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Future generations of power plants, such as the Ultra-Super-Critical (USC) power plants, are being de-
signed to be operated at more extreme pressures and temperatures in order to achieve higher efficiency.
One candidate material for components is Inconel alloy grade 617, a nickel based superalloy, which is
expected to possess better creep resistance in comparison to other types of alloys (Bhadeshia and Honey-
Keywords: combe, 2011; Evans and Wilshire, 1993). At present there is little available data or information about the
Creep behaviour of this material at the temperature of interest (700 °C) and hence there is a need to evaluate
Alloy 617 its properties under these conditions.

Multiaxial stress state This paper details experimentation on Alloy 617 to evaluate its uniaxial behaviour under tension and
Finite element studies creep at 700 °C, using the results obtained to develop a creep damage model based on power law creep
in conjunction with the Cocks-Ashby void growth approach Cocks and Ashby (1982) for creep in a mul-
tiaxial stress state. Finite Element (FE) simulations are compared to experimental results obtained by
Digital Image Correlation (DIC), which is used in order to validate the effectiveness of a power law creep
damage model. Results made using a novel electrical strain sensor using ACPD principles supplement this
work to draw comparisons between the response of the sensor and the strain field experienced by the

specimen.

© 2017 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Alloy 617 (also known as Inconel alloy 617) is a nickel-
chromium based superalloy, composing of at least 44.5% nickel and
20% chromium (composition can be found in Inconel alloy 617).
Superalloys are a class of material with superior performance at
elevated temperatures to conventional alloys, leading them to be
popular for use in both aerospace and power generation applica-
tions, usually in the manufacture of turbine blades.

Alloy 617 is known for good oxidation resistance and creep
strength up to 1093 °C, and its room temperature tensile properties
have been observed to improve significantly upon 1000 hours ex-
posure to temperatures between 649 °C and 870 °C (Mankins et al.,
1974). Most of the existing literature concerns its usage at temper-
atures well above those in plant condition and limited data exists
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on its properties. Recently, long term tests have been performed
to determine creep properties of specimens extracted from thick-
walled pipes (Knezevic et al., 2013), while work has shown that
modifying alloy 617 by adding more boron up to 60 ppm increases
its creep rupture strength (Klower et al., 2013). Nevertheless, there
remains much more work to be done in order to obtain a detailed
understanding of its behaviour.

In practice, components consist of networks of material joined
by welds and which may have varying geometric features along
the length. Consequently they are more likely to experience a mul-
tiaxial stress state. Hence, data obtained from the uniaxial experi-
ments is used in conjunction with typical power law creep models
to model the deformation of a double-edged notch tension (DENT)
specimen, where the notch simulates the presence of a stress raiser
such as a defect or a weld. The suitability of the creep models for
Alloy 617 is tested using two DENT specimens whose behaviour
is experimentally analysed using Digital Image Correlation (DIC), a
method that allows the strain field over the surface of a specimen
to be determined. Research has been performed using DIC to in-
vestigate the creep of a DENT specimen, showing its usefulness as
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a tool to measure creep strain (Gariboldi et al., 2016) albeit at sig-
nificantly lower temperatures than those considered here.

This body of research has three complementary aims. The first
is to measure and calculate mechanical properties of Alloy 617 at
700 °C experimentally, with particular focus on uniaxial tensile and
creep properties. This data is then used to evaluate creep constants
for simulating the behaviour of the material. The importance of
this is to establish an understanding of how it behaves at 700 °C.

The second aim is to determine whether creep strain accumu-
lated by specimens of Alloy 617 at this temperature can be accu-
rately measured in-situ using a novel alternating current potential
drop (ACPD) strain sensor (Prajapati et al., 2012; Madhi and Nagy,
2011c; Davies et al., 2011). This is essential as it enables the con-
dition of the component material to be evaluated easily.

Finally, the third aim is to ascertain whether power law mod-
els for creep deformation provide an accurate prediction of the
behaviour of Alloy 617, particularly when subject to a multiaxial
stress field. This is critical to ensure that the typical models used
within the field are appropriate.

2. Mechanics of creep deformation

Creep is generally modelled through various uses of power-law
models to represent the relationship between different quantities.
A representation of the entire creep curve of a material can be
made using Eq. (1), combining the effects of all three stages of
creep into one expression

Ea=Aq0™ (1)

where &, is the average creep strain rate, A, is the average creep
coefficient and n, is the average creep stress index.

