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ARTICLE INFO ABSTRACT

Keywords: An extensive study of the different methods able to measure material creep properties in inden-
nanoindentation tation is proposed. A systematic comparison of the fast creep, long-term creep, constant strain
strain rate sensitivity rate and long-term relaxation tests is performed on amorphous selenium. Even though measured
relaxation apparent activation energy and strain rate sensitivities are very similar for all tests, a discrepancy
creep is highlighted between the creep/constant strain rate tests and the relaxation tests. This effect
selenium seems to be related to the strain rate definition which should be a function of the strain rate

sensitivity m. In this paper, it is proposed to use a representative strain rate ¢, as proposed by
Kermouche et al. [1]. An excellent agreement is found between all the methods, including uni-
axial compression when expressing the creep behavior as a function of representative stress and
strain rate.

1. Introduction

Current developments in high temperature nanoindentation testing allow the measurements of material mechanical
properties up to 1000 °C and certainly more in the near-future [2, 3, 4, 5, 6]. This opens a new research area dedicated
to the characterization of material creep and relaxation properties at a very small scale. Indeed, the increasing devel-
opments of engineering surfaces such as layered coatings and tribo-films able to withstand extreme contact conditions
bring a particular interest to high temperature nanoindentation.

However, the measurement of intrinsic creep properties using nanoindentation is still at stake. Some pioneering
works highlighted the ability of instrumented indentation to measure strain rate sensitivity m and activation energy Q
from hardness versus time — or strain rate — measurements [7, 8]. All these works aim to relate uniaxial stress and strain
rate to indentation measurements such as hardness, stiffness and penetration depth. However, those developments are
only approximations based on restrictive assumptions [7, 1]. Yet, constant strain rate or indentation creep tests were
scrutinized by many authors to eventually conclude that they were reliable [9, 10, 11, 12, 13, 14].

Indentation relaxation tests were less explored due to technical difficulties — i.e. thermal drift and displacement
control overshoot [15, 16]. Therefore, only a few comparisons between indentation creep and indentation relaxation
have been published. Nonetheless, indentation relaxation may present some advantages compared to indentation creep
when indenting thin films or materials exhibiting size effects. Actually, the plastic — or viscoplastic — volume barely
changes during the relaxation — constant contact area — segment whereas it can significantly increase during a creep
— constant load — segment. Besides, as the plastic volume increases, more and more material is subjected to primary
creep which could lead to erroneous measurements of the stationary creep parameters [15]. As a result, indentation
creep is more prone to measurement artifacts arising from the variation of probed volume during the hold segment.
Recently, Baral et al. [17] found an original way to overcome most of the indentation relaxation related issues so
benchmarking indentation creep against relaxation is possible now. It is worth noting that extraction of creep data
from these two kinds of loadings strongly differs. On one hand the computation of strain rate is directly related to
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hardness — for relaxation — and on the other hand it is related to penetration depth or contact stiffness — for creep.
Therefore, the strain rate definition might be under discussion.

In this paper, it is proposed to challenge the ability of indentation creep and indentation relaxation to measure creep
properties of a widely investigated model material that exhibits significant creep at room temperature — amorphous
selenium. First, the basic theoretical features of constant strain rate, indentation creep and indentation relaxation are
presented. Then the experimental methodology is developed. Results are presented in terms of strain rate versus
hardness curves. The observed shift between indentation creep and indentation relaxation is discussed, questioning
the strain rate definition in indentation creep. In the end, a new strain rate definition is proposed.

2. Theoretical framework

2.1. Creep tests

The indentation creep test is defined by a constant load hold segment while the displacement 4 [8] or, more recently,
contact stiffness .S [18, 19] is monitored as shown on the graph in Fig. la. During the test, the contact radius a,
continuously grows as the material creeps. The hardness H also referred as mean contact pressure p,, is defined by the
load P divided by the projected contact area A, (Eq. (1)). The latter can be related to a uniaxial representative stress
o, = %, with y the reduced contact pressure [7, 20]. So, during an indentation creep test, the representative stress o,

drops (Fig. 1a).

