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ARTICLE INFO ABSTRACT

Keywords:
Small Punch Creep test

A new standard is currently being developed under the auspices of ECISS/TC 101 WG1 for the small punch
testing technique for the estimation of both tensile and creep properties. Annex G of the new standard is covering

SPC the assessment and evaluation of small punch creep (SPC) data. The main challenge for estimating uniaxial creep

Creep strength
Creep strain rate
Standardization

properties from SPC data is the force to equivalent stress conversion between SPC and uniaxial creep tests. In this
work a range of SPC assessment methodologies, benchmarked for the standard, are compared for verifying the

best practice used in the standard. The estimated equivalent stresses for SPC are compared to uniaxial creep
stresses at equal rupture times, using three alternative models. In-depth analyses are performed on SPC and
uniaxial creep data for P92, F92 and 316 L steel tested within an inter-laboratory round robin. The formulation
for SPC equivalent creep strain rate in the standard is also assessed.

1. Introduction

The small punch creep (SPC) test is a miniature technique where a
hemispherical ended puncher (or a ceramic ball) deforms a thin metal
disc, as a function of time, at constant temperature and force until
rupture occurs. The most used type of SPC specimen is the 0.5 mm thick
disc with a diameter of 8 mm [1]. The SPC test has found many uses,
e.g. the SPC test is especially suitable for material creep property esti-
mation when material is scarce and a standard type specimen cannot be
manufactured, e.g. characterizing heat affected zones in welds [2—4].
The methodology is virtually non-invasive when applied on in-service
thick section components [5]. The method can also be used as a ranking
method for novel materials manufactured in very small quantities [6].
However, the many challenges in SPC test data interpretation [7] have
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hindered the methodology to find wider use. The currently ongoing
standardization work on small punch testing is envisaged to remedy
this.

The SPC test is one of two test types to be standardized in a new EN
standard due to be published 2019. The standard also covers the use of
SP for fracture mechanical properties estimations. The small punch
testing standard is prepared within the European Committee for Iron
and Steel Standardization (ECISS), Technical Committee 101 (TC101),
working group 1 (WG1). The standard covers the classical Small Punch
(SP) test for tensile property estimation [8,9] and the Small Punch
Creep (SPC) test for creep property evaluation [10]. The assessment
methodologies tested for finding a best practice for estimating creep
properties by SPC are presented in this paper together with test data
produced within WG1 in support of the standard.

0921-5093/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).
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To successfully be able to estimate "uniaxial" creep properties by
SPC testing, which is in nature a biaxial test, a robust method to convert
the applied SPC force to an “equivalent” stress has to be established.
The basis of this conversion is that the equivalent SPC stress and the
uniaxial creep stress give equal test durations. This task has been shown
to be challenging. The classical formulation described in the code of
practice CWA 15267 [1], has been used as a basis for the assessments
presented in this paper but has shown to be insufficient to account for
apparent temperature and load dependency in the conversion of SPC
load to equivalent stress [11]. When uniaxial creep data is available the
conversion factor can be optimized by direct correlation but if no such
data is available the factor has to be applied without "ductility" cor-
rection. A number of methods have been proposed to remedy the
shortcomings of the classical approach by introducing different cor-
rection factors [12-15].

New insight in the assessment of classical small punch (SP) for de-
termining dynamic tensile properties and SPC data has shown that
the main contributor to the temperature and force dependency in the
conversion from force to stress is in fact a deflection (or displacement)
dependency, i.e. related to the effective contact area under the punch.
In this paper two new assessment approaches, with improved conver-
sion accuracy of SPC equivalent stress, are benchmarked against the
classical methodology with a constant conversion factor. The two other
models are also benchmarked "as-is" without further correction to the
available uniaxial creep data. To validate the model robustness in
prediction the acquired SPC equivalent stresses are plotted against the
corresponding (same rupture time) uniaxial creep stress.

In the draft standard the parameters for force to stress conversion
and the conversion between minimum deflection rate and minimum
creep strain rate is given for one SPC test configuration, i.e. for a
clamped 0.5 mm thick specimen punched by a ¢¥2.5 mm puncher (or
ball) into a ¥4 mm receiving hole. The receiving hole can either have a
chamfer (0.2 mm deep «45°) or a radius (0.2 mm).

An example of a standard test assembly is shown Fig. 1.

To support the standardization of the SPC tests the TC101 working
group, institutions listed in Table 1, have generated data in an inter-
laboratory testing campaign [7]. These data are published and analysed
in this paper.