Similarly the secondary or minimum creep strain rate (&s) can
be represented using a power law expression of the form of Eq. (2),

& =A0™ (2)

where As and n; are the secondary creep coefficient and secondary
creep stress index respectively.

The various values of A and n are determined by regression fits
to uniaxial creep data. In addition, if stress is plotted against time
to rupture it also obeys a power law relationship given by Eq. (3)

tf = Bro—vr (3)

where B; and v, are constants to be found. This relationship can
be used to predict the rupture behaviour of the material.

2.1. Modelling creep behaviour

The finite element (FE) model used to simulate the behaviour
of Alloy 617 incorporates an elastic-plastic analysis of the material
behaviour during loading (obtained from results presented within
this paper), and simulates creep using the average creep strain rate
properties determined within this research (see Table 5). The effect
of creep damage is modelled using ductility exhaustion concepts as
per Eq. (4)

== )

f
where w is the damage, ¢, is the amount of creep strain pre-
dicted by the creep law used and &y is the uniaxial creep failure
strain measured from uniaxial creep tests. The damage parame-
ter, w, is defined such that 0 <w< 1 and failure occurs when
w approaches 1. The rate of damage accumulation, is related to the
equivalent creep strain rate by the relationship in Eq. (5)

Ec

&

W

(5)

and the total damage at any instant is the integral of the damage
rate in Eq. (5) thus given by

wszm (6)

In this body of work, the creep strain rate used is the average
creep strain rate (&), and so it is taken that &. = &,.

The damage accumulation in a multiaxial stress state depends
on the growth and coalescence of voids at grain boundaries. In the
vicinity of the crack tip the local (multiaxial) creep ductility, e},
may be obtained for the material under study from the Cocks and
Ashby (1982) model. The Cocks-Ashby model describes the evolu-
tion of creep damage due to the growth of voids at grain bound-
aries and is a typical model used for a variety of alloys (Spindler,
2004; Xu et al., 2016). Due to the limited amount of research on
alloy 617 at 700 °C, the Cocks-Ashby model has been chosen due
to its general wide use in the field.

The model describes the ratio of the multiaxial to uniaxial fail-
ure strain as a function of the triaxiality, h, as detailed in Eq. (7)
e _ sinh(3(1:53)] -

& sinh[2(292)h]

where n is whichever stress index has been used in the calculation
of steady state creep (either nq or ng). The triaxiality describes the
stress state present within the material as the ratio of the mean
stress to the von Mises equivalent stress (i.e. h = o;/oym).

When a portion of material becomes fully damaged (v = 0.999,
to avoid numerical problems) as described Eq. (4), it no longer
has the ability to take the load. Thus it is assumed that the
stress components in all directions will be zero in the ele-
ments concerned, which is simulated in a similar manner to
Yatomi et al. (2004), Oh et al. (2011), Kim et al. (2013) and
Mehmanparast et al. (2014) whereby the material properties of
the damaged element (i.e. its stiffness) are reduced to a near-zero
value.

A one-eighth model was constructed, as the presence of planes
of symmetry in all three orthogonal directions meant that symme-
try conditions could be applied to faces in each direction. Hence, it
was possible to minimise the model size and therefore the number
of elements within. A mesh refinement study showed that an ele-
ment size of 62.5 pm at the notch root gave results of comparable
accuracy and much shorter solving time to a more refined mesh.
Elements were 8 node, linear brick elements, and the final mesh
used around the notch is shown in Fig. 1.

Results are expressed as quantities measured along the notch
throat, schematically shown in Fig. 2. The distance along the throat,
r, is normalised with respect to the distance between the notch
root and the longitudinal centreline of the specimen, a.

3. Material property determination

A section of curved Alloy 617 piping, 350 mm in length was
provided, and is shown in Fig. 3. After fabrication the pipe had
been annealed at 902 °C for 50 min before being cooled by wa-
ter. It was then subject to a temperature of 700 °C for approxi-
mately 17,000 h. The chemical composition of this particular pipe
was provided by the supplier, and is listed in Table 1.

3.1. Tensile properties

Three cylindrical bar specimens of 8 mm diameter were loaded
in tension to failure in a tensile testing machine, one at room tem-
perature and two at 700 °C. Displacement was measured using an
Instron 2620-601 clip-on extensometer in room temperature tests
or a Linear Variable Differential Transducer (LVDT) at high temper-
ature, and used to calculate strain. In the tensile test performed at
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Fig. 1. Cross-section of specimen geometry used in FE model of DENT specimen,
showing mesh on cross-section of 3D model.