H=- )

4

The indentation strain rate ¢ is simply expressed from the movement of the indenter into the material, as:

ind _ 0 _ S
= —_- = — 2
T TRTS @)
This type of loading implies that the volume of indented material increases with time, which can lead to non trivial

estimation of creep properties [15].

2.2. Relaxation tests

The indentation relaxation test aims at maintaining a constant contact area A, between the indenter and the material
while monitoring the load. This can be done by keeping the displacement constant [21, 22, 16], assuming that the
contact geometry remains the same and the thermal drift is negligible. Current developments by Baral et al. [17]
proposed to control the contact stiffness rather than the displacement to ignore the contact geometry or thermal stability
considerations (Fig. 1b). The advantage of this method is that the probed volume barely changes as well as the applied
strain which is basically dependent on the indenter geometry — half-included angle @ for a conical indenter.

Yet, whereas the hardness can be formulated from Eq. (1), the concept of strain rate cannot be described with
Eq. (2) since h or S should be zero. Baral et at. [17] proposed a definition of strain rate during relaxation ¢ in
analogy with the uniaxial relaxation of a power law creeping solid:

srel _ Ld(fr
E' dt

(€)

With E’ the Young modulus and o, the representative stress. In the following developments, the formulation of
representative stress expressed by Kermouche et al. [1] based on the conical indentation of an elastoplastic solid will
be used:

{3 cot(0)H

" Geo) - (-0

With geometrical constants {; = 0.66, {, = 0.216 and {3 = 0.24, for a cone of half-included angle 6 = 70.32° —
i.e. Berkovich indenter. Details on the developments of Eq. (4) can be found elsewhere [23, 1].

@
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Creep test (CLH) Relaxation test (CSH)
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Figure 1: Schematic of indentation (a) creep and (b) relaxation tests. The upper parts represent the load and displacement
— or contact stiffness — versus time for both tests. The lower schemata display the stress and strain fields under an
axisymetric tip for creep and relaxation, respectively.

2.3. Strain rate sensitivity

In uniaxial tests the strain rate sensitivity m characterizes the variation of yield stress with the corresponding applied
strain rate, which is given by ¢ = ié”’ for power law creeping solids, with « the consistency. Within indentation
experiments, the strain rate sensitivity is often measured through the following approximation:

din H
m =
dlné

&)

It must be noted that, in the framework of rigid viscoplastic solids, Eq. (5) is no longer an approximation but an
exact solution. Regarding elastic-viscoplastic solids, it has been shown that the discrepancy increases when H /E’
increases [24, 10]. The use of representative stress instead of hardness in Eq. (5) allows to get a better approximation
of strain rate sensitivity [25]. In the following developments, the uniaxial definition of strain rate sensitivity, noted m,
will be used. Even though, the experimental results will be computed as indentation strain rate sensitivity (Eq. (5)) for
comparison with previous studies.

3. Materials and methods

The selenium used in this study is chemical grade 5 nines pure and was purchased in the form of crystallized blocks.
The blocks were melted in a beaker on a hot plate and then quenched into copper molds in order to get amorphous
selenium. The as-cast sample was 31.75 mm in diameter and around 5 mm in thickness with a mirror-like surface.
Nanoindentation tests were performed using a KLA Nanomechanics iNano® equipped with a Berkovich diamond tip.
The whole apparatus was placed into a thermally-isolated box with a heater. The temperature was monitored with
a resolution of 0.01 °C from a thermocouple placed close to the nanoindenter, in the isolated-chamber. A constant
power was set to the heater and twelves hours were necessary to reach thermal equilibrium inside the chamber. At each
temperature, 4 to 6 tests were performed using constant strain rate (CSR), fast creep, long-term creep and long-term
relaxation. Each test was performed at a maximum load of 45 mN.

For constant strain rate as well as long-term creep and relaxation tests, the continuous stiffness measurement
(CSM®) module was used. It was developed by Pethica and Oliver [26] to allow the measurement of contact stiffness
as a function of indentation depth. It has been assessed by several authors [27, 18] that contact area is proportional
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to the contact stiffness as long as the materials’ modulus is not indentation depth-dependent. Therefore, the following
relation is used [28]:

ol S
1.=5( E;*<w)> ©

Where E*(w) is the reduced contact modulus [29] calculated at a given frequency  from the Oliver and Pharr
method [27] and .S(w) is the contact stiffness at the same frequency.