D

Fig. 1. Small punch test set-up with puncher (A) or ball (C). The specimen (B) is
clamped to avoid upward bending of the specimen. The displacement is mea-
sured from below, e.g. through the movement of a ceramic rod (D). The tem-
perature is measured from a thermocouple (E) integrated in the rod or in the
clamping tool close or touching the specimen.
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Table 1
Organizations that have provided test material (MP), generated uniaxial creep
data (UA) and/or small punch creep data (SPC) in support of the standard.

Organization Abbreviation  Country Data

Institute of Physics of Materials IPM Czech Republic SPC

Material & Metallurgical MMV Czech Republic SPC, UA,
Research, Ltd. MP

European Commission — JRC JRC The Netherlands  SPC, UA,

MP

Swansea University SWA United Kingdom  SPC

Ansaldo Energia S.p.A. ASEN Italy SPC

VTT Technical Research Centre of ~ VTT Finland SPC
Finland LTD

United Kingdom Atomic Energy UKAEA United Kingdom  SPC
Authority

INAIL INAIL Italy SPC

Franchini Acciai S.p.A. FRA Italy UA, MP

Kagoshima University KAG Japan SPC

2. Materials

The TC101-RR test programme for supporting the SPC part of the
small punch standard (named after the technical committee) includes
uniaxial creep and SPC testing on two variants of the ferritic/marten-
sitic grade 92 steels, i.e. one P92 pipe and one large forging F92. In
addition a single variant of an austenitic steel 316 L has been tested.
The room temperature proof strength (Ry02) and the ultimate tensile
strength (R;,) for the tested steels are given in Table 2 together with
some information on product form, heat treatments and availability of
uniaxial creep data. Note that the reference uniaxial creep data sets are
generally limited and the test durations covered are short.

The table clearly emphasizes the different proof strengths. A lower
proof strength, as for the 316 steel, will impact the initial plastic de-
formation, deflection expected after loading and the level of local strain
hardening at the beginning of the SPC test.

3. Models and methods

To be able to compare the creep strengths of the uniaxial data against
the estimated strengths from SPC tests, the uniaxial stress at specific
times to rupture periods needs to be determined. For this purpose, the
uniaxial creep rupture data has been modelled to facilitate interpolation
(or extrapolation) of the uniaxial creep strength properties.

The models presented for converting force to equivalent stress from
SPC data look to establish a constant or deflection dependent force to
stress ratio ¥ = F/o. When plotting the calculated equivalent stresses
from SPC data against the corresponding uniaxial creep strengths with
the same rupture time (t.ya = t.spc), they should optimally fall on the
1:1 unity line. Another consideration would naturally be to compare
stress versus time to rupture plots. However the stress comparison route
was chosen to accommodate the confidentiality of some of the uniaxial
creep test results. Note that both the uniaxial (interpolated) stress and
the equivalent SPC stress thus depend on the SPC test results, i.e. the
SPC time to rupture will affect the determined corresponding uniaxial
creep stress and the deflection at minimum deflection rate will affect
the SPC equivalent stress. For instance if a SPC test ruptures prema-
turely (decrease in t;) the corresponding (interpolated) uniaxial creep
stress will increase and if the deflection at minimum deflection rate is
reduced the equivalent SPC stress will increase.

3.1. Uniaxial reference data, creep rupture and minimum strain rate models

The uniaxial creep test programmes performed for the TC101-RR
are presented in Tables 3 and 4. The short term uniaxial data made
available for the SPC assessment for F92 steel consists of six tests, four
data points at 600 °C and two at 625 °C.
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Materials Science & Engineering A 731 (2018) 161-172

TC101-RR test materials and heat specific proof strength (R,02) and ultimate tensile strength tensile strength (Rp,).

Material Source Product form Heat treatment Rpoz (RT) MPa R, (RT) MPa Uniaxial creep data
P92 MMV Pipe, 9219.1 X 22.2mm Normalized and tempered 594 753% Available
679 808"
720 860°
Fo2 FRA Forging (thick) Normalized and tempered 470 645 Assessor only*
316 L (1.4404) JRC Plate (thick) Annealed 235 569 Available

@ Material certificate.
b MMV test (hoop direction).
¢ JRC test (axial direction).

Table 3

Isotherms, number of tests and uniaxial creep rupture stress levels for the P92
tube as reported by MMV and JRC. The longest test duration to rupture is
5803 h and the shortest is 3.4 h.

Isotherm (°C) Nr. of data points Stress range (MPa)

600 6 190-240

625 10 125-250

650 10 110-220

Total 26 110-250
Table 4

Isotherms, number of tests and uniaxial creep rupture stress levels for the 316 L
plate as reported by JRC. The longest test duration to rupture is 593 h and the
shortest 0.4 h.

