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Abstract: The correlation of the small punch creep (SPC) test results with uniaxial creep test results is challenging
due to several factors. The stress state is equibiaxial in the SPC test and the equivalent stress is not constant as the
punch is advancing into the disc. The classical use of Chakrabarty membrane theory, with a constant F/c ratio, is
useful for rough estimates of equivalent stress but for more accurate estimations the strain hardening effect has to
be accounted for. A new advanced method is introduced in this paper clearly showing robustness and good
predictability in estimating short term uniaxial creep strength from SPC results. The equivalent stress in SPC can
be estimated using equal rupture time as a base or by converting SPC deflection rate to equivalent uniaxial creep
strain rate. The current study is using a large test data pool and the obtained empirical formulas are shown to
reliably estimate equivalent stress for time to rupture predictions and the parameters for the Norton minimum creep
rate law.
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1. Background

In the early 1980’s, the small punch test technique was developed in USA and Japan [1, 2]. This technique has
been applied to nuclear reactors, electric power plants for safety assessments. European researchers have carried out
the pioneering work on small punch creep testing (SPC), i.e. testing at constant force, in the 1990°s [3-4]. The
European Code of Practice (CoP) document has become available in 2006 [5], which provides a guide line to
perform small punch tests for metallic materials, and introduces methods for estimation of tensile properties, fracture
toughness and creep properties. At present, small punch testing is used for various applications to a broad range of
materials including developed lightweight materials [6-20].

The application of the small punch test in practice is critically sensitive to the existence of a reliable procedure
for comparison with the results of conventional creep tests. In the European Code of Practice, a rough estimate of
the conversion between force F in small punch test and stress o in conventional test was made using the Chakrabarty
membrane stretch model [21] giving a constant ratio of ¥ = F/o. The Chakrabarty ratio for the standard SP specimen
geometry (initial specimen thickness ho= 0.5 mm) is ¥ = 1.8908 N/MPa [22, 23]. The ratio can be used for planning
test load but it is not suitable for creep property assessment. If Chakrabarty model is used to predict the creep
properties, the difference between the prediction and the uniaxial tests are commonly reported [23-28]. It has been
shown that the ¥ ratio is not a constant but depends on both stress and temperature. The temperature and force
dependence mainly originates from the effective area under the punch during the test.

The complexity of the SPC test consists in the inclusion of several non-linear problems: the geometrical
non-linearity due to large deformation, the physical nonlinearity due to plasticity and creep and the contact
nonlinearity due to the contact area between the punch and the specimen. Recently it has been found that the creep
behaviour in SPC is also influenced by excessive plasticity during the loading [29].

In order to solve these problems, efforts have been made to improve the interpreting approach for SPC, and
several conferences and symposia have been held to exchange ideas and experiences. Due to the complexity of the
SPC test itself and a lack of systematic test data for verification, up to now there is no generally accepted method to
estimate uniaxial creep properties from it. Now we may wish to review these thoughts, perhaps to obtain some
benefits. Finally, we would like to propose a new simple procedure based on a detailed analysis of deflection vs.
time curves available in parallel with the uniaxial creep data.
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1.1 Formula of European Code of Practice

In the European code of practice (CoP) [5], a formula was put forward to estimate the membrane stress o based
on the Chakrabarty membrane stretch model

F /o =3.332kg,a *2R"h, (for u> 0.8 mm) )

where a is radius of lower die, R is punch radius and u is deflection (in mm). ksp is a correlation factor
introduced to adjust the theoretical model to the experimental results. A question is raised, how to estimate the value
of ksp?

