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Abstract

Nanoindentation is a widely used method for determining mechanical properties,
such as hardness, and elastic modulus. Nevertheless, in the case of viscous
materials, the time dependent response of the material generates a bulge on the
unloading curve that leads to incorrect values of the contact stiffness and thus of
the mechanical properties. This paper presents methods developed on two
viscoplastic materials (indium and indium-tin eutectic) to measure the elastic
modulus and the creep exponent. To fix the bulge problem, we propose to realise
cyclic indentations in order to obtain unloading and reloading curves. Results
show that the lower parts of these two curves are similar because creep
behaviour becomes negligible. Thus, the values of the modulus calculated from
the initial slope of the reloading curve are constant and in good agreement with
the values obtained from standard tensile tests. Furthermore, a method has been
developed to measure the creep exponent. It consists of measuring the contact
pressure as a function of the strain rate during hold load plateaux. Experiments
show that the average value of the creep exponent (3.7 for the indium-tin eutectic
and 7.6 for indium) does not depend on the loading conditions and are in good
agreement with values obtained from tensile and torsion tests (3.7 and 7.6
respectively).

Keywords: nanoindentation, cyclic indentation, elastic modulus, creep exponent,
viscoplasticity.

1 Introduction

In the two last decades, nanoindentation technique has been widely developed
and used for measuring mechanical properties such as elastic modulus and
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hardness from load-displacement curves [1]. It becomes a popular method on
account of its experimental reliability, rapidity and simplicity. The analysis of
unloading curve such as the Oliver and Pharr models [1] allowed the
development of methods to calculate elastic modulus and hardness in the case of
elastoplastic materials. These methods use the beginning of the unloading curve
to compute the contact stiffness, the contact depth and thus the hardness and the
elastic modulus using the Sneddon’s equation.

Nevertheless, in the case of time-dependent materials, the unloading curve is
not a perfect elastic response but the combination of an elastic response to
unload and of viscoelastic-viscoplastic to load and unload. Typically, indentation
experiments conducted on viscous materials leads to difficulties to measure
correctly the mechanical properties. It is for example well-known that unloading
curves present a bulge due to viscous behaviour for low unloading rates and-or
low hold load times before unloading leading to an impossibility to compute
accurately the mechanical properties [2—7].

All materials present a viscous behaviour for temperatures higher than
approximately half of their melting points expressed in Kelvin. Thus, this
problem is encountered for materials with low melting points as polymers,
biological samples [2-7] or metals like Sn-3.5Ag alloys [6] or indium [7]. The
development of nanoindentation experiments at high temperatures [8] leads to
the generalisation of this problem to all materials. Thus, it is necessary to
develop methods that give accurate and reliable measurements of the mechanical
properties in the specific case of viscous materials. This paper presents works on
the development of methods that allows the measurements of the creep exponent
and elastic modulus for materials that exhibit viscoplastic materials. Methods
have been developed on two viscoplastic materials indium and indium-tin
eutectic at room temperature to avoid specific technical problems of
nanoindentation at highs temperatures [8].

2 Materials and methods

2.1 Materials

Materials used in this study are indium and indium tin eutectic. These two
materials were chosen for their low melting point, 156°C and 117°C
respectively, and for their different structures. Indium of 99.999% purity was
from Goodfellow while indium-tin (In %52 — Sn %48) eutectic was from the
Alfa Aesar. Materials were fused in a furnace at 200°C in small Pyrex test tubes.
Two thermal treatments have been prepared for this study: i) The samples were
quenched after been melt in the furnace and ii) The samples were annealed in the
furnace. The samples were mechanically polished using increasingly fine SiC
wet sandpaper, from 600 through 4000 grit using the minimal load and a
rotational speed equals to 60 RPM. A final polishing was performed using a
polish cloth with silica colloidal suspension (1 um) [9].