Isotherm (°C) Nr. of data points Stress range (MPa)

650 5 160-220
675 1 170

700 6 120-240
Total 12 110-250

Two models have been used for describing the creep rupture be-
haviour of the uniaxial tests, i.e. the Wilshire model (WE) [16] and a
log-linear Larson-Miller (LM) [17] model. The log-linear LM model is
clearly the simplest approach for comparison and is defined in Egs. (1)
and (2) for P92 and 316 L respectively. The Larson-Miller parameter is
defined in Eq. (3). The constants, C, for P92 and 316 L are C= 32 and
C= 24 respectively.

P92:

log(c) = 6.3494 — 0.132-PLy '6))
3161L:

log(c) = 4.2887 — 0.1063-P.y %)

The Larson-Miller time-temperature parameter Py, is defined in Eq.

(3);

_ (log(t:) + C€)+(T+273)

P
e 1000

3

where the temperature T is given in Celsius (°C) and t, is the measured
time to rupture in hours (h). The constant C of the Ppy; is optimized and
defined for each test material. The stress against Py plots for P92 pipe
and 316 L plate are given in Fig. 2.

To describe the "goodness of fit" the measured stress is plotted
against the predicted stress as shown in Fig. 3. This plot type is an ECCC
post assessment test plot [18] which is used to describe how well the
model performs. The acquired confidence bands for stress, here
2.5-standard deviations, are used as a base for the SPC assessments later
in this paper. The larger scatter bands found for P92 uniaxial data is
likely to be caused by the test being performed in two testing labora-
tories and also different sample extraction direction between the labs.
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The uniaxial time to rupture data for the F92 steel is confidential within ECCC.

The JRC test samples were extracted in the axial direction and MMV
tests were extracted perpendicularly to the axis over the wall thickness
of the pipe.

The more complex Wilshire model (WE) as described in Eq. (4) was
used for the P92 and F92 steels since it was found that the LM model
overestimated the creep stress in backwards extrapolation, i.e. in the
short time range for these steels.

The WE model has the advantage of having an analytical equation
for both time to rupture and stress at rupture. Also, the data is fitted in
normalized stress limiting the stress below a specified reference stress,
e.g. the ultimate tensile strength R,,.

The predicted creep rupture strength o for a specified time to rup-
ture t, using the Wilshire model is defined as:

o = exp(—k(t, exp(%‘i))” )R (T) 4)

where R,,(T) is the ultimate tensile strength at test temperature, Q the
apparent creep rupture activation energy, R the gas constant and k and
u are fitting parameters.

The tensile strength data as a function of temperature for the P92
(TC101) heat, used for normalizing in Eq. (4), is publicly available in
the JRC data base [19]. For the 316 L steel the tensile strength for the
particular batch was not available and the normalization was achieved
by using the 316 strength by Schirra et al. [20]. It was found that the
LM model worked well for 316 L also in extrapolations towards shorter
test durations. Thus, the following SPC data assessments use the Larson-
Miller approach for 316 L and the Wilshire model for P92 and F92.

A small data set of uniaxial creep tests was provided for F92 by the
ECCC work group 3 A for confidential assessment. The F92 uniaxial
data was assessed with the same procedure as for P92 using the same
tensile strengths for normalizing. The normalization of the WE model
with higher strength tensile values might affect predicted stresses for
extrapolated short term tests, i.e. close to the tensile strength. This is
also the case for extrapolations toward shorter test durations with the
LM model.

To describe the creep minimum strain rate behaviour of the uniaxial
creep tests, the Monkman-Grant (MG) [21] relationship has been
used. The MG approach correlates time to rupture and the minimum
creep €, rate as:

B
=2
b= ® )

where B and m are material dependent constants. Using the MG re-
lationship, the SPC tests can be assessed for correlation between the
measured minimum deflection rate and the uniaxial minimum strain
rate at equal ¢, as described later in this paper. The B and m for P92 and
316 L are given in Table 5. Note that the minimum strain rate for 316 L
at equal time to rupture is roughly five times higher than for P92.

The MG predicted strain rate versus the measured strain rates are
shown for the few tests with strain measurement for P92 and 316 L in
Fig. 5.
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Fig. 2. Uniaxial creep data Pyy-stress plot defining Eq. (1) for a) P92 pipe and Eq. (2) for b) 316 L plate using Eq. (2).
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Fig. 3. Observed uniaxial stress against predicted uniaxial stress for a) P92 and b) 316 L plate using the Larson-Miller models (Egs. (1) and (2)).
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Fig. 4. Observed uniaxial stress against predicted uniaxial stress for a) P92 pipe and b) 316 L plate using the WE model.