Blagoeva in her Ph. D. thesis carried out an investigation on new P91 base metal and service exposed metal,
where both SPC and conventional uniaxial tests were performed [24]. By using the test results provided by JRC
[24] and IMT Slovenia [23], the equivalent stresses can be derived from the rupture time in SPC with the uniaxial
data. By substitution of the obtained equivalent stress into Eq. (1), the ksp is found to be 1.1 to 1.5, see Fig.1 for
details. In the figure, the additional data obtained on various heats of P91 steel are presented [30]. The ductility
factor ksp is obviously increasing with the increasing force and it is probably also dependent on the test temperature.
Two effects, the large deformation effect and the strain hardening effect, can be suggested to explain why ksp is
higher than 1.
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Figure 1. Load dependence of the factor k_, for P91 steel determined from LICON and INTEGRITY
projects [24] and IMT Slovenia [23] and IPM Brno creep results [30].

1.2 Large deformation effect

Hyde and Sun pointed out that the stationary stage of the SP creep curve is at the tertiary creep stage, rather
than at the secondary creep stage. The reason is that the strain already reaches a level of 10-15% at such deflections
[26]. Analysis of large deformation of a uniaxial specimen, in which strain rate £ at small strains is governed by
the Norton equation, results in

é=AN{l+e)], 2

where ¢ and ¢ are engineering strain and engineering stress, respectively, A is a temperature-dependent factor
and n is an exponent dependent on deformation mechanism.

An idea was put forward that the stress and strain entering into Chakrabarty analysis of membrane stretching
are true stress o7 and true strain e, whilst these are engineering stress (i.e. the initial stress in constant load creep
test) o and engineering strain ¢ in the uniaxial test. Therefore when we compare the creep properties derived from
the SPC test and the uniaxial test, the true stress and true strain in small punch test should be converted back to
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engineering stress and engineering strain. According to the relation between true stress-strain and engineering stress-
strain, we have:

o = oy exp(—ep). (3)

The large deformation effect will give significant influence on the stress dependence of the rupture time.
Assuming that for the CoP formula (1) is expressed in terms of the true stress no correction regarding experimental
data is necessary. Substitution of the engineering stress o into the left-hand side of Eq. (1) clearly reveals that:

ksp = exp(er) =1+ ¢, 4)

That is the reason why ksp is always greater than 1, and its value depends on the strain ¢ at the minimum strain
rate. The bigger the strain &, the larger the value of ksp. The large deformation effect can partially explain the
difference between the theoretical and the experimental results, however, when the strain ¢ is too big due to large
load deflection, Eq. (4) will give over correction.

The Norton constants A and n can be determined using the true stress ot and the true strain rate éT, or using

the engineering stress o and the engineering strain rate £ . The obtained results are quite close, but they are not
exactly the same. Therefore, the large deformation effect gives a negligible influence on Norton constants.

1.3 Strain hardening effect

The effect of strain hardening should also be considered in creep analysis. For FEM analysis, the elastic plastic
properties are part of the input data; therefore the strain hardening effect is already included automatically in the
creep analysis. However, when the Chakrabarty model is used to derive the stress, the strain hardening effect should
be considered, i.e., the stress given by the Chakrabarty model cannot be higher than those resulting from strain
hardening law, e.g. given by combination of Hooke and Ramberg-Osgood equation:

oc=E¢ (c<oy), (5)

oc=Ke® (6> oy), (6)

where E is the elastic modulus and K and p are constants. In order to reduce the influence from excessive
plastic deformation, Li suggested [31] that the maximum applied load in SPC should be limited: the maximum load
F should not be higher than 1.891 x gy for punch radius r = 1.25 mm in order to keep the membrane stress below
the yield strength oy. This is because, for a uniaxial creep test, the applied stress is never higher than the yield
strength.

1.4 Pre-strain effect

Hyde and Sun [26] insist that the excessive initial plastic deformation certainly influences the creep behavior.
The evidence is that, even using the uniaxial data as input to the finite element analysis, the calculated deflection
vs. time curve still does not coincide with the measured SPC curve. The importance of the effect drew the attention
of Ule et al. [32]. They proposed and realized testing small punch specimens of a sombrero shape to avoid initial
deformation after loading flat disc specimens. Recently, Cortellino et al. [29] have published their experimental and
numerical results and prove that, the effect of pre-straining really exists and should be considered in the
interpretation of creep properties.