Fig. 2. Co-ordinate scheme used in expressing results over the throat of notched
specimens.

Fig. 3. Section of Alloy 617 piping used for experimentation (shown alongside A4
sheet of paper as size comparison).

700 °C, the specimen temperature was monitored using thermo-
couples attached according to ASTM Standard E633 (ASTM Inter-
national, 2005).

3.2. Creep properties

In order to determine the creep properties of Alloy 617, a se-
ries of six uniaxial creep tests at 700 °C were performed. Tests in-
volved first exposing the specimens to a uniform temperature field
at 700 °C, which was measured using thermocouples attached on

Table 1
Chemical composition of Alloy 617 pipe material provided (by % wt.)

Ni Cr Co Mo C Si Al Fe Ti

54.27 2234 11.70 9.26 0.06 0.06 0.97 0.87 0.43

different parts of the specimen according to the aforementioned
ASTM Standard E633 (ASTM International, 2005). This temperature
field was held for 24 h to ensure that it remained constant be-
fore a constant load, applied using dead weights, was applied to
the specimen. Each specimen was tested at a different load and al-
lowed to creep until failure so as to obtain the material’s response
over a range of stresses.

Stress is expressed as the net section stress according to
Eq. (8)

w
o= ITO (8)
where W is the applied load and Ag is the initial cross-sectional
area of the gauge region of the specimen. Loads were varied to
give an applied stress from 270 to 340 MPa and rupture times in
excess of 100 h. Strain calculated from the extension of the gauge
region of the specimen measured using a Linear Variable Differ-
ential Transducer (LVDT). LVDTs were calibrated after each test in

order to obtain an accurate displacement-voltage characteristic.

4. Creep monitoring systems
4.1. Digital image correlation

Digital Image Correlation (DIC) is an optical method of mea-
suring strain over an area on the surface of a material. It uses a
random pattern of paint specks painted on the surface of the test
subject and a camera system to capture images while it undergoes
loading. By tracking and comparing progressive images during de-
formation, strain can be mapped across the surface.

Using a furnace with a porthole, a Single Lens Reflex (SLR) cam-
era was positioned to be able to take pictures of the specimen sur-
face during creep. High temperature paint capable of withstanding
over 1000 °C was sprayed over the specimen surface to apply the
speckle pattern.

Facet sizes were between 70 x 70 pixels and 100 x 100 pix-
els, with facet overlap being between 20 and 40 pixels. Facet size
and overlap were adjusted depending on the size of paint spots
in the speckle pattern and in order to produce the smallest er-
ror. Errors in DIC measurement were determined by measuring the
maximum fluctuation in reading at constant temperature with no
loading (i.e. where no strain increase should occur), and error bars
have been applied to each set of results in this manner.

4.2. The ACPD sensor

The ACPD sensor used involves a 2 x 2 square set of probes
that measures the electrical resistance of the material. The princi-
ple of operation involves applying a low frequency current of 2 Hz
into two probes and measuring the voltage across the other two,
before doing the same in the orthogonal direction. As the com-
ponent strains, the separation between the probes (and hence the
resistance) increases in the direction of the load and decreases in
the transverse direction. Therefore the change in resistance can be
used to calculate the strain, meaning the sensor functions as a high
temperature strain gauge, at least until local material effects such
as crack formation become significant (Davies et al., 2011).



198 A. Narayanan et al./International Journal of Solids and Structures 129 (2017) 195-203

a) b)

O

Probes at notch
~

o
= — =

<
O 0 0O O 0
O 0 0O OO0

—ar="

24 mm

Remote probes/

O O 0O 0O O
O O 0 0O O

O

Fig. 4. Geometry of specimens tested with DIC and ACPD systems, showing
schematics of a) specimen N-1 and b) specimen N-2.
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Fig. 5. True stress-true strain curves for Alloy 617 at room temperature and 700 °C.

Table 2
Tensile properties of Alloy 617 at room temperature.
Temperature Elastic modulus, E 0.2% Proof stress UTS (MPa)
(GPa) (MPa)
Room Temperature 233 580 1253
700 °C 169 379 690
Table 3

Results obtained are expressed as the ratio of the longitudinal
resistance to the transverse resistance in order to negate effects of
temperature. This resistance ratio is then normalised with respect
to the initial measurement, producing a quantity called the nor-
malised resistance ratio and given the symbol &.