Stiffness measurements were performed at 100 Hz frequency with a fixed force amplitude equal to 3 % of the
current applied load in order to get the best calculation from the lock-in amplifier [30].

In the following, the different types of experiments are detailed.

3.1. Constant strain rate tests

For the constant strain rate test (CSR), the load is increased as an exponential function of time in order to obtain
a constant P/P. Assuming that hardness does not vary with indentation depth, the following relation can be written,
gind = % = %% [9]. The CSR tests were performed at 5 indentation strain rates as detailed in Tab. 1.
Table 1
Measured indentation strain rates ¢! = h/h at the end of loading during the CSR experiments for all the
tested temperatures.

Temperature 27 °C 30 °C 33°C 36 °C

eind 49567 57! 1.28E2 ™! 1.30E2 5~! 2.35E72 57!
éé"d 1.31E2 57! 2.65E72 57! 3.03E72 57! 3.42E72 57!
é;"d 2.64E72 57! 5.40E72 7! 5.60E72 7! 6.21E72 57!
eind 5.22E7% 57! 1.04E7! 57! 1.05E! 57! 1.16E7! 57!
eind 1.10E7! 57! 1.55E7! 57! 1.62E7! 57! 1.70E7! 57!

5

3.2. Fast creep tests

Fast creep tests were performed with a constant loading rate, where the maximum load (45 mN) is reached in 0.5 s,
then the load is maintained constant and the displacement is monitored during 30 s. This procedure allows to get
additional information on the fast creep behavior of the material. The continuous stiffness measurement is switched-
off, so only load and displacement are used to calculate the mechanical properties [3]. Therefore, the hardness is
calculated from this expression:

P __P
nag w(Eh)?

)

With a, assumed to be a constant function of 4 determined from preliminary CSR tests performed with the contin-
uous stiffness measurement (CSM®). Hence, we can calculate the equivalent contact radius a, = S/ (ZEZ *), with Eé *
the reduced contact modulus [29] and evaluate the ratio & = a,/h. This ratio accounts for the pile up or sink in contact
geometry around the tip and may change as a function of the temperature and material’s strain rate sensitivity [7, 31].
In the case of fast creep test, the range of measured strain rates is sufficiently narrow to assess a constant strain rate
sensitivity m and therefore a constant ratio £. The latter has been evaluated at the beginning of the hold segment for
both long-term creep and relaxation tests. As it does not vary much with temperature, it is taken to be constant with
£ =243.

3.3. Long-term creep tests

Long-term creep tests were performed with an exponential loading at constant indentation strain rate of ¢ =
1.06E~! 57! followed by a constant load segment of 30 min. For experiments performed at 36 °C, holding time
was limited to 17 min because maximum displacement was reached during the creep segment. In this experiment,
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Figure 2: Contact stiffness and load as a function of holding time ,,,, for CLH-S creep tests (a) and CSH relaxation tests
(b) at different temperatures.

the contact stiffness .S’ is measured continuously with the CSM® module as shown in Fig. 2a. As a result, the creep
behavior is only monitored from the contact stiffness evolution since the latter is less affected by the thermal drift than
displacement [18, 19]. Indeed, on Fig. 2a four to six tests are displayed for each temperature, highlighting the excellent
stability and repeatability of the measurements.

The hardness is calculated by replacing the contact area A, from Eq. (1) by Eq. (6).

3.4. Long-term relaxation tests

Finally, Long-term relaxation tests were achieved with an exponential loading at constant indentation strain rate of
¢ = 1.05E~" 57! followed by a constant stiffness segment. The duration of this segment was varied from 30 min for
tests performed at 27 °C and 30 °C to 250 s for tests at 33 °C and 70 s for tests at 36 °C. It was done because the load
nearly dropped to zero during the relaxation segment as shown in Fig. 2b. Therefore, as the CSM® force amplitude
was a percentage of the applied load, this amplitude dropped to zero as well, making the measurement of the stiffness
very noisy and by extension difficult to control. Contact stiffness .S was maintained constant through a PID loop where
only proportional and integral gains were tuned [17]. Here again, measurements are remarkably reproducible — four
to six tests are displayed for each temperature (Fig. 2b).