All experiments have been performed at room temperature with a Berkovich
indenter using a G200 nanoindenter from Agilent. The loading and unloading
stages have been realized at constant loading rate/load ratio.
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2.2 Elastic modulus method

The measurement of an accurate value of the initial slope of the unloading curves
is detrimental for a correct measurement of the elastic modulus. In their original
works [1], Oliver and Pharr have pointed out the effect of creep on the beginning
of the unloading curve and on the calculus of the stiffness. They suggest an
experimental protocol where the sample is load and unload three times and the
calculus of the contact stiffness from the initial slope of a power fit of the
unloading curve.

For materials having important viscous behaviour, the Oliver and Pharr
protocol is generally not adapted and different approaches have been proposed.
Hold load stages before unloading and high unloading rates are generally
proposed to reduce viscosity effect [2-5]. Feng and Ngan [10] have proposed a
formula to recompute the contact stiffness in order to eliminate the creep effects
for the case of materials exhibiting linear viscoelasticity. Ngan et al. [11]
proposed a similar approach in the general case of viscoelasticity. It appears to
be a successful way to calculate the elastic modulus for amorphous selenium
[11], human dentin [12] and polypropylene [13]. Based on works with finite
element simulations, Cheng et al. [14] proposed a formula to correct the
elastic modulus using a displacement controlled experiment.

Cyclic indentation is another interesting method to calculate the elastic
modulus [1, 15-17]. Finite elements simulations [18] predict that the unloading
and the reloading curves for elastic-plastic materials should be identical.
However, in some materials a hysteresis is observed. The load-displacement
curve for nanoindentation presents different slopes for the unloading and
reloading curves. In particular, Shuman et al. proposed an original method to
calculate the elastic modulus, using multi-step indentation tests [15]. They found
that the values of the elastic modulus computed from reloading curves were far
more constant and reliable that the values computed from unloading curves.
Even if the phenomena (creep, friction, residual stress, plasticisation, etc...) at the
origin of the hysteresis are not clearly understand, the work of Shuman et al.
clearly pointed out that the reloading curve rendering a purer elastic behaviour
than the unloading curve.

For our particular problem, the loading and unloading curves are always
submitted to creep. Equation (4) shows that, during an indentation experiment,
the indentation depth rate could only decrease if the stress decreases. For
example, during hold load time, the increase of the indentation depth decreases
the stress and the indentation depth rate decreases with time. Another more
efficient ways to decrease the indentation depth rate is to decrease the stress. The
measurement of the contact stiffness by means of the Continuous Stiffness
Measurement during partial unloading shows that the contact stiffness is
approximately proportional to the indentation depth if the final load is higher
than one third of the maximum load [2-3]. Thus, as shown in the next section, an
unloading stage reached until a final load equals to one half of the maximum
load generates only a small decrease of the indentation depth and then of the
contact area. It obviously leads to a decrease of approximately one half of the
contact pressure. Because the indentation rate is proportional to the stress at the
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power n, one can deduce than a decrease of 50% of the load will leads to a
decrease of indentation rate of approximately 0.5". In the case of indium (n=7.6)
the indentation depth rate due to creep will be divided by approximately 200
during the unloading stage. Thus one can expect that creep becomes negligible
and obtains a pure elastic response on at least, one part of the unloading curve. In
this case, the slope of the curves could be used to compute the contact stiffness
and the elastic modulus according to the Oliver and Pharr method. Obviously, if
the sample is reloaded, the stress will increase and the creep phenomenon should
restart. Then we can expect that if the sample is unload and reload, creep occurs
only for high loads and become negligible at lower loads. No hysteresis due to
creep should occurs in the lower part of the loading-reloading curves whereas a
huge hysteresis should be observed at higher loads.

From these considerations, we propose the following protocol. The samples
are load at constant loading rate/load ratio equals to 0.05 s™ until an indentation
depth equals to 10 um and followed by a long hold load stage (600s). During
these two stages, cyclic unload-reload stages are performed: Five during the load
stage (protocol 1 and 3) and ten during the hold load stage (protocol 2 and 3).
These cyclic unload-reload stages consist in first, an hold load time of one
minute to generate a maximum of creep before unloading, second an unload of
50% of the maximum load, and third a reload to the maximum load (Fig. 1). The
aim of these complex protocols is to see if the method is sturdy: The values of
the elastic modulus computed from unload-reload curves should be constant
whatever the loading and creep history of the sample.
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Figure 1:  Schematic representation of cyclic unload-reload stages performed
during load stage, protocol 1 (a) hold load stage protocol 2 (b)
loading and hold load stage protocol 3 (c).

