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Abstract Small punch creep (SPC) tests have the
potential as an alternative to conventional uniaxial creep
tests when limited amount of material is available. This
paper investigates the applicability of SPC to evaluate the
creep deformation behavior of P92 steel. SPC results have
been compared with uniaxial creep test results in order to
establish the correlation between the two tests. Small punch
tests on P92 steel have been performed at 600 °C in the
load range of 1000—400 N. The load dependence of mini-
mum deflection rate was found to obey Norton’s power law
but with a two slope behavior exhibiting distinct values of
load exponents in the low and high load regimes. Transi-
tion in fracture mode of SPC specimens from ductile
transgranular at high loads to brittle intergranular fracture
at low loads was in accordance with the large variation in
load exponent values. Monkman—Grant equation interre-
lating minimum deflection rate with rupture time has been
found to be valid for SPC data. Correlations between SPC
load and minimum deflection rate with uniaxial creep stress
and minimum creep rate respectively, established based on
empirical relations suggest the relevance of SPC for eval-
uating creep properties in relatively short time.
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1 Introduction

The development of new generation high temperature
materials for power plants has increased the demand for
rapid screening of their mechanical properties. Coupled
with this there is growing need for assessment of residual
lifetime of in-service structural components in power
plants and petro-chemical industries with a limited volume
of material. In this context the development of miniaturized
specimen tests have gained considerable importance over
the past 30 years. A comprehensive summary of various
miniaturized tests can be found in the review articles by
Lucas [1, 2]. Amongst these, the small punch (SP) test
formulated in early 1980s [3—7] has evolved as an inno-
vative miniaturized technique to evaluate the mechanical
performance of materials. The SP testing is a noninvasive
technique as it requires very small amount of material for
the test. Furthermore, SP test offers the potential to assess
the properties of distinct microstructural regions like the
heat affected zones in weld joints.

In SP test a small ceramic ball indenter penetrates
through thin specimen of 0.5 mm thickness until it ruptures
as shown in Fig. 1. There are two basic modes in which the
SP test can be carried out: (i) constant deflection mode and
(i1) constant load mode. The SP test conducted in constant
deflection mode measures the force (F) as a function of
indenter displacement and is similar to conventional tensile
test. Manahan et al. [3] originally developed this test to
analyze the mechanical performance of irradiated and
unirradiated materials due to the constraints on the irradi-
ation of standard size specimens. The applications of
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Fig. 1 Schematic illustration of small punch creep experimental
setup

constant deflection SP test have been extended further for
evaluating ductile to brittle transition temperature [5, 6],
fracture toughness [7] and tensile properties such as frac-
ture strain, yield stress and ultimate stress [8]. The second
version of SP test operated in constant load mode measures
the time dependence of specimen deflection under constant
force and is known as small punch creep (SPC) test. The
shape of the time deflection curve in SPC is analogous to
conventional uniaxial creep cure and thus offers the
potential to evaluate the creep deformation behavior of
materials. Since the earliest work on SPC for evaluating
high temperature creep as reported by Parker and James
[9], during the past decade many researchers particularly
Ule et al. [10], Komazai et al. [11] and Dobes and Milicka
[12] have worked on the standardization of this test tech-
nique and its implication for establishing a correlation with
uniaxial creep. Recently, a CEN code of practice for SPC
test has been evolved which mainly deals with the test
technique and testing procedure based on European
research coordinated by the European Pressure Equipment
Research Council (EPERC) under the Round-Robin testing
program [13-15]. However, a crucial problem in the
application of SPC test for the assessment of creep life is
the knowledge of relationships between the results of this
test and the conventional tests. At present, several studies
have been carried out to establish these relationships
based on empirical evaluations [16—18] and FEM analysis
[19-21], but these are material specific and need further
investigations.

During the past decade, tungsten alloyed high Cr ferritic
grade P92 steel has been widely recognized as a potential
material for elevated temperature applications in Ultra
Super Critical (USC) power plants owing to its low
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coefficient of thermal expansion, high thermal conductivity
and resistance to thermal fatigue. P92 belongs to the third
generation of modified 9Cr steel used in power generation
industry and is a simple modification of P91 in which half
of the Mo content is replaced by 1.8 wt% W along with
other alloying elements such as Nb and V. This steel owes
its high temperature creep strength to the tempered
martensite lath structure, along with additional solid solu-
tion strengthening of the martensitic matrix by W addition
and the precipitates of M,3C¢ type carbides (M=Fe, Cr,
Mo) and MX type carbonitrides (M=Nb, V and X=C, N)
which are formed during the normalizing and tempering
heat treatments as has been reported by Ennis and File-
monowicz [22]. As a result this steel has higher creep
strength as compared to P91. Ennis et al. has also analyzed
the relationship between creep rupture properties and
microstructure of P92 steel and found that the creep
strength is sensitive to microstructural variation [23] which
in turn has been reported to be dependent on heat treatment
process [24, 25]. The literature on the creep deformation
behavior of P92 steel is mainly limited to uniaxial creep
testing. The objective of the present paper is to investigate
the suitability of SPC testing technique to characterize the
creep deformation behavior of P92 steel. The results of
SPC test have been analyzed using various constitutive
creep equations. In addition, the study is also aimed at
establishing correlation between the uniaxial creep
parameters and SPC parameters by comparing uniaxial
creep results with SPC results.