As for the long-term creep test, the hardness is calculated by replacing the contact area A, from Eq. (1) by Eq. (6).

4. Results and discussion

The creep behavior derived from indentation experiments is described by the evolution of indentation strain rate
with hardness. Fig. 3 displays those graphs for the four temperatures tested. All the types of tests are compared and
four to six curves by test are represented to assess the repeatability of the different methods. All the curves are onto
the same master curve for temperature below 30 °C but a shift appears for higher temperatures between the relaxation
tests on one side and the creep tests and the constant strain rate tests on the other side: The higher the temperature, the
larger the shift. However, the general trends of the measured creep behaviors are in good agreement.

Indentation strain rate sensitivity m has been calculated for fast creep tests, long-term creep tests and long-term
relaxation tests by dividing the curves of Fig. 3 in three hardness ranges equally spaced in a log-scale and then by fitting
each of the portion with Eq. (5). Strain rate sensitivity for CSR tests has also been computed by fitting the whole of
the data for tests at 27 °C and 30 °C and two halves for 33 °C and 36 °C.

Results are plotted as a function of strain rate and temperature in Fig. 4. The results are in quite good agreement but
a significant mismatch is observed at high temperature — T' °C > 33 °C. The estimated apparent activation energy (see
Appendix) is quite similar for both cases, which points out that this difference is not directly related to temperature.
It is worth noting that amorphous selenium is known to exhibit a significant variation of strain rate sensitivity near its
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Figure 3: Indentation creep behavior of amorphous selenium measured from CSR (plus symbols), fast creep (square
symbols), long-term creep (circle symbols) and relaxation (right pointing triangle symbols) at different temperatures: (a)

27 °C, (b) 30 °C, (c) 33 °C and (d) 36 °C.

glass transition. This is also observed here, with m close to 1 above 35 °C [31]. Besides, amorphous selenium is not
expected to present several deformation mechanisms that could be triggered by different loadings — i.e. constant load
or constant contact stiffness. Hence, the observed mismatch/shift between indentation creep and indentation relaxation
results should not arise from material’s intrinsic behavior. The role of strain rate sensitivity on this mismatch has thus
to be explored.

To investigate this point in detail, it is necessary to remind the notions of representative stress, strain and strain rate
in indentation. This concept, first introduced by Tabor [32] seventy years ago, states that a representative stress and
a representative strain, that corresponds to each other on the uniaxial stress-strain curve, can be related to hardness,
Young modulus and tip angle in the framework of elastoplastic solids’ sharp indentation [33].

Based on this, extensive studies have yielded various analytical expressions of these representative parameters
[34, 35, 36, 1].

In the framework of viscous solids, the same kind of approach has been derived to define a representative strain
rate [8, 36, 1]. Still, it has been significantly less explored.

Let us apply this concept to power law creeping solids, for which the uniaxial relation between some representative
stress and strain rate is given by:

€

o/

®)

Where consistency a and strain rate sensitivity m are material constants. It has been demonstrated by number of
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Figure 4: Indentation strain rate sensitivity m as a function of indentation strain rate either calculated with ¢™ (Eq. (2))

for creep and CSR tests or ¢ (Eq. (3)) for relaxation tests: (a) 27 °C, (b) 30 °C, (c) 33 °C and (d) 36 °C.

authors [9, 3, 15] that nanoindentation creep data exhibit a similar power law form:

éind — ﬁH(l/m) (9)

Where ¢4 = 1 and f is a constant that depends on material creep parameters. Note that the estimation of strain
rate sensitivity through Eq. (9) does not require a § to a conversion. It might explain why the accurate determination
of the representative strain rate for power law creeping solids have been explored only by a few authors [36, 1, 20].