2.3 Creep exponent method

Creep behaviour of material is highly stress dependent: typically, for monoaxial
experiments, the strain rate is a power function of the stress:
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e=Bo" (1)
where n is the creep exponent, ¢ is the strain rate whit, o is a monoaxial stress
and B is a pre-exponential constant. This equation could be extended to

nanoindentation experiments: It is assumed that the strain rate is proportional to
the contact depth rate/contact depth ratio [7]:

b e )
where h, is the contact depth. The monoaxial stress is replaced by the average
contact pressure P:

A Ch?
where L it is the load, A is a projected area, and C is a geometrical constant that
depends on the geometry of the indenter (24.56 for Berkovich indenters). Thus

creep behaviour in the case of nanoindentation experiments should be expressed

by the following equation:
h, _ B L (4)
h C h!

Whatever the load, the contact depth should always increase leading to a
continuous increase of the contact area. If the load is maintained constant, the
increase of the contact area leads to a decrease of the contact pressure. The
contact pressure, defined as the hardness for elastoplastic material, is thus no
more constant for viscoplastic materials and should not be considered as a
pertinent parameter to describe the plastic behaviour of those materials. Thus, the
determination of the values of constant B and of the creep exponent n is more
pertinent to describe the plastic behaviour of viscoplastic materials and should be
determined by nanoindentation if possible.

Several methods could be used to determine the creep exponent by
nanoindentation creep.

- The constant depth method or “relaxation test method” consists of
maintaining, the indentation depth constant after a loading stage. The load is then
adjusted by a servo-loop to keep constant the indentation depth. This method is
not popular due to experimental difficulties and to the calculus of the real contact
area and contact pressure.

- In Constant Loading Rate (CLR) method, the hardness is computed as a
function of the strain rate during loading time [19].

- The constant indentation strain rate method was first proposed by Lucas
et al. [20] to compute the creep exponent of indium. The method consists of
loading at different strain rate and to measure the hardness using the Continuous
Stiffness Measurement (CSM).

- In the hold load method the load is maintained constant and the strain rate
is measured as a function of the contact pressure according to equation (4) [21].

In this work, in order to determine this mechanical characteristic we have
used different methods and observed that the hold load method is the more
reliable one. The principle of the method consists of applying a constant load

WIT Transactions on Engineering Sciences, Vol 78, © 2013 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



126 Surface Effects and Contact Mechanics X

after loading and computed the indentation depth rate/depth ratio as a function of
the contact pressure. According to equation (4), the log-log plot of this two data
should give a linear curve with a slope equal to the creep exponent. This method
was first reported by Mayo et al. [22].

According to the literature, it appears that the value of the creep exponent
with a hold load stage could be determined by this way. For example, Asif and
Pethica [21] obtained a good correlation between experiments and the available
literature for indium (n= 7.6). Raman and Berriche [23] compute the value of
the creep exponent for tin (6.7-8.1), whereas Goodall and Clyne [24], using the
same approach conclude that it is not possible to measure the creep exponent for
materials like aluminum and magnesium.

During this study, we observe that it was not possible to obtain a reliable
value of the creep exponent with only one experiment: An important standard
deviation was observed. In order to obtain a value of the creep exponent in good
agreement to the bulk value measured by tensile and torsion test, it is necessary
to compute the average value from at least ten experiments. The origin of this
dispersion is considered in the next section.

To reduce this dispersion the sample is loading at constant loading rate/load
ratio until an indentation depth equal to 10 um. Seven different loading rate/load
ratio from 0.005 to 0.5 are used in order to see if the value of the creep exponent
is sturdy and does not depend of the loading and creep velocity. After the load
stage, in order to measure the creep exponent, a hold load time of 600 s is
applied (Fig. 2.). For each loading rate/load ratio, six indentation tests have been
conducted.