The probes used in this sensor consist of stainless steel dowel
pins welded to the surface of the specimen, with chromel wires
attached to the pins to form the connection to the sensing units.
A multiplexer switches between inputs, so measurements across
multiple sets of probes can be made. An array of probes (2 x 10
long) has been applied along the gauge region of one DENT speci-
men, with two 2 x 2 sets affixed to the other one. The first config-
uration is designed to measure the variation in response progres-
sively further away from the notch. These probe configurations are
shown schematically in Fig. 4.

5. Results
5.1. Measurement of tensile properties

The stress-strain curves for Alloy 617 at both room tempera-
ture and 700 °C are shown in Fig. 5, with corresponding tensile
properties given in Table 2. The elastic modulus at room tempera-
ture is greater than that quoted in Inconel alloy 617 by 10%, while
both the 0.2% proof stress (0 5) and ultimate tensile strength (UTS,
o yrs) are significantly greater. At 700 °C, the effect of temperature
has been to reduce both the proof stress and modulus, with the
modulus at 700 °C being 76% the room temperature value and the
0.2% proof stress decreasing by 29.5%. Furthermore, the UTS at this
temperature is just over half that at room temperature. When com-
pared to the data sheet value (Inconel alloy 617), the former is 6%
greater than the listed value of 166 GPa at 700 °C, which is to be
expected when one considers that the room temperature experi-
mental value of 233 GPa is 8% greater than the corresponding data
sheet value.

5.2. Measurement of creep properties

Six uniaxial creep tests have been performed and are listed in
Table 3. Strain-time histories for all specimens are plotted in Fig. 6,
with strain calculated from displacement measured using a Linear
Variable Differential Transducer (LVDT). It should be noted that the
general trend for three of the specimens (tested at 325, 330 and
340 MPa) show very similar trends with a high degree of overlap.
Indeed, the latter two specimens display almost exactly the same
curve. The specimen tested at 325 MPa has failed before the spec-
imens tested at 330 MPa and 340 MPa and accumulated half as
much creep strain.

Results suggest that in this material, the creep ductility cannot
be assumed to be constant over the stress range of the tests, which
is borne out by Fig. 7a. The stress-rupture characteristic for the six
completed tests is in Fig. 7b, with rupture properties displayed in
Table 4.

Details of testing on completed uniaxial creep specimens; &; is secondary creep strain rate

and &, is average creep strain rate.

Stress (MPa)  Time to failure (h)  Failure strain (%) & (h1) éq (h71)

270 2535 5.46 131 x 107° 212 x 10-5
279 1034 537 2.78 x 1075 523 x 1073
315 619 8.53 550 x 10° 138 x 10~*
325 220 9.68 239 x 10% 441 x 10
330 402 19.40 111 x 10~* 4.83 x 104
340 385 18.72 155 x 1074 4.86 x 1074
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Fig. 6. Creep curves for uniaxial specimens of Alloy 617, identified in key by the
magnitude of test stress, showing data at stresses of 340 MPa (diamonds), 330 MPa
(crosses), 325 MPa (plus symbols), 315 (triangles), 279 MPa (squares) and 270 MPa
(diamonds).

The relationship between strain rate and applied stress deter-
mined from experiments is shown in Fig. 7c and d, and the creep
constants derived are listed in Table 5 using a regression fit to the
data on a set of logarithmic axes. Results have been plotted along-
side results from similar work performed recently (Knezevic et al.,
2013).
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Table 4

Rupture constants for Alloy 617 at 700 °C.
Rupture stress index, v, B; (MPa' h)
10.20 1.52 x 10%8

Table 5

Steady state creep constants using secondary and average creep strain rates for
Alloy 617.

Creep coefficient, A Creep stress

(MPa'/m) index, n
Secondary/minimum creep rate  1.05 x 10736 12.85
& (h71)
Average creep rate &, (h1) 1.72 x 1038 13.64

Table 6
Details of tests performed on DENT samples; o e is applied stress and o
is the 0.2% proof stress.

