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Abstract

A procedure is described for Indentation Creep Plastometery (using a spherical
indenter), which is analogous to that developed previously for Indentation Plastometry. As
in that case, it is based on iterative numerical simulation of the indentation process, with
repeated comparison between an experimental outcome and the corresponding model
prediction, systematically varying the values of parameters in a constitutive law until optimal
agreement is achieved. The constitutive law used here is the Miller-Norton relationship,
which covers both primary and secondary creep regimes (although the transition between
them is not well-defined). The experimental outcome is the penetration depth as a function
of time, under a constant applied load. An important feature of the procedure is the prior
creation of a spherical recess in the sample, having a pre-selected depth and a curvature
radius equal to that of the indenter. This allows control over the stress levels created during
the indentation creep testing and can be used to ensure that no (time-independent) plastic
deformation is stimulated during the test. In the absence of such a recess, this is virtually
unavoidable, since the stress levels created during initial contact between a spherical
indenter and a flat surface tend to be very high. Such plasticity introduces unwanted
complications into creep testing. Confirmation of the viability of the procedure is provided
via comparisons between the creep characteristics of pure nickel samples at 750°C,
obtained in this way and via conventional uniaxial tensile testing.
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1 Introduction

In view of the many advantages offered by indentation, compared with conventional
uniaxial testing procedures, the development of methodologies that allow the extraction of
reliable plasticity characteristics from indentation data is an important goal. Much of the
work carried out so far has been focused on (quasi-static) plasticity (yield stress and work
hardening parameters). However, there is also considerable interest in creep. A number of
analytical or semi-analytical procedures [1-9] have been developed for obtaining creep
characteristics from instrumented indentation data. Most commonly, the aim is to evaluate
the stress exponent, n, that applies during the secondary creep regime. These procedures
inevitably involve gross simplification of the complex stress and strain fields created as an
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(elastic) indenter penetrates into a sample via creep deformation. In general, the outcomes
(such as inferred n values) from such analytical procedures are very unreliable, for reasons
that have become clear [10-13]. One of the complications is that the primary regime of
creep tends to influence the overall outcome throughout the test (because the creep strain
field is continually expanding).

Iterative FEM simulation of the indentation process, on the other hand, offers the
potential for accurate capture of evolving stress and strain fields, particularly if a constitutive
law is used that covers both primary and secondary creep behavior. In fact, the iterative
FEM methodology is now quite well developed and reliable [14-21] for extraction of
plasticity characteristics from indentation data (either load-displacement or residual indent
profile) and software packages are becoming available that allow automated extraction of
such properties.

The current paper is focused on Indentation Creep Plastometery, for which the state of
development is less well advanced. The procedure commonly involves the application of a
constant load to a sample via a (spherical) indenter. The load is held at this level for an
extended period, during which progressive penetration of the indenter into the sample is
monitored. As with Indentation Plastometry, iterative FEM modeling of the process is
carried out, with the creep characteristics (primary and secondary) captured in a
constitutive law. Furthermore, the technique has the attraction of effectively investigating
the creep response of the material over a range of stress levels during a single test
(whereas separate tests are needed for different stress levels during conventional testing).
Also, the FEM simulation is based on true stress levels, whereas a drawback of
conventional creep testing is that, unless the applied load is varied during the test (using a
feedback loop based on the measured length change), the true stress changes
progressively during the test as the specimen sectional area changes.

In view of these attractions, there is every prospect of Indentation Creep Plastometery
becoming widely used in due course. While the level of activity and development has been
lower than those for indentation plastometery, a number of relevant papers [22-28] have
been published. There are also patents [29, 30] concerning the extraction of creep
parameters via some kind of local deformation of a sample. In fact, one of the main
stumbling blocks so far has been the difficulty of carrying out an indentation creep test
without stimulating (quasi-static) plasticity in the sample at the same time, particularly
during the early stages of the test. A simple procedure is described here that circumvents
this problem.

2 Experimental Procedures

2.1 Introduction of a Recess prior to Indentation Creep Plastometry
The procedure, as previously employed, incorporates a major difficulty. It is important,
when carrying out creep testing, to avoid (time-independent) plastic deformation. During
conventional (uniaxial) creep testing, this is easily achieved by ensuring that the applied
stress level is below the yield stress (for the temperature concerned). During indentation
creep testing, however, the induced stress levels tend to be very high initially (when the
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contact area between the indenting sphere and the flat surface of the sample is small).
Some plasticity is difficult to avoid during this phase, even if attempts are made to ramp up
the applied load in some controlled way. This is doubly unfortunate, since (a) the
displacement due to plasticity is difficult to separate from that due to creep during this initial
period and (b) inducing plastic deformation may change the microstructure in such a way as
to affect the creep response.