Load (mN)

400 600 800 1000
Time (s)

Figure 2: Typical load-time protocol used to calculate the creep exponent n.

3 Results and discussion

3.1 Elastic modulus

Fig. 3 shows the load-indentation curves for the three different protocols in the
case of the indium quenched sample. During the hold load stage the penetration
of the indenter is typically about 1 um over 60 s. Indeed, indium exhibits
significant creep that could be dramatic for the calculation of the elastic
modulus. As shown in Fig. 4 a hysteresis is observed during the unload-reload
stage. One can observe a Y shape: As accepted, for high loads, the stress is high
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enough to generate a continuous creep and the unload and reload curve are not
similar. At the opposite, for low loads, the unload and reload curves are perfectly
similar, one can conclude that the stress has enough decrease to became
negligible: This parts of the two curves could be considered as reflecting a pure
elastic behaviour and could be used to compute the elastic modulus according to
the Oliver and Pharr method. The same observation could be done for all the
unload-reload curves with the notable remark that the hysteresis is less marked
with time. To confirm our hypothesis, we compute, the elastic modulus using i)
the stiffness computed from the initial slope of the unloading curve (that is
supposed to be influenced by creep) and ii) the stiffness computed from the
initial slope of the reloading curve (that is supposed to not be influenced by
creep) (Fig 4b).
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Figure 3: Load as a function of indentation depth in the case of indium

guenched sample according to the three protocols: Cyclic unload-
reload stage during load stage (a) hold load stage (b) load stage and
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Figure 5: Elastic modulus for the indium quenched sample computed from
unload (open points) and reload curves (solid points) for the
different cyclic unload-reload stage during loading stage and
protocol 1 (a) hold time stage and protocol 2 (b). The dark lines
represent the elastic modulus calculated from a standard tensile test.

Fig. 5 shows that the values of the elastic modulus calculated from the
unloading and reloading curves for different cyclic indentations. The dark line is
the elastic modulus calculated from the standard tensile test (10.8 GPa) [25]. One
can observe that, there is an important difference between the values of the
elastic modulus computed from the unloading and the reloading curve. The
values from the reloading curves are approximately equal to the value obtained
from tensile test.

Whatever the protocol (Figs 5 and 6), we observe that the values computed
from the reloading curves are approximately constant and accurate whereas the
values computed from the unloading curves are no more constant and are
typically 50% higher than the values obtained from the reloading curve and from
tensile tests. As the number of cyclic indentation increases, the values computed
from the unloading curves decrease and tend to the correct value as creep
become negligible with time. This confirm that the beginning of the unload curve
is influenced by creep even after a few minutes, and at the opposite the elastic
modulus computed from the beginning of the reload curve is not influenced by
creep whatever the loading and the creep history. Thus the method proposed in
this paper is reliable and pertinent for the calculus of the elastic modulus in the
case of visco-plastic materials.
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3.2 Creep exponent

In this section, we present the calculation of the creep exponent for indium and
indium tin eutectic. For both materials, a quenched and annealed sample has
been prepared. The data from the hold load stages are used to compute the strain
rate and the contact pressure. The strain rate is equals to the contact depth
rate/contact depth ratio (Equation (2)) and the contact pressure is given by the
ratio of the load on the contact area (Equation (3)). Because, the materials have a
very low hardness/elastic modulus ratio, we can make the approximation, thanks
to the Oliver and Pharr model, that the contact depth is equal to the indentation
depth.

Fig. 7 shows a logarithmic plot of the strain rate as a function of the contact
pressure obtained for indium during hold load stage. Creep occurs during the
hold load stage leading to a continuous decrease of the contact pressure and of
the strain rate. The slope of the curve gives directly the creep exponent
(Equation (4)). It has been observed that the curve is never a perfect straight line.
Nevertheless, the creep exponent has been calculated using the linear portion of
the curve on at least one decade of strain rate using the least square method.
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Figure 7. Logarithm of the strain rate as a function of the logarithm of the
contact pressure (GPa).