2. Correlation of small punch and uniaxial data

The formula in the CoP is based on the Chakrabarty model. Although it is quite simple, it is obviously not
sufficient to predict the creep behavior correctly. On the other hand, the large deformation effect, the strain
hardening effect and the pre-strain effect are too complicated for engineering practice. A concept of “Fracture-based
correlation” was put forward by Dobe$ and Dymacek [33,34], the equivalent stress o is derived using the rupture
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time in SPC with the uni-axial data. In this paper, the “Fracture-based correlation” is further improved, not only to
estimate the rupture time, but also to estimate the minimum strain rate. This new methodology is called the “SPC-
curve-based approach”. This approach is fully based on experimental tests data, no model or assumption is adopted.
Thus all the effects mentioned above are already included. In addition, this approach delivers better prediction than
the formula in CoP or the Chakrabarty model. Furthermore, it is very simple and user-friendly.

2.1 The “SPC-curve-based approach”

In order to predict the yield strength and the ultimate tensile stress from small punch tests at constant deflection
rate, Purmensky and Matocha [35] proposed a correlation approach. They built up a data pool that includes both
small punch and uniaxial tests data, and found an optimal parameter in small punch tests relative to the uniaxial
guantities.

A similar approach can be applied to SPC analysis. However, the SPC analysis is more complicated than that
in a constant deflection rate test. As in SPC, both the creep rupture time and the Norton creep law should be dealt
with.

The basic idea of the “SPC-curve-based approach” is that the equivalent stress o in SPC test can be estimated
using the rupture time comparable with the uniaxial data, thus the ratio ¥ = F/o is obtained. Using the obtained
equivalent stress othe minimum strain rate can be also derived from the uniaxial data. The resulting ratio ¥ and the
minimum strain rate are summarized in a sufficiently large data pool, from which empirical formulas of the ratio ¥
and the relation between the minimum deflection rate U, and the minimum strain rate can be established with an

n

optimal parameter.

2.2 The data pool

The test data pool contains 97 uni-axial tests and 159 SPC tests, covering temperatures from 550 “C to 700 ‘C,
loads from 300 N to 900 N. The current materials, both new and exposed, are mainly low alloy steels and 9Cr steels,
such as 14MoV63, X20CrMoV121, P91, P92 and Eurofer'97. A single example of austenitic steels, namely 316 L
steel, is also included in the data pool. The contents and the data sources of the data pool are listed in Table 1. The
test data were treated by Matlab procedure described in [38].

Table 1. The contents and data sources of the data pool.

No. | Material name Temperature ('C) Number of uni- | Number of Data source
axial tests SPC tests

1 14MoV63 550 4 2 IPM, IMT [4]
2 14MoV63 600 4 37 IPM,IMT [4]
3 14MoV63 650 4 2 IPM,IMT [4]
4 316L 700 4 5 JRC

to be published
5 Eurofer'97 550 3 6 IPM [33]
6 Eurofer'97 600 4 7 IPM [33]
7 Eurofer'97 650 5 7 IPM [33]
8 MARBN-NPM1 600 5 4 IPM

to be published
9 P22 600 7 15 IPM [36]
10 | P91 620 4 8 IMT [23]
11 | P91 550 5 6 IPM [30]
12 | P91 575 6 6 IPM [30]
13 | P91 600 6 7 IPM [30]
14 | P92NT 600 5 7 IPM [34]
15 | P92 600 4 5 JRC, IPM [34]
16 | P92 600 4 5 IPM [34]
17 | P92 625 3 5 JRC, IPM [34]
18 | P92 650 2 5 JRC, IPM [34]
19 | P92 650 4 5 IPM [34]
20 X20CrMoV121 550 4 3 IPM, IMT [37]
21 X20CrMoV121 600 4 6 IPM, IMT [37]
23 12.5Cr-4Ni-Mo 600 6 6 IPM (to be published)
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2.3 Determination of equivalent stress

The deflection u_,. at the minimum deflection rate U, is found to be the optimal parameter for the ratio ¥
The acquired data pairs (F/o; u_. ) are then fitted to the following empirical formula (Fig. 2)

min

F
\}1:;: B'urlzin (N/MPa) (7)

The best fit is found at B = 1.9204 and m = 0.6530.