During the current work, a spherical recess was introduced in the sample before the
start of the test, with the same radius as the indenter. This reduces the stress levels
induced in the sample when the load is applied (removing the need for any phase during
which it is ramped up). For any selected recess depth, use of the FEM model will allow the
stress field in the sample to be predicted, making it easy to ensure that the maximum
(deviatoric) stress does not exceed the yield stress. Furthermore, selection of the depth
provides a measure of control over the complete range of stress levels that will arise during
the test (for a given applied load). This development is the subject of a recently-filed patent
[31].

2.2 Physical Creation and Characterization of the Recess

The shape of the recess should match that of the indenter. It may in practice not be
important for the matching to be very good (since local irregularities are likely to be quickly
removed once the creep testing has started), but in the present work an attempt was made
to obtain excellent matching. It may also be noted at this point that a typical indenter radius
is expected to be of the order of 1-2 mm. Since this is relatively coarse (ensuring that a
representative volume of the sample is being mechanically interrogated), the scale of the
recess is such that conventional machining procedures can be employed to create it. On
the other hand, the region being tested is still relatively small, so the sample can be small
and the mapping of properties over a relatively large sample is still possible.

A recess of approximately the desired shape and depth was first created using a
conventional drill bit with a spherical tip. A smooth recess surface, closely matching that of
the indenter, was then created using a drill with an indenter as the tip. By introducing
abrasive powder into the recess, this essentially becomes a honing operation that will
create a smooth recess with a topography closely matching that of the indenter.
Furthermore, by using a profilometer (optical or contact), the actual shape of the indent can
be accurately captured and this can be used both to check on whether the surface finish
and overall topography are acceptable and also to create the FEM mesh that will be used
during iterative simulation of the indentation test. Since the depth of the recess is likely to
be of the order of at least several hundred microns, the resolution requirements of the
profilometry are relatively undemanding - a value of the order of 1 um is typically sufficient.

2.3 Securing of the Indenter and Double Sample Operation
A potentially important issue, particularly when testing highly creep-resistant materials,
concerns the possibility of inelastic deformation occurring within the housing of the
indentation sphere during the test. This housing is most conveniently made of metal, but
this leads to the possibility of creep occurring within it close to the indenter, in a similar way
to that occurring in the sample. This would introduce errors in the measured displacement-
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time data. This was eliminated in the current work by using two identical samples, both with
recesses, located above and below a free-standing (ceramic) sphere. Not only does this
eliminate the possibility of errors arising from an unknown contribution to the displacement
from deformation within the housing, but also the magnitude of the measured displacement
is doubled, thus improving the accuracy of the data.

2.4 Sample Preparation
The results reported here relate to samples of pure nickel, obtained from Goodfellows in
the form of extruded cylindrical rods of 10 mm diameter. An optical micrograph is shown in
Fig.1, where it can be seen that the grain size was around 50-100 um and the grain
structure was approximately equiaxed. The temperature of all tests was fixed at 750°C. It
was confirmed that the degree of oxidation of these samples, at this temperature, was
negligible.

2.5 Uniaxial Tensile Stress-Strain Testing

For uniaxial tensile stress-strain testing, samples were in the form of cylindrical dog-
bone samples, with a gauge section diameter of 3.1 mm and a length of 22 mm. Samples
were gripped using collets made of CMSX-4. Strain was measured using an MTS 632.54F-
14 axial extensometer (clip gauge), with a gauge length of 12 mm. Tensile stress-strain
curves at 750°C were obtained using an Instron LCF testing machine. A typical outcome is
shown in Fig.2, which presents the data as both nominal stress against nominal (plastic)
strain and true stress against true plastic strain. It can be seen that the yield stress is about
66 MPa, with some subsequent work hardening.

2.6 Uniaxial Tensile Creep Testing

Uniaxial tensile creep testing was carried out using the same machine, sample
dimensions and set-up as for the stress-strain testing. The (nominal) stress levels
employed were 35, 45 and 55 MPa. These levels were chosen to ensure that they were
below the measured yield stress, so that conventional plasticity did not occur. The target
duration for these tests was 5 10* s (~14 hours), although the 55 MPa test was stopped
before that, since the strain rate had become high and it seemed likely that necking and/or
rupture was imminent.