As demonstrated by Ginder et al. [20], the pioneering work of Bower et al. [7] leads to the following relation
between « and f:

F/m)
= 10
* ﬂctanG (10)

Where F and ¢ are functions of strain rate sensitivity m and weakly dependent on 6 [31]. These parameters are
identified from finite element calculations [7]. Ginder et al. [20] proposed an extension of this work through the
expanding cavity concept introduced by Johnson [33] that leads to an explicit expression for F. It leads to:

(1/m)
1 2
- 11
’ ﬁctan0<3m> b
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Figure 5: Strain rate sensitivity m as a function of indentation strain rate ¢ calculated from long-term creep tests at
27 °C, 30 °C, 33 °C and 36 °C. Plain lines represent the power-law functions fitted to the data. These fits do not aim to
represent the evolution of indentation strain rate sensitivity m on a larger strain rate range than the experimental one.

Where ¢ remains a function of strain rate sensitivity m. These two papers pointed out that the conversion from «
to f can be written as:

p = atan0f(m) (12)

Reporting this expression in Eq. (9) and assuming that hardness H is proportional to representative stress o, through
the constraint factor H = yo,, it comes:

¢, = fo(m)cot 9% = actt/™ (13)

This development clearly demonstrates that the representative strain rate in the framework of power law creeping
solids is a function of strain rate sensitivity m.

In a complementary framework — indentation of glassy polymers (elastic-viscoplastic solids) — Kermouche et al.
[1] and Rabemananjara et al. [37] came to a similar conclusion. Kermouche et al. [38, 1] eventually evidenced from
finite element simulations that f, can be expressed as:

Fy(m) = 044 exp (%) (14)

In the following, the relevance of this conversion (Eq. (13)) will be assessed by comparing the uniaxial compression
creep behavior of amorphous selenium to the strain rate corrected indentation creep results.

It has been first required to fit the evolution of the indentation strain rate sensitivity m with indentation strain rate
to compute f,(m) as shown in Fig. 5. These power-law fits do not aim to represent the evolution of indentation strain
rate sensitivity m on a larger strain rate range than the experimental one.

The resulting representative strain rate €, (Eq. (13)) for creep and CSR tests together with the relaxation strain
rate €"¢ (Eq. (3)) for relaxation tests are displayed as a function of representative stress o, (Eq. (4)) in Fig. 6. A
very good match between constant strain rate, indentation creep and indentation relaxation is observed. Macroscopic
compression data from Su et al. [31] are also plotted on the same graph for temperatures of 30 °C and 36 °C. Here
again, the agreement is very good, highlighting how this definition of the representative strain rate can be used to
measure quantitative creep data from indentation creep.

Bower et al. [7] and Ginder et al. [20] also proposed a method to shift indentation data to match uniaxial creep data
using f to a conversion factors from Eq. (10) and (11). However, they use analytical solutions derived from contact
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Figure 6: Indentation creep behavior of amorphous selenium expressed with the representative strain rate ¢, and stress o,
and measured from CSR (plus symbols), fast creep (square symbols), long-term creep (circle symbols) and relaxation (right
pointing triangle symbols) at different temperatures: (a) 27 °C, (b) 30 °C, (c) 33 °C and (d) 36 °C. Diamond symbols are
compression data from [31].

mechanics and applied to power law creeping solids instead of the representative strain rate concept. Their methods

are well suited for creep and CSR tests since the indentation strain rate is expressed as % but they would not be able to
shift the indentation relaxation data, where strain rate is expressed from Eq. (3).

The authors emphasize that switching from indentation strain rate to representative strain rate with the proposed
method is straightforward with indentation creep tests. The first step is to measure strain rate sensitivity m as a function
of indentation strain rate and then to compute the representative strain rate from Eq. (13). This is a fairly easy correction
that can be used on any indentation creep data, as long as the strain rate sensitivity is higher than 0.1. This correction
is needed when strain rate sensitivity is higher than 0.1 which does not occur in most of materials at room temperature.
With increasing needs to measure viscoplastic properties at high temperature, the method proposed in this paper might
be very useful since it can be applied to indentation creep standards.