Fig. 8 shows the values of the creep exponent for indium and indium tin
eutectic as a function of the loading rate/load ratio during loading for the two
thermal treatments previously described. The square in the figures represents the
value of the creep exponent with the highest coefficient of determination and the
dark lines represent the creep exponent for the indium (7.6) and indium tin
eutectic (3.7) calculated from a tensile and shear test respectively [26, 27]. The
error bars represents the lowest and highest values of the creep exponent from
Six experiments.

The above results clearly indicate that, with a hold load method, the creep
exponent for indium and indium tin eutectic are approximately constant.
Whatever the strain rates during loading, the creep exponent for indium and
indium tin eutectic are approximately constant. It can be seen that reproducibility
is poor especially for the quenched samples. Indeed, the value of the creep
exponent for indium and indium tin eutectic is within the following ranges
5.4<n;,<12 and 2.6<n;,s,<4.7 for the quenched samples, and within the
following range 5.1<n;,<9.1 and 3<nj,s,<4.3 for the annealed samples.
Nevertheless, combining all the experiments, the average value and the standard
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deviation was found to be 7.51+1.45 and 3.70+0.40 for the indium and indium-
tin eutectic respectively in good agreement with tensile and torsion values (7.6
and 3.7 respectively).
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Figure 8: Creep exponent as a function of the strain rate (s™) during loading
for indium (a,b), indium-tin eutectic (c,d), quenched (a,c) and
annealed samples (b,d).

This dispersion should be related to the heterogeneity of the sample as the
standard deviation is typically two times higher for the quenched samples. One
can conclude that at the micrometer scale and for these two samples, the creep
exponent is not constant. It is thus necessary to compute the average value of the
creep exponent on sufficient number of experiment to obtain an accurate value.

4 Conclusion

An extended study has been realised to measure the elastic modulus and the
creep exponent by nanoindentation for two viscoplastic materials, indium and
indium-tin eutectic using cyclic indentation. The elastic modulus is computed
using the Oliver and Pharr method and the contact stiffness computed from the
beginning of the reloading curve to prevent the effect of creep. The creep
exponent is computed from the power exponent of the strain rate-contact
pressure curve during hold load plateaux. For the measurement of the creep
exponent, it was necessary to realize a high number of experiments and compute
the average value: The creep exponent was found to be highly dependent of the
experiment, reflecting the heterogeneity of the creep behaviour at the local scale.
As the opposite, the values of the elastic modulus were very similar whatever the
experimental conditions. The values computed from these experiments are in
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very good agreement from tensile test for the both materials and the both thermal
treatments.

References

[1] Oliver, W.C. and Pharr, G.M. An improved technique for determining
hardness and elastic modulus using load and displacement sensing
indentation experiments. Journal of Materials Research, 7, pp. 1564—
1583, 1992,

[2] Mazeran, P.E., Beyaoui, M., Bigerelle, M. and Guigon M. Determination
of mechanical properties by nanoindentation in the case of viscous
materials. Journal of Materials Research. Accepted in 2011.

[3] Beyaoui, M., Mazeran, P.E., Arvieu, M.F., Bigerelle, M. and Guigon, M.
Analysis of nanoindentation curves in the case of bulk amorphous
polymers. Journal of Materials Research. 100, pp. 943-949, 2009.

[4] Hochstetter, G., Jimenez, A. and Loubet, J.L. Strain-rate effects on
hardness of glassy polymers in the nanoscale range. Comparison between
quasi-static and continuous stiffness measurements. Journal of
Macromolecular Science-Physics, B38, pp. 681-692, 1999.

[5] Oyen, M.L. and Cook, R.F. Load-displacement behaviour during sharp
indentation of viscous-elastic-plastic materials. Journal of Materials
Research, 18, pp. 139-150, 2003.

[6] Gao, F. and Takemoto, T. Mechanical properties evolution of Sn-3.5Ag
based lead-free solders by nanoindentation. Materials Letters, 60,
pp. 2315-2318, 2006.

[7]1 Lucas, B.N. and Oliver, W.C. Indentation power-law creep of high-purity
indium. Metallurgical and Materials Transaction A., 30, pp. 601-610,
1999.