2.6 Indentation Creep Testing

The indenter used was a sphere of 4 mm diameter, made of SizN4 (supplier Bearing
Warehouse Ltd). The recess in the sample had a depth of 1.0 mm. It was produced by first
using a spherical end drill of diameter 4 mm and then using an identical sphere to that used
in the creep testing, attached to the end of a drill bit. SiC polishing powder (~1 um) was
inserted into the recess before this honing operation. This ensured that the shape of the
recess closely matched that of the indenter. A Taylor Hobson (Talysurf) profilometer (ie a
contacting stylus), with a wide-range inductive gauge and 20 um radius cone recess tip,
was used to measure the recess profile (assumed to be radially symmetric). The height
resolution of these scans is about 1 um. Tilt correction functions were applied to the raw
data, based on the far-field parts of the scan being parallel. A scan to the axis of the recess
is shown in Fig.3.
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The indentation creep tests were also carried out over a period of 510*s. Constant
loads of 0.85 and 1.0 kN were used. FEM simulation was used to ensure that, with this
configuration, and with these loads, the peak (von Mises) stress created under the indenter
was below the uniaxial yield stress. The creep indentation experiments were carried out
using double sample set-ups of the type described in §2.3. The samples were cylinders of
diameter 10 mm and thickness 10 mm. An FEM mesh is shown in Fig.4 and the von Mises
stress field created when a load of 1 kN is first applied is shown in Fig.5. It can be seen
that the stress levels in the sample do not reach the yield stress. The peak value is about
50 MPa. It may be noted that, during this type of test, the stress levels will tend to fall as
the indenter penetrates more deeply into the sample - see below. (This is not necessarily
the case during conventional plastic deformation, when work hardening can cause stress
levels below an indenter to rise as it penetrates more deeply.)

3 FEM Model Formulation Issues

3.1 Constitutive Law
In addition to checking that conventional plastic deformation would not occur during
indentation tests, FEM simulation of the process was used to predict the outcome of the
test (penetration — time plot), for given combinations of applied load and the set of
parameter values in the constitutive law used to represent the creep behavior. The
expression used in the current work was the Miller-Norton law, which may be written:
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in which A is a constant (units of MPa™ s™™b), tis the time (s), n is the stress exponent and
m is a dimensionless constant. This law is designed to capture both primary and secondary
regimes of creep (and the transition between them). This is essential [10] for indentation
creep work, in which a steady state (purely secondary creep) is never established. Since
only a single temperature was used in the current work, the exponential term was also
constant and the symbol C is now used to represent the product of this term and A.

It should be noted how this equation was employed in order to obtain the increments of
strain generated in a given volume element as it experiences a changing (deviatoric) stress
throughout the test. The equation can be differentiated with respect to time, to give

¢, =Co"t" (2)

The time can thus be expressed in terms of both strain rate and strain:
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Eliminating t and rearranging allows the strain rate to be expressed as a function of the
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It is assumed that the cumulative creep strain defines the ‘state’ of (a volume element of)
the material, with the instantaneous creep strain rate determined by the current stress (in
the volume element concerned) and the prior strain: the creep strain rate can thus be
expressed solely as a function of the creep strain. This is depicted in Fig.6 and details of
the algorithm are supplied elsewhere [25].

The procedure for obtaining the “best-fit" set of values for C, n and m involves
systematic migration in parameter space until convergence is obtained, using a “goodness-
of-fit” parameter to characterize the level of agreement between measured and predicted
test outcomes (penetration-time plots). This is described below. A friction coefficient must
be specified for the FEM modeling, although the outcome tends to be relatively insensitive
to its exact value. For the work described here, the value was 0.2.

3.2 Model Meshing and Boundary Conditions

The current work involved FEM simulation of (spherical) creep indentation, with prior
production of a recess. Both the radial and axial extent of the domain, relative to the
indenter radius, need to be large enough to ensure that they do not affect the outcome.
(This also needs to be true for the experimental set-up.) It was confirmed that this was the
case for the domain shown in Fig.4, and for the actual samples. For this case (ie effectively
semi-infinite samples), there is no need to match the mesh to the actual dimensions of the
sample and the FEM modeling outcomes will be applicable to any sample dimensions that
satisfy this condition.