Table 5

Monkman-Grant material parameters for P92 and 316 L.
Material B M
P92 0.0443 0.9443
316L 0.2313 0.9909

3.2. SPC data and force to stress conversion models

The SPC test programmes performed for the TC101-RR are given in

Tables 6-8.

In a number of the P92 SPC tests, unexpected changes in the de-

flection rate were

observed during the experiment (see Fig. 6b). To

investigate the source of the abnormal curves one of the test conditions
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Fig. 5. Measured minimum strain rate against MG predicted minimum strain rate for a) P92 and b) 316 L.

Table 6

Number of tests at specified temperatures and SPC force levels for P92 as reported by SWA, MMV, IPM, KAG, VTT and JRC. The longest test duration to rupture is

521 h and the shortest is 17.8 h.

F[N] 250 275 300 325 350 375 400 425 450 475 500 525 550 Total
600°C 1 2 4 3 3 4 17
625°C 1 4 7 5 4 3 22
650°C 1 5 5 7 5 8 31
Total 1 5 5 8 7 15 6 4 5 4 3 3 4 70
curve, e.g. the higher temperature tests at 650 °C (see Fig. 8) showed
Table 7

Number of tests at specified temperatures and SPC force levels for F92 forging
as reported by ASEN, UKAEA, IPM and JRC. The test programme is still on-
going. The longest test duration to rupture is 562.4 h and the shortest is 2.6 h.

F[N] 300 350 400 450 500 550 600 Total

600 °C 1 2 3 4 2 12

650 °C 1 2 3

Total 1 2 1 2 3 4 2 15
Table 8

Number of tests at specified temperatures and SPC force levels for the 316 L
plate as reported by IPM, ASEN and JRC. The test programme is still ongoing.
The longest test duration to rupture is 1658 h and the shortest is 3.1 h.

F[N] 350 390 400 440 450 500 550 Total
650 °C 1 1 1 3
700 °C 1 1 2 1 4 3 1 13
Total 2 1 3 1 5 3 1 16

was re-tested and interrupted after the abnormal increase in the de-
flection rate was observed. It was found that the specimen had devel-
oped a circumferential crack with a diameter of approximately 1 mm
(see Fig. 6a). Premature cracking is likely to reduce time to rupture and
potentially also the location in the deflection-time curve where the
minimum deflection rate is reached. This will have an impact on both
the predicted uniaxial creep stresses and the estimated SPC equivalent
stresses. The change in deflection rate, fitted in logarithmic form, can
be used as an indicator of premature cracking. In Fig. 7 the polynomial
fits to the deflection rate data of the full tests in Fig. 6 show double
minima in the deflection rate. These double minima are characteristic
for tests with premature cracking.

The P92 tests that did not show anomalies in the time —deflection

ductile type fractures with some minor radial cracking on the final
punch-through neck.

The F92 forging is clearly a softer material than the P92. The lower
proof strength is recognized by an increased deflection at loading by
F92 in comparison to the P92 samples at equal test force. The uniaxial
creep properties are also lower, indicated by lower SPC equivalent
stresses at equal test durations. For F92 there was no sign of premature
cracking in the deflection-time plots and the post examination of the
samples show plastic collapse type failures (see Fig. 9). The evidently
extensive oxidation indicates that the protective Argon gas flow had not
been sufficient. The impact of oxidation on the time to rupture has not
been taken into account in the assessments.

The austenitic stainless steel 316 L (Fig. 10) is again clearly different
from the aforementioned P92 and F92 steels. The 316 L steel has an
even lower proof strength, resulting in large deflections at loading.
Also, the magnitude of strain hardening is expected to be large. The
316 L test curves and post-test examinations showed no sign of pre-
mature cracking. The fracture type indicates purely plastic collapse.

3.3. SPC conversion methodologies

Three models for calculating an equivalent creep stress for SPC tests
are benchmarked in this paper, i.e. the classical CEN Work Shop
Agreement model (CWA model) [1], with a constant force to stress ratio
¥ = F/0, a modification of the CWA model with deflection dependency
based on the Chakrabarty membrane stretching theory [22] and the
empirically defined model incorporated in the new small punch stan-
dard.