2 Materials

P92 steel involved in this investigation was procured in the
form of rolled plate. The chemical composition of this steel
analyzed by spectro-chemical analysis is given in Table 1.
A bar of 60 x 12 x 12 mm was machined from this plate
in the rolling direction. The creep strength of the material is
sensitive to normalizing and tempering heat treatment. The
material was initially normalized (1050 °C for 30 min) and
tempered (780 °C for 120 min) to homogenize the
microstructure and then subjected to heat treatment con-
sisting of normalizing at 1080 °C for 30 min followed by
tempering at 740 °C for 60 min. The microstructure of this
steel after normalizing and tempering consisted of tem-
pered martensitic laths along with precipitates on the lath
boundaries and prior austenitic grain boundaries as shown
in Fig. 2. Fine precipitates were present in the interlath
boundaries. SPC specimens were fabricated from the heat
treated bar by electric discharge machining. The slices
were grinded and subsequently polished by 1200 grit
abrasive paper on both sides for a final dimension of
10 x 10 x 0.5 mm with an accuracy of £0.003 mm.
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Table 1 Chemical composition (wt%) of P92 steel
Cr C Mo w Mn Nb v N Si Cu P Al S B Fe
9.38 0.11 0.50 1.94 0.38 0.07 0.21 0.041 0.023 0.016 0.012 0.007 0.003 0.002 Bal.
1.2
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Fig. 2 Microstructure of normalized (1080 °C x 30 min) and tem-
pered (740 °C x 60 min) P92 steel. a SEM micrograph and b TEM
micrograph

3 Small Punch Testing

The instrument used to perform the SPC experiments was a
high temperature SPC machine of 2 kN load capacity. The
system consists of a loading device, displacement mea-
suring device, furnace, vacuum system, sample holder,
silicon nitride (Si3Ny) spherical ball of 2.38 mm diameter
and a data logger. In order to prevent high temperature
oxidation of the specimen, prior to the experiments the
specimen chamber was evacuated and purged with argon
gas and its flow was continued throughout the experiment.
The SPC tests were conducted in constant load mode. The
specimen was held in a specimen holder and load was
applied by means of silicon nitride ball through ram

Fig. 3 SPC curves at 600 °C for P92 steel at different loads

connected to loading devise composed of a linear actuator
coupled with a servo motor. The schematic diagram of SPC
setup is shown in Fig. 1. The displacement was measured
by means of a pulse encoder type displacement measuring
device in the range of 0-5 mm. The SPC tests were con-
ducted on P92 steel at temperature of 600 °C with accuracy
of £1 °C under different load levels in the range of
1000—400 N.

4 Results and Discussion
4.1 SPC Results

The SPC curves of P92 steel at various load levels
exhibiting the variation of specimen deflection with time
are shown in Fig. 3. In general, the curves exhibit the
typical three stages of creep similar to that of an ideal creep
curve obtained from conventional uniaxial creep test. In
SPC, after the instantaneous deflection, bending is the
dominant deformation mode in primary stage which is
characterized by a decrease in deflection rate, whereas
membrane stretching is the prominent deformation mode
during secondary and tertiary stages. During tertiary stage
deflection rate accelerates on account of localization of
deformation and nucleation and propagation of cracks until
the final fracture. However, from Fig. 3 it is observed that a
variation in load causes a change in the shape of the SPC
curves. An increase in load accelerates the creep rate

@ Springer
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Fig. 4 Variation of SPC deflection rate versus time curves at
different loads for P92 steel at 600 °C
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Fig. 5 Variation of minimum deflection rate with load for P92 steel
at 600 °C (Norton’s power law)

thereby decreasing the steady state range, such that at very
high loads it is practically absent. Whereas, with decrease
in load the creep rate decreases and the primary and steady
state stage become clearly evident. A comparison of the
deflection rates versus time curves shown in Fig. 4 clearly
demonstrates that a decrease in load decreases the deflec-
tion rate by several magnitudes.