3.3 Convergence Algorithm

The algorithm used to converge in parameter space on the best fit combination of
parameter values is the Nelder-Mead simplex search [32]. This was chosen in view of its
robustness and adaptability, particularly with respect to noise. The procedure used is
based on that of Gao and Han [33], and was built using the Scientific Python and Numeric
Python packages [34, 35]. Full details are available elsewhere [18].

The goodness-of-fit between target and modelled data (displacement-time data) is
characterized here via a dimensionless parameter S,eq, @ “reduced sum of squares of the
residuals”.

Qo=

!
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where &um and gm are respectively the modelled and experimental values of the
displacement, at times varying from 0 up to tmax (Split into increments of At and with the
counter i varying from 1 to N). The actual number of measured values would commonly run
into thousands, but a typical value of N would be of the order of 100, so some filtering and
averaging of the raw data was employed. The normalising displacement, g, is the
experimental value at the end of the run (i = N).

This operation could be carried out for just a single run - ie for a single value of the
applied load, P. However, in the current work, two runs (with different values of P) were
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carried out, so two &g datasets were available. For each combination of M-N parameter
values (giving a & v dataset for each P), the Sq Value was calculated in each case and the
numerical average taken. In this way, equal weighting was given to the two runs. Of
course, more runs could be included in this operation, although it is important to note that
even a single run creates a wide range of (changing) stress levels within the sample, up to
a level predetermined by the load P and the penetration ratio of the recess (&% e/ R, where
R is the indenter radius). Among the several compromises involved in choice of the
conditions is that of having this ratio large enough to ensure that the peak stress (for the P
concerned) does exceed the yield stress, while leaving a large enough range of g (up to
oe=R - e reaching the “equator”, which is probably as deep a penetration as would
normally be envisaged).

As for the corresponding parameter for plasticity [21], Sreq iS thus a positive
dimensionless number, with a value that ranges upwards from 0 (corresponding to perfect
fit). Modeling that captures the material creep response well should lead to a solution (set
of parameter values) for which Syq is relatively low - say, less than 103, This effectively
constitutes a health check on the solution - if, for example, no solution can be found giving
a value smaller than, say, 1%, then this suggests that there can only be limited confidence
in the inferred set of values. This could be due to experimental deficiencies and/or an
inability to capture the behavior well with the constitutive law being used. In fact, during the
work described here, a solution with an Syeq value well below 10 was found, representing
very good agreement.

4 Test Outcomes

4.1 Uniaxial Tensile Creep Results

The outcomes of tensile creep testing with the 3 different levels of applied (nominal)
stress are shown in Fig.7. It can be seen that these all exhibited shapes broadly expected
of creep strain curves, with those for the higher stress levels showing what appear to be
“tertiary” regimes of increasing strain rate towards the end of the test - ie at strains of the
order of 10%. There is also a clear “primary” regime in all cases, which for these tests
constituted a significant proportion of the test (in terms of both strain and time). In fact, at
least for the two higher stress levels, there is not really any well-defined “secondary” regime
of constant strain rate. This is actually quite representative of much creep testing, at least
with relatively high stress levels.

It may be noted at this point that, at least for the 55 MPa test, the true stress level
started to exceed 60 MPa, and thus became quite close to the measured yield stress (of
about 66 MPa) in the “tertiary” regime. For the 45 MPa test, on the other hand, the true
stress was still below 50 MPa at the time when the strain rate started to rise.

4.2 Indentation Creep Results
The experimental indentation (displacement-time) data for the two loads employed are
shown in Fig.8, together with corresponding predictions for the (best fit) set of Miller-Norton
parameter values shown. Also shown are the final S,y values obtained in each case.
Convergence on these best fit values is illustrated by the plots shown in Fig.9, in which the
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misfit parameter value is the average of those for the two loads. It can be seen that
convergence was achieved within about 60-80 iterations.

4.3 Tensile Creep Curves from Indentation Outcomes

The main objective is to obtain conventional (tensile) creep data (for any selected level
of applied stress), at least in primary and secondary regimes, solely from indentation
experiments - in fact, essentially from a single indentation experiment. All that is required
is the best fit set of Miller-Norton parameter values. These can then be used to predict the
outcome of creep testing with any configuration, including, of course, the simple one of
uniaxial tensile testing. In fact, for that case, it's not even necessary to carry out any further
FEM modeling, since a tensile creep test is one in which the stress and strain field tends to
remain homogeneous. (This is not true for compressive creep, when friction and barreling
tend be significant.) A comparison between the outcome of a tensile creep experiment and
a prediction based on indentation-derived values of the Miller-Norton parameters can
therefore be made via simple manipulation of the Miller-Norton equation.