3.3.1. Classical CWA model

The CEN Work Shop Agreement that precedes the standard defines a
test-setup and "ductility" dependent conversion factor between force
and stress. The force to stress ratio ¥ = F/o (see Eq. (6)) is based on the
Chakrabarty membrane stretching equations. The CWA equation
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Fig. 6. a) SEM image of an interrupted P92 SPC test sample. The test was interrupted at approximately 70% of time to rupture (test at 600 °C/450 N) as seen in b) the
corresponding time deflection curves.
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Fig. 7. Polynomial fits of a) time-logarithmic deflection rate and b) deflection-logarithmic deflection rate can be used as an indicator for premature cracking.
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Fig. 8. a) 3D profilometer image of P92 SPC fracture (test BH-032 at 650 °C / 300N, t,=139 h and b) the corresponding time-deflection and deflection rate curves.

166



S. Holmstrom et al.

Deflection (mm)

2.5

Materials Science & Engineering A 731 (2018) 161-172

0
[0 CT-010-650C-300N
A lograte
R - -0.5
——Poly. (log rate) —
A o =
€
é -1
oo
2
g | s
e
c
o
k3]
o | -2
=
[
©
oo
2 s

Time (h)

B

Fig. 9. a) 3D profilometer image of F92 SPC fracture (test CT-010 at 650 °C / 300 N, t,=147 h and b) the corresponding time-deflection and deflection rate curves.

Note extensive oxidation despite testing in Argon.
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Fig. 10. a) 3D profilometer image of 316 L SPC fracture (test CK-047 at 700 °C / 500 N, t.=14.3 h and b) the corresponding time-deflection and deflection rate curves.

Note ductile "hat" type fracture.

defines the maximum value of ¥ over the Chakrabarty defined ¥cp, (0)
for differing puncher diameter, receiving hole diameter and specimen
thickness. For the standard test set-up this corresponds to a constant
value ¥ = 1.895 N/MPa (when ksp=1). The main benefit of the equa-
tion is that it can be applied to different test set-ups.

The CWA force to stress ratio Yowa = F/0 is:

Yoy = 3.33ekgpeR02er1 2411y [N/MPa] (6)

where R is the radius of the receiving hole, r is the radius of the puncher
or ceramic ball, hy is the specimen thickness and kgp is the non-di-
mensional SPC "ductility" parameter. The kgp is a material specific
"ductility parameter” or in reality a tweaking factor that can be applied
to correct the ¥ according to uniaxial creep tests. The default value is
ksp= 1, originally optimized for P91 steel. It has been shown that the
material specific ksp can be both temperature and force dependent [11].
Good correlations can of course be obtained for SPC versus uniaxial
creep data when the ksp is optimized against uniaxial data but when no
uniaxial data exist, the credibility of the predicted stress is limited. In
fact this is the main draw-back of the method and one of the main

reasons why SPC testing has not found wider use.

It is to be noted that the original data fit for the CWA model was
undertaken on Ferritic-Martensitic steel P91, a steel with very much the
same behaviour as the P92 material assessed here. Thus, the model is
expected to be in rather good agreement with the P92 SPC tests, pos-
sibly also for F92 tests but not likely to work well with 316 L data. The
calculated equivalent SPC creep stresses using the CWA model with
ksp= 1 are shown against the (interpolated) uniaxial creep stresses at
equal creep rupture time in Figs. 11-13 for P92, F92 and 316L re-
spectively. The scatter bands in the plots are from the preferred uniaxial
creep models ( = 2.5 STDEV), i.e. as in Fig. 4a) for P92. It can be seen
that the original CWA model is indeed predicting well for the P92,
though the creep stresses are slightly under predicted (~5%) by the
SPC data. The scatter in the vertical direction of each level of SPC
equivalent stress is caused by the temperature and load dependency of
the ksp. The calculated equivalent stresses for both F92 and 316 L are
clearly overestimated. The over estimation is a result of the force and
temperature dependence of ksp for the more ductile materials with a
lower proof strength.
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Fig. 11. CWA model calculated uniaxial creep stress against equivalent stress
for P92 using the Wilshire model for uniaxial interpolation.
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Fig. 12. CWA model calculated uniaxial creep stress against equivalent stress
for F92 using the Wilshire model for uniaxial interpolation.