5 T
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Figure 2. Relation between ¥ and the deflection u_, atthe minimum deflection rate u_,, .

2.4 Determination of the minimum strain rate

The derived minimum strain rates are also summarized in the same data pool. An empirical relation
between the minimum deflection rate u,,, and the minimum strain rate is established and expressed as follows (see

Fig. 3).
Enn =C-UL (1/h), (8)

min

where the constants C = 3.9220 and g = 1.1907.
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Figure. 3 Relation between the minimum deflection rate y_. and the minimum strain rate &, .
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3. Prediction of creep properties using “SPC-curve-based approach”

The procedure using the “SPC-curve-based approach” is described as follows. Carry out SPC test. For given
load F, measure the rupture time t_, the minimum deflection rate u_,, , and the deflection u_, at the minimum
deflection rate _. . Using the deflection u_, at the minimum deflection rate u_,, , determine the ratio ¥ = F/o
from Eq. (7), and consequently the equivalent stress o is also obtained. Using the minimum deflection rate u_, ,
determine the minimum strain rate £ _. from Eq. (8). With the equivalent stress o; the rupture time t;, and the
minimum strain rate ¢ _. known, the rupture time vs. stress dependence and the Norton creep law are obtained.

min

4. Verification and examples

The best method for verification is to compare the prediction results directly with the uni-axial tests. The
verification has been carried out for each test set during building up the data pool. Herewith some examples are
shown below for predictions of the rupture time and the minimum strain rate. The prediction of Chakrabarty model
is also attached. Obviously, the present approach gives much better prediction than the Chakrabarty model.

In Figs. 4-9, the open circles and the fit are the uniaxial data; for the black points and the fit, the equivalent
stress o are estimated using the rupture time in SPC test to compare the uniaxial data, then using the obtained
equivalent stress o to calculate the minimum strain rate in SPC from the uniaxial data, thus the two fits always
overlap; the open triangles are derived from the empirical formulas Eqgs. (7) or (8); the open squares are derived
from Chakrabarty model.
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Figure 4. Comparison of 14MoV63 at 600 ‘C uni-axial data with prediction methods (a) Norton creep law;
(b) Rupture time.
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Figure 5. Comparison of Eurofer'97 at 600 “C uni-axial data with prediction methods (a) Norton creep
law; (b) Rupture time.
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Figure 6. Comparison of P91 at 575 ‘C uniaxial data with prediction methods (a) Norton creep law; (b)
Rupture time.
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Figure 7. Comparison of P91 at 600 ‘C uniaxial data with prediction methods (a) Norton creep law; (b)
Rupture time.
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Figure 8. Comparison of P92NT at 600 °C uniaxial data with prediction methods (a) Norton creep law; (b)
Rupture time.
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Figure 9. Comparison of 12.5Cr-4Ni-Mo steel at 600 ‘C uni-axial data with prediction methods (a) Norton
creep law; (b) Rupture time.

5. Conclusions

The Chakrabarty model [21, 23] has been introduced in the European CoP to estimate the creep load setting.
However, it is not sufficient for the prediction of creep properties from SPC tests. This is because the complicity of
the SPC problem, as too many non-linearities are involved. Efforts have been made by considering different effects;
however none of them is commonly accepted yet.

This paper puts forward a new methodology directly using experimental data. This is because the experimental
data contains all effects, no theoretical assumption is needed.

Empirical formulas are given to estimate the equivalent stress and the minimum strain rate, thus creep
properties can be predicted using the measured SPC data.

Verification has been carried out and shows that the predictions by the empirical formulas are in good
agreement with the uniaxial data, and much better than those predicted by Chakrabarty model.
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