The outcome of such an operation can be seen in Fig.10, where the experimental plots
of the nominal creep strain as a function of time (from Fig.7) are compared with
corresponding predicted plots obtained using the indentation-derived Miller-Norton
parameter values. Two sets of these are shown. The first is simply the curve
corresponding to Egn.(1), with the true creep strain obtained in that way converted to a
nominal strain and the stress used in the equation being fixed at the nominal value. The
second is based on the strain rate form of the M-N expression — ie Eqn.(2). This has been
implemented by stepping through a series of time increments, calculating the latest strain
rate by taking into account the changing value of the true stress. This is how the Miller-
Norton expression should be used, since both the stress and the strain in it are true values.
It can be seen that doing this makes a significant difference to the predicted curves,
although in these cases it does not lead to any increase in the overall strain rate with
increasing time. (This would tend to happen at higher strains, depending on the value of n.)

The most striking feature of Fig.10 is that the agreement between conventional tensile
creep testing and the indentation-derived outcome is in general very good, at least within
the primary and secondary regimes. The “tertiary” regime, which is quite noticeable with
the highest level of applied stress, is not captured, even by using the Miller-Norton
formulation in a way that takes account of the increasing level of true stress in such tests. It
is possible that this discrepancy is due to the true stress starting to approach the yield
stress at the temperature concerned. If this happens, then it is expected that the behavior
will not be captured well using a creep model of this type, and plasticity characteristics
(including the work hardening rate) are likely to have an effect. In fact, any analytical
formulation, such as the Miller-Norton law, is likely to be reliable only within a certain range
of (true) stress.

It is of interest to note the range of stress and strain generated within an indentation test
of this type, since it is clear that creep characteristics well outside of these ranges are
unlikely to be captured well by such a test. Fig.11 shows fields of (von Mises) stress and
creep strain within the sample at the end of the simulation with an applied nominal stress of

-8-



Obtaining Creep Characteristics from Indentation Experiments ...Burley et al

55 MPa. (This is actually after a time of 5 10* s, whereas the corresponding tensile creep
test was stopped after about 1.8 10* s, when the strain rate was becoming very high.) This
case therefore reflects a relatively severe test, in terms of generating high stresses and
strains. It can immediately be seen, on comparing Fig.11(a) with Fig.5, that the stress
levels have relaxed somewhat as the indenter has penetrated, and all of these stresses are
well below the yield stress. It can also be seen from Fig.11(b) that the creep strains
generated within the sample range up to about 10-15%, which is appropriate for the
comparisons shown in Fig.10.

Finally, it can be see in Fig.11 that there is some “pile-up” around the indent, although it
is not very pronounced. Of course, during conventional plastic deformation, such pile-ups
can be quite noticeable, particularly for materials that exhibit little work hardening (allowing
large plastic strains to develop near the pile-up). In general, while there is no clear
analogue during creep deformation to a “work hardening” effect, there is a tendency for the
stress and strain fields to become more “diffused” than during plastic deformation, such that
pile-up (or “sink-in”) effects are likely to be small.

5 Conclusions

The following conclusions can be drawn from this work:

(a) A procedure is described for iterative FEM simulation of the creep deformation that
takes place during penetration of a spherical indenter into a sample (under constant applied
load). The target outcome is a penetration-time dataset and convergence is obtained via
optimisation of the set of 3 parameter values in the Miller-Norton creep law (covering both
primary and secondary regimes).

(b) An important part of the procedure is the prior production on the sample surface of a
recess that matches the (spherical) shape of the indenter. This ensures that the stresses in
the sample can be kept below the yield stress throughout the indentation test, so that
conventional plasticity (and the associated complications) can be avoided.

(c) Experimental work has involved a single material (pure Ni) at a single temperature
(750°C). Both conventional uniaxial (tensile) creep tests, using three values for the applied
(nominal) stress, and creep indentation testing, under a constant applied load, have been
carried out. Good agreement is observed between the strain-time plots obtained by
conventional testing and by using the (Miller-Norton) creep parameter values inferred via
the indentation testing. The stress exponent obtained in this way has a value of about 2.5.

(d) A final “tertiary” regime was observed with the higher stress level tensile tests, which
was not captured well in the indentation-derived Miller-Norton curves. It seems likely that
this arose because the true stress was approaching the yield stress, such that conditions
were outside the regime that could be represented at lower stress levels by a Miller-Norton
law with a single set of parameter values. Indeed, it may be that some conventional plastic
deformation was starting to take place in the “tertiary” regime.