3.3.2. Empirical “force to stress conversion” method used in the draft
standard

For the SP standard a fully empirical force to stress conversion
model (EFS) was chosen by the TC101 work group as the preferred
methodology for Annex G. The EFS described in Eq. (7) was optimized
to all available uniaxial and SPC data. The acquired ¥grs is dependent
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Fig. 13. CWA model calculated uniaxial creep stress against equivalent stress
for 316 L using the Larson-Miller model for uniaxial interpolation.
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Fig. 14. Relationship between ¥ ggs (PSI) and the deflection up;y.

on the measured deflection u,,;, at the location of the minimum de-
flection rate iin,. It is to be emphasized that the given fitting para-
meters were optimized on a much larger data base than the round robin
tests assessed here. In total, 119 uniaxial and 182 SPC data points were
used for the fit. Also, it should be emphasized that the used data set
mainly comprises of SPC data from low alloy and 9Cr steels, such as
14MoV63, X20CrMoV121, P91, P92 and Eurofer-97 but also includes
the small data set of 316 L. The interpolated uniaxial stresses of specific
test materials were calculated using isothermal log-linear fits of stress-
time data and not using time-temperature parameters as in this paper.
Note that this could potentially lead to some over prediction of uniaxial
creep strength for short rupture times outside the uniaxial data range.
The EFS optimized force to stress ratio ¥grs = F/0 is:

0.6579

IPEFS = 19162 “Umin [N/MPa] (7)

The ¥ value as a function of deflection for the fully optimized data
set shown in Fig. 14. It can be seen that the scatter in uy;, can be
substantial.

The equivalent SPC stress estimates using the EFS formulation are
shown in relation to the uniaxial creep stress at the same rupture time
in Figs. 15-17 for P92, F92 and 316 L respectively.
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Fig. 15. EFS model calculated equivalent stress against uniaxial creep stress for
P92 using the Wilshire model for uniaxial interpolation.
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Fig. 16. EFS model calculated equivalent stress against uniaxial creep stress for
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Fig. 17. EFS model calculated equivalent stress against uniaxial creep stress for
316 L using the Larson-Miller model for uniaxial interpolation.

For P92 it can be seen that the SPC estimates are well in line with
the corresponding uniaxial test stresses, with the right gradient, al-
though the strength is under predicted (~9%). This is likely to be
caused by the shortened rupture lives from the detected premature
cracking. It is also clear that the scatter has increased in comparison to
the CWA fit.

For both F92 and 316 L the SPC equivalent stress estimates are also
well in line with the uniaxial test stresses, though in these cases, the
uniaxial stresses are somewhat over predicted (~7%). This is likely to
be caused by the higher deflection at minimum deflection rate than
what is seen for the main bulk of SPC data included in the fit of the
model.

Annex G in the soon to be published standard also includes a for-
mula for converting the measured minimum deflection rate to an
equivalent minimum creep strain rate. The equivalent minimum strain
rate émin (1/h) can be calculated from the minimum deflection rate u
(mm/h) of a SPC test as described in Eq. (8). The optimized parameters
are from the same data pool as for the equivalent stress calculations.
Emin = 0.3922:1151997(1/h) (8)

The correlation between minimum deflection rate and minimum
uniaxial strain rate is shown in Fig. 18.

A comparison of the modelled SPC equivalent minimum creep strain
rates and the Monkman-Grant defined uniaxial minimum strain rates
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Fig. 18. Relation between the minimum deflection rate it i, and the minimum
strain rate . Note that the presented data set includes data from more materials
than the ones assessed in this paper.

(see Fig. 5) is shown for P92 and 316 data in Fig. 19a) and b). The F92
is not assessed due to the confidential nature of the uniaxial tests.

As can be seen, the equation for changing minimum deflection rate
into minimum strain rate underestimates the uniaxial strain rate by a
factor of about 2.5 for P92 and in the case of 316 L the strain rate is
overestimated with about the same factor. The interesting aspect of this
is that if the difference between materials is a factor of 5, the same as
calculated for the Monkman-Grant in table Table 5.

3.3.3. Modified Chakrabarty SPC model

The third benchmarked model is the modified Chakrabarty model
(MCH). The MCH is a full deflection range ¥ model that mimics the
above given EFS model. The benefit of the MCH is the somewhat higher
predicted ¥ values for high ductility materials and the possibility to
account for different types of test set-ups. Note that the model's cap-
ability to work with other test set-ups has to date only been tested on
the round robin data from Kagoshima (KAG). The KAG test set-up has a
differing puncher diameter of 2.38 mm instead of 2.5 mm. The expected
difference in test stresses and rupture times are small. In the near fu-
ture, assessment of historical data with 2 mm balls will be conducted.