Specimen Temperature ( °C) O net O net|0 02 Test Duration (h)
N-1 700 300 073 194
N-2 700 300 073 577

5.3. Measurement of creep strain

Two double-edged notch tension (DENT) specimens have been
tested for the purpose of evaluating the capabilities of the ACPD
sensor at 700 °C as well as observe the evolution of the strain field
they experience, with conditions given in Table 6. Experiments
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Fig. 7. Uniaxial creep properties for Alloy 617: a) Failure strain () against stress (o), b) Time to rupture (t;) against stress ¢) Minimum creep rate against stress, d) Average
creep rate against stress; Imperial College data (diamonds) as been plotted alongside Knezevic data (Knezevic et al., 2013) for ¢) and d) for comparison.
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Fig. 8. Creep strain field evolution of specimen N-1: visualisation of the strain field
using DIC overlaid on the image of the specimen at three points in time during the
test.

involved a similar setup to that specified in the previous section in
terms of application of temperature and load. The sensors used are
described in previous sections. Each specimen had a speckle pat-
tern applied the surface facing the camera (through the porthole)
and at least one set of four ACPD probes attached to the reverse
side.

Before presenting the results for N-1 and N-2, it should be
mentioned that although in Table 6 the time to failure is specified
as 194 h and 577 h respectively, a large crack formed at one of the
notches at 154 h in the case of the former and 479 h in the case
of the latter. These cracks grew visibly until failure occurred. It is
also noted that one test lasts almost 400 h longer than the other,
which is an example of the kind of variability in material perfor-
mance during creep exacerbated by the fact these were accelerated
creep tests.

The strain fields measured using DIC for specimen N-1 have
been shown for t = 0 h, t = 97 h (t/t; = 0.5) and t = 135 h.
These times have been represent the period before creep occurred,
halfway through the test and a few hours before a crack became
visible by the naked eye respectively. Similar strain fields for spec-
imen N-2, obtained using DIC, are displayed for t =0 h, t = 180 h
and t = 356 h. The latter has accumulated more strain overall as it
crept for a longer period of time.

In this work, the limitations of the experimental apparatus
meant that only one notch could be focused on, therefore the
difference in strain fields between the two notches could not be
quantified. However, as large-scale cracking initiated at one notch,
it is possible that there was an asymmetric strain field produced
prior to this. This would support prior work by (Gariboldi et al.,
2016) on aluminium showing that although the initial strain field
may have symmetry, strain can eventually accumulate more at one
notch over the other.

t=0h

t=180h

0 12 24 36 48 60 72 84 96 104
g, (%)

Fig. 9. Creep strain field evolution of specimen N-2: visualisation of the strain field
using DIC overlaid on the image of the specimen at three points in time during the
test; strain accumulation is much more localised in comparison to specimen N-1.

To investigate the consistency in behaviour prior to large-scale
cracking, Fig. 11 has plotted measurements of strain along the
throat of the notch for both notched specimens of Alloy 617 at 97 h
and 135 h into each. At both time points there is good consistency
between the two specimens of Alloy 617, although N-2 has more
strain close to the notch root at t = 97 h. Subsequently the be-
haviour differs between the two as the crack appears in one notch
of N-1 soon afterwards. This early cracking of one specimen com-
pared to the other could be an example of material variability in
creep.

As previously detailed in Fig. 4, specimen N-1 had an array of
ACPD probes welded over the entire length of its gauge region,
while specimen N-2 had one set attached at the notch and one
set located at a distance of 20 mm away to provide a remote field
measurement. Results are shown for both specimens in Fig. 10, ex-
pressed using the normalised resistance ratio (§). There is clearly
a diminishing resistance response as the distance from the notch
increases. However, it can be seen that after 6 mm, there is no
immediately visible increase in the gradient of the creep curve at
the end of the steady-state portion of the graph. This is to be ex-
pected, as the resistance change is geometry driven until tertiary
creep (Madhi and Nagy, 2011a; 2011b) and the presence of an elas-
tic stress field further away from the notch means that strain in-
creases are negligible in comparison to the near-notch region. The
set of probes located 6 mm away from the notch is close enough
to it to detect the strain localisation and crack formation occurring
here. Finally, the resistance ratio is shown to accelerate well in ad-
vance of the visible crack formation, supporting previous experi-
ments conducted (Davies et al., 2011) that show the ability of the
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Fig. 10. Normalised resistance ratio (§) against time obtained using ACPD probes for a) Specimen N-1 with results shown at the centreline (solid line) and at distances of
24 mm (circles), 18 mm (diamonds), 12 mm (triangles)and 6 mm (squares) from it and b) Specimen N-2 with results shown at the centreline (solid line) and 20 mm away

from it (squares).
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Fig. 11. Creep Strain measured using DIC along throat of notched Alloy 617 speci-
mens at 97 h (solid squares for specimen N-1 and solid triangles for specimen N-2)
and 135 h (hollow squares for specimen N-1 and hollow triangles for specimen N-2)
into the test.