It shall be noted that the results of this paper have been obtained on a material that is known to exhibit power law
stationary creep near room temperature. When materials are known to exhibit also significant primary creep, it is well
accepted that common indentation creep experiments can lead to unsatisfying results [ 15, 39]. Indeed, the continuously
increasing affected volume under constant load or constant contact pressure segment would lead to more and more
materials entering primary creep. Indentation relaxation experiments, based on a nearly-constant affected volume,
should be less affected by such issues. The good agreement between indentation creep and indentation relaxation data
observed in this paper makes us confident to apply indentation relaxation in such context.

Moreover, indentation relaxation allows to attain very low strain rate within a relatively short time duration. In-
deed, for the same hold time — 30 min for selenium, in this study — long-term indentation creep tests give access to
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[1075, 1072] s~! strain rate range and long-term relaxation tests [107°, 1073] s~!. Indentation relaxation tests are
therefore complementary to conventional indentation creep and CSR tests and make the measurement of strain rate
sensitivity or activation energy possible within a broad strain rate range —i.e. [107°, 10°] s~

5. Conclusion

In this paper, indentation relaxation and indentation creep tests are compared on a model material which is amor-
phous selenium. The main conclusions are:

e A shift in the strain rate vs. hardness curves is observed between indentation creep and indentation relaxation
results when strain rate sensitivity is higher than m = 0.1.

e This shift is a matter of strain rate definition used to plot the curves.
e Several authors already pointed out that representative strain rate in indentation depends on strain rate sensitivity.

e The use of representative strain rate definition proposed by Kermouche et al. [1] leads to an almost perfect match
between constant strain rate, indentation creep, indentation relaxation and macroscopic data for m = 0.1.

As amatter of fact, it is thus suggested to switch the definition of the strain rate from indentation strain rate (Eq. (9))
to representative strain rate (Eq. (15)), for materials with m > 0.1.

¢ = 0.44exp<%)cot0% (15)

Appendix

Apparent activation energy

In this appendix it is proposed to compute apparent activation energy of amorphous selenium from indentation
creep and relaxation. As this investigation is not central to the main message of this paper, it has thus been chosen not
to include it in the core of the paper.

Estimation of activation energy Q relies on the assumption that the indented material can be described usinag a
Northon-Hoff law :

= 6 p1/m) _Q
€ =¢€y0 exp ( RT> (16)

With €, a constant, m the strain rate sensitivity, R the universal gas constant, T the absolute temperature and Q the
activation energy. The apparent activation energy can thus be calculated from the slope of natural logarithm of strain
rate vs. the inverse of the absolute temperature at a given stress o. Here, ¢ represents the uniaxial definition of strain
rate. However, in the following developments ¢”¢ and ¢"¢/ will be used instead to calculate the apparent activation
energy from constant strain rate/creep and relaxation tests, respectively.

Fig. 7a and 8a display the creep behavior of amorphous selenium at different temperatures for long-term creep
tests and long-term relaxation, respectively. The apparent activation energy for the amorphous selenium near its
glass transition has been estimated from Eq. (16) by plotting the temperature compensated indentation strain rate
¢ [ exp(—Q/RT) as a function of the normalized hardness H /E’. Hence, an apparent activation energy of Q ~
500 kJ.mol~! leads to the best match for both creep (Fig. 8b) and relaxation (Fig. 4b). This result is in very good
agreement with tensile relaxation tests performed by [40] (485 kJ.mol~"), the enthalpy relaxation experiments from
[41] (448 kJ.mol~") and indentation creep tests from [8] (495 kJ.mol'), both at the glass transition. This means that
both indentation creep and relaxation are well suited to measure the apparent activation energy Q.

It must be noticed that for fast creep and constant strain rate experiments, the apparent activation energies are
significantly lower, with Q ~ 420 kJ.mol~! and Q ~ 320 kJ .mol~', respectively. Here, the stresses are high compared
to common indentation creep and relaxation, and transients behavior may occur — i.e. power-law breakdown [31].
Norton-Hoff law applies to stationary creep and this assumption might be questionable for amorphous selenium over
a large range of strain rate and temperature. Therefore, these points deserve to be investigated in a dedicated paper on
the amorphous selenium creep behavior.
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Figure 7: Indentation creep behavior of amorphous selenium measured from creep tests at different temperatures (a) and
temperature compensated indentation strain rate as a function of normalized hardness (b).
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