steell/
Steel2  0.01 032 9.06 104 0.6 0.0° 597 40 0.07 0.01 0.06 balance
Steel3  0.015 034 150 10 13 002 60 40 0.07 0.01 0.06 balance

Steel1:1200 °C-30 min(air cooled) +780°C-1 h (water quenched)
Steel2:1200°C-30 min(air cooled) +700°C-45 h (water quenched)
Steel3: 1200°C-30 min (air cooled)

Table 2. Material properties used in FEA model.

E(GPa) oy (MPa) os (MPa) A (MPa"s™h n v
109 177 272 2.9x10°% 8.3 0.31

Table 3. Ratio of Load-stress conversion coefficients (Equations 6, 7, 8 and 9).

Chakrabarty CoP FE analysis Experiment
4.67 4.57 4.32 4.18
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