Minimum deflection rate is an important parameter that
can be evaluated form SPC curves. A plot of minimum
deflection rate as a function of load is shown in Fig. 5. The
dependence of the minimum deflection rate on the applied
load can be described by a power law relationship which is
similar to Norton’s power law used to express the creep
deformation characteristics in conventional creep. The
relationship is given by dw = AF" where 9§, is the
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Fig. 6 Variation of rupture life with load for P92 steel at 600 °C

minimum deflection rate, A is a temperature dependent
constant, F is the load acting on specimen and »n is load
exponent. From Fig. 5 it is evident that P92 steel exhibits
two slope behavior with each region obeying Norton’s
power law separately. The characteristic values of the
exponent n in the low and high load regimes are found to
be 4.1 and 16.7 respectively. The prevalence of distinct
load regimes along with a large variation in the load
exponent values clearly indicates a breakdown of creep
strength. Similar two slope behavior is also seen in the log—
log plot of variation of creep rupture life with load pre-
sented in Fig. 6. The load dependence of rupture life (¢,)
also obeys a power law relation similar to that of Norton’s
power law as given by t, = A’F" where A’ is a constant
and n’ is power law exponent. Two distinct values of load
exponent n’ = 14.5 in high load region and n’ = 5.3 in the
low load region confirms the breakdown of creep strength
in this steel. The values of the load exponents for P92 steel
in the two distinct load regimes for the load dependence of
minimum deflection rate and rupture time are in agreement
with the values of stress exponents reported in the literature
for conventional uniaxial creep tests by Ennis et al. [23],
Lee et al. [26] and Isaac et al. [27]. Similarity between the
values of load exponents n and n’ indicates that the
mechanism for creep deformation and fracture are same as
has been reported by Sklenicka et al. [28] and Choudhary
et al. [29]. However, difference in the values of load
exponents in the low and high load regions indicate a
breakdown of creep strength in this steel. Lee et al. has
associated the breakdown in creep strength with a transi-
tion from ductile transgranular fracture to brittle inter-
granular fracture with increasing creep life.

In order to investigate the creep deformation process of
P92 steel the SPC ruptured specimens were investigated by
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Fig. 7 Overview of SPC ruptured samples for P92 steel at 600 °C
and different loads. a 1000 N and b 400 N

scanning electron microscopy (SEM). Figure 7 compares
the SEM overview of SPC specimens fractured at different
loads. Figure 7a clearly shows that SPC specimen
deformed in the form of a hemispherical cup around the
contact area of ball and final fracture occurred as result of a
circumferential crack. During the SPC test when the ball
initially comes in contact with the specimen surface,
deformation of the specimen begins by elastic bending.
This is followed by plastic bending during which a yield
zone develops in the highly stressed parts of the specimen
and spreads out radially through the specimen thickness.
The deformation mode then exhibits a transition from
plastic bending to membrane stretching and the yield front
expands beyond the contact area of specimen and ball. The
final fracture occurs near the edge of the hemisphere on
account of localized necking which leads to the develop-
ment and growth of a circumferential crack. In the SPC
sample ruptured at high load (Fig. 7a) the cup is attached to
the specimen by the last ligaments of the stretched cup
accounting for a ductile fracture. As opposed to this in the

creep ruptured sample for long exposure time (Fig. 7b) the
stretched cup has separated from the specimen. In addition
to this, radial cracks are also seen around the circumfer-
ential crack indicating a brittle fracture and a change in
rupture ductility with decrease in load.

The high magnification fractographs of these samples
have also been investigated for deformation mechanism.
The micrograph of the SPC specimen ruptured at high load
of 1000 N (Fig. 8a) reveals uniform fracture surface with
equiaxed dimple structure as shown in the inset image,
indicating transgranular ductile fracture. Dimples are
characteristic features of transgranular ductile fracture
which are formed during creep as a result of nucleation,
growth and coalescence of microvoids. With a decrease in
load the fracture mode in SPC specimens exhibits a change
from homogeneous fracture to an inhomogeneous and
mixed mode consisting of ductile and cleavage parts as
seen from Fig. 8b for 850 N. Also, the fracture surface for
this sample can be divided into two distinct zones—labeled
as region 1 and 2 in Fig. 8b. Region 1 is the outer ductile
region wherein the fractured surface shows elongated
dimples with one end continuous and other end stretched
and open. The inner region 2 depicts a coarse and brittle
nature. This indicates that the fracture may have originated
in region 1 on account of shear stresses and terminated in
region 2. In contrast to this, at still lower load of 400 N the
fracture surface of SPC sample (Fig. 8c) is characterized
by a uniform coarse appearance indicating a brittle inter-
granular fracture. The brittle fracture has been attributed to
the formation of wedge cracks and r-type creep cavities
along the grain boundaries in P92 steel [26]. From these
micrographs it can be clearly recognized that the fracture
mode exhibits a transition from ductile transgranular to
brittle intergranular mode which can be associated with the
breakdown of creep strength with an increase in creep
exposure time.