The analytical description of the MCH model is shown in Fig. 20 in
relation to the classical Ycpo(u) Chakrabarty membrane stretch formula-
tion and the EFS model. The ¥y is a linear function of deflection. The
slope and intercept of the MCH line is solved from the ¥¢,,(1) by defining
a test set-up dependent slope and a fixed point on the line. The linear
function slope is acquired from the derivative §%cy./Su at 60% of the
deflection up,. u,, is the deflection where ¥ (u) reaches its maximum
value. For the standard test set-up u,,= 1.57 mm. The 60% was chosen to
give Yarcr = Wers at a deflection of about 1 mm. Note that the CWA
model with ksp= 1 was originally optimized for SPC data with u;, at
about 1 mm. The intercept for the line can be calculated by applying the
above defined slope through a specified fixed point. The chosen fix-point
is also based on the ¥cp (), i.e. Yaca(un) = (1 + ho/1)¥Yena(uy). This
point is a best estimate of the ultimate tensile strength for ductile ma-
terials by classical SP tests [11,23].

The MCH optimized force to stress ratio for the standard test set-up
Yvcu = F/ois:
Wyer = 0.6143 + 1.2954-u ., [N/MPa] 9

The MCH model predictions are shown in relation to the uniaxial
creep stresses at the same rupture time in Figs. 21-23 for P92, F92 and



S. Holmstrom et al.

1.E-02 ¢ -
7
< -
-~ — =UNITY 7
g s
g = SPC data (P92) // o
T 1.E-03 | =
172}
-
2
x
<
z
=)
B 1.E04 |
Q2
o
®
o
(o]
=
1.E-05 ‘ ‘
1.E-05 1.E-04 1.E-03 1.E-02

Equivalent SPC strain rate, 1/h

A

Materials Science & Engineering A 731 (2018) 161-172

1.E+00
7
- 7
S 1E01 o il
8 0 2l
7
£ 1E02 | o
>
< 1E-03 P
< o 7
5 e .7
T 1E-04 P
o //
© ® SPC data (316L)
& 1.E-05 e
9] ~ — ~UNITY
= Ve
1.E-06 ; ‘ ‘
1E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Equivalent SPC strain rate, 1/h

B

Fig. 19. Monkman-Grant predicted uniaxial minimum strain rate (at measured SPC rupture time) plotted against calculated SPC equivalent minimum strain rate for

a) P92 and b) 316L.

3 -
b
_ b e
Z
2.5 4 — -MCH =
=
—FFs Z

2 ——F/s (Chakra)
©
s

Z
g 1.5 P
5

o
= - -

! -

r e
7~
"
0.5
Uref Un,
0 t
0.0 0.5 1.0 1.5 2.0

Deflection u (mm),

Fig. 20. Definition of the linear model ¥y;cy from ¥ggs and Yena., Urer= 0.6 Umax-

300
©
o y = 1.0916x
= R2=0.831
8
£ 250 |
@ i
<
3
<
5
> 200
i)
ke]
8 O MCH (P92)
o [
% 150 + [ .ons | +16.3 MPa
I Unity
— —Linear (MCH (P92))
100 - S :
100 150 200 250 300

Equivalent SPC stress, MPa

Fig. 21. MCH model calculated equivalent stress against uniaxial creep stress
for P92 using the Wilshire model for uniaxial interpolation.

316 L respectively. The MCH scatter for the P92 is, as it was for the EFS
model, larger than the CWA and about the same as for the EFS model.
This is to be expected since the MCH was defined to mimic the ESF at
u= 1 mm. In the case of F92 and 316 L the MCH model predictions give
slightly improved creep strength estimates in comparison to the EFS.
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Fig. 22. MCH model calculated equivalent stress against uniaxial creep stress
for F92 using the Wilshire model for uniaxial interpolation.
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Fig. 23. MCH model calculated equivalent stress against uniaxial creep stress
for 316 L using the Larson-Miller model for uniaxial interpolation.

4. Discussion

The SPC assessments of the TC-101 RR test data show that the new
models that include deflection dependency in the force to stress con-
version clearly improve the accuracy of the estimated equivalent SPC
stress for different types of steels. However, it is also clear that inherent
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A

Fig. 24. a) Top and b) bottom side of a small punch creep specimen interrupted after loading with 500 N at 600 °C and c) a classical SP constant deflection rate test at

B

the same temperature.

scatter in the measured deflection at minimum deflection rate can cause
rather large errors in the calculated equivalent stress. For example, the
P92 tests conducted at 625 °C and 350 N by three different laboratories
measured the deflection at minimum deflection rate to be 0.61, 1.07
and 1.38 mm. The measured time to rupture was very stable at
194h = 10h for the tests in question. The equivalent stress calculated
for the largest deflection was 27% smaller than the uniaxial stress for
the specific test rupture time. The smallest deflection again gave a 24%
larger estimate. This emphasizes the importance of measuring the total
deflection correctly in SPC testing. In this case the low ductility of the
P92 material could be the culprit causing the scatter, but differences in
the deflection measurement system, calibrations and test start-up pro-
cedure will most certainly also cause scatter.