ACPD sensor to sense the onset of the accelerated portion of the
material life in advance of conventional strain measurement tools.

6. Comparison with finite element model

Fig. 12 compares experimental results for specimen N-2 to pre-
dicted results from FE simulations at four different time points. It
is seen that in the early stages there is a discrepancy between the
FE and the experimental results. This is expected as the average
creep strain rate method represents the entire creep curve using
one constant strain rate. Therefore predictions using the model un-
derestimate creep strain due to the initial high strain rate of pri-
mary creep. As time progresses, the discrepancy reduces until final
failure of the model at t = 236 h, where failure has been defined in
this case as the point of time when the first element becomes fully
damaged according to Eq. (4). This is an important observation as
failure will occur within the tertiary creep regime and therefore
if the model can accurately match with experimental data at later
points in the test it means that it remains suitable for use on this
material.

7. Discussion

Creep constants for Alloy 617 have been calculated and
presented using data from six tests to provide preliminary
data for finite element modelling. Recent work performed by
Knezevic et al. (2013) is plotted alongside data presented in this
paper (see Fig. 7). It is seen that both data sets have a reason-
able fit with each other. Any discrepancy may be due to differ-
ences in prior heat treatment between the two sets of material
concerned. Knezevic et al considered two different annealing treat-
ments whereas the material used within this research had been
subject to a different annealing cycle before being thermally aged
for 17000 hours. As mentioned earlier, alloy 617 shows an im-
provement in tensile properties after exposure to temperature for
an extended period of time (Mankins et al., 1974), while for other
materials the effect of thermal ageing is detrimental to creep re-
sistance (Sklenicka et al., 2015). Hence, it may be that the ageing
process has affected the creep properties.

Notched specimens were tested to visualise creep deformation
at elevated temperatures under multiaxial loading conditions as
well as to compare with FE models. The first point to note is that
both specimens deform in a similar manner, with the strain along
the notch throat being similar in magnitude at 97 and 135 hours
into the tests (see Fig. 11). Nevertheless, it is noted that although
promise has been shown, more specimens must be tested to re-
duce the uncertainty.

Comparisons with FE models were performed. The FE combined
an average creep strain rate analysis with a calibrated Cocks &
Ashby damage model and results show a reasonable amount of
agreement with experimental results. Discrepancies may be either
due to inherent material variability or a requirement for more uni-
axial creep test data to be obtained and analysed in order to fur-
ther refine the material properties.

The ACPD sensor shows that the strain is highly localised as ex-
pected as the stress is localised at the notch tip. This observation
is supported by strain fields in Figs. 8 and 9. Nevertheless, probes
centred around a point 6 mm from the defect have detected accel-
eration showing some sensitivity of the sensor in this configuration
when a stress raiser is in its vicinity.

8. Conclusions

Tests have been performed to characterise Alloy 617 at 700°C.
Tensile properties stated are consistent with previous literature
values in Inconel alloy 617. Six creep tests have been performed
at various stresses to provide creep data, which has been listed in
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Fig. 12. Comparison between FE and creep strain along throat of specimen N-2 at a) t = 97 h, b)t = 175 h, ¢) t = 214 h, d) t = 236 h.

Table 5. Experiments are detailed that use DIC to map the strain
fields of a specimen undergoing creep. Notched specimens have
been tested to investigate the field evolution with respect to multi-
axiality. Finite Element models using average creep rate properties
from this data set have shown good agreement with experiments,
with the quality of agreement increasing as time progresses.

The ACPD sensor shows promise for operation on specimens
subject to 700 °C. The presence of a defect may be detected from
up to 6 mm away, and may be increased if the current sensor elec-
tronics or configuration is adjusted to suit.

Testing is ongoing in order to better evaluate the behaviour of
the alloy over a greater range of test stresses and lifetimes. How-
ever, values stated here are used to provide a reasonable charac-
terisation of its material properties. In future, it will be necessary
to extend the work on to other aspects of creep behaviour includ-
ing its response to multiaxial stress states (i.e. using notched bars)
and with regards to creep crack growth (CCG), for example using
compact tensions (CT) specimens.
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