Several explanations have been proposed in the litera-
ture in support of the change in the deformation mode and
breakdown of creep rupture strength in P92 steel based on
the contributions of various microstructural features. The
important factors that determine the high creep strength of
P92 steel are (i) solid solution strengthening by W (ii) high
dislocation density induced my martensitic transformation
and (iii) M,3Cq type carbides (M-Fe, Cr, Mo) and MX type
carbonitrides. M»3C¢ carbides are precipitated preferen-
tially on the prior austenitic grain boundaries and lath
boundaries, whereas fine MX(C, N) precipitates of Nb
carbonitrides and V nitrides are within the martensitic
laths. These precipitates act as obstacles for the dislocation
movement during creep thereby retarding the subgrain
growth and consequently increasing the creep strength.
An increase in creep rupture life causes a reduction in
dislocation density and accelerates the coarsening of
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Fig. 8 SEM images of fracture surface of SPC samples at 600 °C and
different loads. a 1000 N, b 850 N, and ¢ 400 N

M,3C¢ carbides along with the precipitation of Laves phase
(M5,X) at the expense of W from the matrix. The removal
of W from the matrix leads to loss of creep rupture strength
as has been explained by Muraki et al. [30]. Apart from this
it has also been shown that coarse M,3C¢ carbides and
Laves phase are preferential nucleation sites for creep
cavitation [23, 24]. A study by Lee et al. [26] on the causes
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of breakdown of creep strength in P92 steel reveals that
coarsening of Laves phase by Ostwalds ripening above a
critical size triggers a transition in fracture mode on
account of nucleation of cavities, their growth and coa-
lescence to form grain boundary microcracks which bring
about brittle intergranular fracture.

Ashby et al. [31] have demonstrated in fracture mech-
anism maps that the transition in fracture mode is associ-
ated with a change in activation energy. This has also been
confirmed in several investigations of 9 % Cr ferritic steels
wherein decrease in the value of stress exponent (n) and
apparent activation energy have been reported with an
increase in rupture life [26, 32]. Choudhary et al. [32]
rationalized the different values of stress exponents and
apparent activation energy in the low and high stress
regimes of P92 steel into a single value by invoking the
concept of resisting stress and suggested that creep
behavior is controlled by dislocation climb in both the
stress regimes. Based on the above discussion it can be
concluded that the two slope creep behavior of P92 steel
observed from SPC test exhibits good correlation with
conventional uniaxial creep test. The high value of load
exponents in the high load regime indicate the strength-
ening effects of various microstructural features whereas
the decrease in exponent value for long terms tests points
towards the deterioration of creep strength on account of
decrease in dislocation density, coarsening of M,;Cq4 car-
bides and precipitation of Laves phase. This further sug-
gests that creep behavior is load controlled in high load
regime, while for low load regime creep deformation is
governed by diffusion controlled phenomenon which leads
to microstructural degradation.

4.2 Correlation Between SPC Parameters
and Uniaxial Creep Parameters

In order to utilize the potential of SPC tests for charac-
terizing the creep behavior of materials, it is imperative to
establish quantitative correlations between conventional
creep data and SPC data. In SPC test the important
parameters are load and minimum deflection rate whereas
in convention uniaxial creep test these are stress and
minimum creep rate. From the above discussion on creep
results of P92 steel it is apparent that the relationships
between load and various SPC parameters like minimum
deflection rate (5) and rupture time (¢,) are similar to that of
conventional uniaxial creep tests. A comparative plot of
creep rupture life with respect to load and stress determined
from SPC and conventional creep tests respectively is
shown in Fig. 9. Both the test data exhibits a linear rela-
tionship, but no direct correlation is evident between load
and stress. Therefore, the challenge is to find the equiva-
lence between load and stress for the applicability of SPC
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Fig. 10 Correlation between SPC and uniaxial rupture life for P92
steel at 600 °C

test as an alternative to uniaxial creep tests. Furthermore
since the state of stress in SPC is multiaxial and differs
from that of uniaxial creep tests, the relationships proposed
in the literature to correlate load and stress for the same
rupture life are based on different approaches like finite
element modeling calculations, equations derived from
stretching membrane theory proposed by Chakraborty [33]
and empirical evaluations. One such relation [34] derived
from the stretching membrane theory and applicable to
most materials is given by:

F/ec=K-R-t*/h-D (1)

where F is SPC load, o is uniaxial stress, K is a geometrical
constant, R is the diameter of ball punch, t is the specimen
thickness, h is the radius of receiving hole and D is the
ductility factor for the material in test temperature and load

range. In the above equation since the values of material
constant D and geometrical parameter K are not known, it
can be simplified further as follows F/o = o and the value
of o can be determined empirically by comparing SPC and
uniaxial creep rupture life as recommended by CEN [35].
Based on this method the rupture life data from SPC and
uniaxial creep tests was compared for the lower stress
exponent values (n, n’ = 4.1, 5.3). The corresponding
graph for the same rupture life data for SPC and uniaxial
test is shown in Fig. 10 and the value of o is found to be
1.25. The plot shows an excellent correlation between SPC
load and uniaxial stress for the same rupture life.

The correlation between SPC load and uniaxial creep
stress has also been evaluated based on following equations
as proposed in the European code of practice.

F/o = [2nt(R + t/2)]o (2)
a= A 4+ Beg

where R is the indenter radius, t is the specimen thickness,
€. is the average creep strain and the value of A = 0.24 and
B = 0.53, as proposed in the code of practice. Taking the
average value of creep strain for P92 steel determined from
uniaxial creep tests as . = 6 % the F/c ratio for P92 steel
was found to be 1.23. This value is found to be in accor-
dance with that determined from the comparison of SPC
and conventional creep data.

Similarly, the correlation between minimum deflection
rate and minimum creep rate can be established based on
Monkman—Grant relationship. In conventional creep,
Monkman—Grant describes the relation between minimum
creep rate and time to rupture as follows:

logt + mclogé = C¢ (3)

where t; is rupture time, £ is minimum creep rate and m,
and Cc are constants. Detailed studies by Dobes and
Milicka [36] on the applicability of this relation to SPC
tests have shown that the dependence of minimum
deflection on time to fracture can also be described by
relation analogous to Eq. 3.

log tr + mg log5 =Cg (4)

where & is minimum deflection rate and mg and Cg are
constants. Figure 11 shows the dependence of time to
rupture on minimum deflection rate and minimum creep
rate. The values of the above mentioned constants
evaluated from these plots are given in Table 2. The data
for both SPC and uniaxial creep tests lie on straight lines
and the values of mg and m¢ are close to 1 indicating the
validity of these relations for estimating the rupture time
for long duration tests. Based on Egs. (3) and (4), the
minimum deflection rate and creep rate can be correlated as
proposed by Milicka and Dobes [36].

@ Springer
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Fig. 11 Monkman—Grant relation exhibiting dependence of rupture
time on minimum deflection rate and minimum creep rate for P92
steel at 600 °C

Table 2 Monkman—Grant constants of P92 steel determined by SPC
and uniaxial creep tests

Test mg, Mg C.C, ?

Uniaxial creep 0.93 0.05 0.997
SPC 0.96 0.31 0.988
§ = 10(Cc—Cs)/mc(5')ms/WLc (5)

As the values of mg and mc are same the correlation
between minimum deflection rate and minimum creep rate
for P92 steel can then be given by a more general equation
as follows:

é=0.5256 (6)

The excellent correlations observed between SPC and
conventional creep data indicate the applicability of SPC
technique for evaluating the creep behavior of materials.
However, since these correlations are totally empirical in
nature, it is essential to further validate them by finite
element analysis.

5 Conclusions

In this investigation the creep deformation behavior of P92
steel at 600 °C was evaluated by employing SPC tech-
nique. The SPC data was compared with uniaxial creep
data in order to determine the correlations between the two.
Following conclusions can be drawn based on the present
study:
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(i) The shapes of the SPC curves in P92 steel demon-
strated delineated primary, secondary and tertiary
stages of creep.

(ii) The load dependence of minimum deflection rate
obeyed Norton’s power law exhibiting well defined
two slope behavior with distinct values of load
exponent in high and low load regimes. Similar two
slope behavior was also evident in the load depen-
dence of time to rupture which also obeyed a power
law indicating a change in creep deformation.

(iii)) Fractography study confirmed a transition in creep
deformation mode on account of microstructural
changes from a transgranular ductile fracture at high
loads to intergranular brittle fracture at low loads,
correlating well with the two slope behavior.

(iv) The correlation between SPC load and uniaxial creep
stress for the same rupture time followed a simple
linear proportionality equation with a value of
o = 1.25.

(v) Monkman—Grant type equation which relates mini-
mum deflection rate and time to rupture was found to
be valid for SPC data.
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