Since the equivalent stress calculation is dependent on robust de-
termination of the location of the minimum deflection rate it would
clearly also be of importance to define a robust methodology to retrieve
it. The successful differentiation of the time-strain curve in standard
uniaxial tests and the time-deflection curve in a SPC test is somewhat
sensitive to data acquisition sampling rate, LVDT noise and the adopted
data smoothing method. As most raw data assessors know, the calcu-
lated rates over a specified amount of data points (or over a specified
time At) will not necessarily be smooth. A potential simplification in the
“SPC to uniaxial” conversion could be to use Y2 life values instead
of finding the minimum through differentiation, i.e. using deflection at
Y life (Y2t,) for equivalent stress calculation and use the deflection at
three points, e.g. deflection at 1/3, half and 2/3 of life to determine the
test specific deflection rate. This approach will be tested in future work.

Another way of improving the equivalent stress estimates when the
measured u,,;, are scattered is to conduct some constant displacement
rate small punch tests (SP) at the specific creep temperatures. These
tests will give good reference in expected initial deflection at loading.
The measured SP test deflection (at specified SPC load) can then be used
as an "after loading" value to which the SPC creep deflection is added. A
typical constant deflection rate SP test is shown in Fig. 24 together with
an interrupted SP test piece. The measured permanent displacement of
the SP sample (0.604 mm) is well in line with what the reading acquired
from the SP displacement curve at 500 N (0.641 mm).

Finally, we note the importance of performing repeated tests. SPC
tests are usually rather short in duration and the creep property esti-
mates would most likely improve by using test condition specific
averages of deflection and rupture time instead of test by test values.

When the relationship between uniaxial minimum creep rates and
SPC minimum deflection rates were analysed it was noticed that the
SPC minimum deflection rates seemed to be a better descriptor of time
to rupture (1/t,) than the material specific uniaxial minimum strain
rates. This could call for an additional correction factor for materials
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P92, F92 and 316 L.

with clearly different Monkman-Grant exponents to acquire the uni-
axial minimum strain rate. The measured minimum deflection rates
plotted against the measured inverted time to rupture values are shown
for all three round robin materials in Fig. 25.

As a consequence, it could be postulated that a "SPC-Monkman-
Grant" (SMG) empirical approach, giving the correlation between the
measured deflection rate and the measured t,, is seemingly insensitive
to the material and could be applied on all the round robin materials as;

D

= ® (10)
where D= 0.521 and n = 0.959 are material independent constants.

With a testing standard in place and with robust and accurate
models for determining both uniaxial creep strength and minimum
strain rate looking to be established, the attractiveness of the SPC
testing is clearly increased. SPC material property determination from
scoop samples extracted from in-service components could become an
important tool for validation of "fit for service" materials in high tem-
perature industrial applications. Thus, the SPC can become an accepted
"standard" route for life extension decision making.

5. Conclusions

In this paper three assessment methodologies for determining
equivalent stresses from SPC tests have been compared for three different
steels. The method to estimate the uniaxial minimum strain rate from
SPC data is also included in the forthcoming international standard and



S. Holmstrom et al.

has been applied on the ECISS TC101 WG1 round robin SPC data.
The following conclusions can be drawn from these assessments on
P92, F92 and 316 L steels;

1. The two analysed force to stress conversion models that include
deflection as a dependent variable are superior to the classical CWA
model with a constant conversion factor.

2. The scatter in the calculated equivalent stress values is mainly
caused by uncertainties in the determination of the deflection u
where the minimum deflection rate is reached and by premature
cracking.

3. The tested P92 steel has ductility issues and shows premature
cracking mainly in the 600 °C and 625 °C SPC tests.

4. The (uniaxial) creep strength of the more ductile materials 316 L
and F92 are estimated well by the calculated equivalent SPC stresses
using the EFS model proposed for the new standard.

5. When converting SPC minimum deflection rates to uniaxial
minimum strain rates a further correction might have to be con-
sidered to account for differences in the uniaxial Monkman-Grant
parameters.

6. The correlation between minimum deflection rate and the inversed
time to rupture in SPC tests seems to be material independent.

7. The new standard will clearly improve the attractiveness of the SPC
test in general and is likely to improve the applicability of the testing
technique for industrial applications.
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Data availability

The P92 RR data can be made available on request from each testing
laboratory separately. It is foreseen that the full set of data will become
available in the European Commission data base MATDB (https://odin.
jre.ec.europa.eu/odin/index.jsp) in the near future.
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