(e) Indentation creep plastometry does, of course, require a software package in order
to infer strain-time curves from experimental indentation data. Such packages are now
starting to become available for indentation plastometry and are likely to be developed soon
for indentation creep plastometry - for example, see https://www.plastometrex.com/.
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Figure Captions

Fig.1
Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

Fig.9

Fig.10

Fig.11

Optical micrograph of the Ni.

Tensile stress-strain curves for the Ni at 750°C, plotted as both nominal stress v.
nominal strain and true stress v. true strain (obtained via the analytical relationships,
assuming that the stress and strain fields remained uniform throughout).

Profile across a recess, measured using a contact stylus.
Initial FEM Mesh for simulation of indentation, using a recess and a double sample.

Predicted von Mises stress field within the sample on application of a load of 1 kN to
an indenter of radius 2 mm, with a prior spherical recess created in the sample,
having the same radius as the indenter and a depth of 1 mm.

Schematic illustration of how the creep strain history of a volume element is
assumed to be composed of a series of incremental strains, each dependent on the
creep curve for the stress level concerned and the prior cumulative creep strain
experienced by the element.

Experimental data from tensile creep testing with three different (nominal) stress
levels. Both nominal and true creep strains are plotted. Also shown are the
changing values of the true stress during each of these tests.

Comparison between measured and (best-fit) modeled penetration histories during
indentation with two different applied loads. Also shown are the best fit Miller-
Norton parameter values and the final values of the misfit parameter in each case.

Nelder-Mead convergence on an optimal Miller-Norton parameter set, targetting the
two displacement-time plots during indentation, showing the evolution with iteration
number of: (a) the goodness-of-fit parameter, S..q4, (b) the M-N coefficient, C, (c) the
time exponent, m and (d) the stress exponent, n.

Comparison between creep strain curves obtained by conventional tensile testing,
with a fixed nominal stress, and those obtained via iterative FEM modeling of
indentation creep with a constant applied load, using the Miller-Norton expression in
one of two forms.

Predicted von Mises (a) stress and (b) strain fields within the sample 5 10* s after
application of a load of 1 kN to an indenter of radius 2 mm, with a prior spherical
recess created in the sample, having the same radius as the indenter and a depth of
17 mm.
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Figures

Fig.1 Optical micrograph of the Ni.
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Fig.2 Tensile stress-strain curves for the Ni at 750°C, plotted as both nominal stress v.
nominal strain and true stress v. true strain (obtained via the analytical relationships,
assuming that the stress and strain fields remained uniform throughout).
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Fig.3 Profile across a recess, measured using a contact stylus.
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Initial FEM Mesh for simulation of indentation, using a recess and a double sample.
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Fig.5 Predicted von Mises stress field within the sample on application of a load of 1 kN to
an indenter of radius 2 mm, with a prior spherical recess created in the sample,
having the same radius as the indenter and a depth of 1 mm.
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Fig.6 Schematic illustration of how the creep strain history of a volume element is
assumed to be composed of a series of incremental strains, each dependent on the
creep curve for the stress level concerned and the prior cumulative creep strain
experienced by the element.
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Fig.7 Experimental data from tensile creep testing with three different (nominal) stress
levels. Both nominal and true creep strains are plotted. Also shown are the
changing values of the true stress during each of these tests.
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Comparison between measured and (best-fit) modeled penetration histories during
indentation with two different applied loads. Also shown are the best fit Miller-
Norton parameter values and the final values of the misfit parameter in each case.
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Fig.9 Nelder-Mead convergence on an optimal Miller-Norton parameter set, targetting the

two displacement-time plots during indentation, showing the evolution with iteration

number of: (a) the goodness-of-fit parameter, Srq4, (b) the M-N coefficient, C, (c) the

time exponent, m and (d) the stress exponent, n.
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Fig.10 Comparison between creep strain curves obtained by conventional tensile testing,
with a fixed nominal stress, and those obtained via iterative FEM modeling of
indentation creep with a constant applied load, using the Miller-Norton expression in
one of two forms.
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Fig.11 Predicted von Mises (a) stress and (b) strain fields within the sample 5 10* s after
application of a load of 1 kN to an indenter of radius 2 mm, with a prior spherical
recess created in the sample, having the same radius as the indenter and a depth of
17 mm.
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