[8] Duan, Z.C. and Hodge, A.M. High-temperature Nanoindentation. Journal
of Materials Research, 61, pp. 32-36, 20009.

[9] Dooris, A., Lakes, R.S., Mayers, B. and Stephens, N. High damping
Indium Tin alloys. Mechanics of Time-Dependent Materials. 3, pp. 305-
318, 1999.

[10] Feng, G. and Ngan, A.H.W. The effects of creep on elastic modulus
measurement using nanoindentation. Materials Research Society Symposia
Proceedings, 649, pp. 711-716, 2001.

[11] Ngan, AHW., Wang, H.T. and Tang, K.Y. Correcting power law
viscoelastic effects in elastic modulus measurement using depth-sensing
indentation. International Journal of Solids and Structures. 42, pp. 1831-
1846, 2005

[12] Kinney, J.H., Marshall, S.J. and Marshall, G.W. The mechanical
properties of human dentin. Critical Review of Oral Biological Medicine.
14, pp. 13-29, 2003.

[13] Tang, B., Ngan, A.H.W. Accurate measurement of tip-sample contact size
during nanoindentation of viscoelastic materials. Journal of Materials
Research, 18, pp. 1141-1148, 2003.

WIT Transactions on Engineering Sciences, Vol 78, © 2013 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



132

[14]

[15]

[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

Surface Effects and Contact Mechanics X|

Cheng, Y-T, Cheng, C.M. and Ni, W. Methods of obtaining instantaneous
modulus of viscoelastic solids using displacement-controlled instrumented
indentation with axisymmetric indenters of arbitrary smooth profiles.
Materials Science and Engineering, 423, pp. 2-7, 2006.

Shuman, D.J., Costa, A.L.M. and Andrade, M.S. Calculating the elastic
modulus from nanoindentation and microindentation reload curves.
Materials Characterization. 58, pp. 380-389, 2007.

Huang, Y., Tjahyono, N.I., Shen, J. and Chiu, Y.L. Reverse Plasticity in
nanoindentation. Materials Research Society, 1049, pp. 135-140, 2008.
Maneiro, G. and Rodriguez, J. Pile-up effect on nanoindentation tests with
spherical—conical tips. Scripta Materialia. 8, pp. 593-598, 2005.

Pharr, G.M. and Bolshakov, A. Understanding nanoindentation unloading
curves. Journal of Materials Research, 17, pp. 2660-2671, 2002.

Mayo, M.J. and Nix, W.D. A micro-indentation study of superplasticity in
Pb, Sn, and Sn—-38 wt.% Pb. Acta Metallurgica, 36, pp. 92-2183, 1988.
Lucas, B.N., Oliver, W.C., Pharr, G.M. and Loubet J.L. The time
dependent deformation during indentation testing. Materials Research
Society Symposia Proceedings. 436, pp. 233-238, 1997.

Asif, S. and Pethica, J.B. Nano-scale indentation creep-testing at non-
ambient temperature. Journal of Adhesion. 67, pp. 65-153, 1998.

Mayo, M.J., Siegel, R.W., Narayansamy, A. and Nix, W.D. Mechanical
properties of nanophase TiO2 as determined by nanoindentation. Journal
of Materials Research, 5, pp. 81-1073, 1990.

Raman, V. and Berriche, R. An investigation of the creep processes in tin
and aluminium using a depth-sensing indentation technique. Journal of
Materials Research, 7, pp. 38—-627, 1992.

Goodall, R. and Clyne, T.W. A critical appraisal of the extraction of creep
parameters from nanoindentation data obtained at room temperature. Acta
Materialia, 54, pp. 5489-5499, 2006.

Ross, R.B. Metallic Materials Specification, Handbook: Willey, pp. 232,
1972,

Weertman, J. Creep of Indium, Lead, and some of their alloys with various
metals. Transaction of AIME, 218, pp. 207-218, 1960.

Mei, Z. and Morris, J.W. Superplastic creep of low melting point solder
joints. Journal of Electronic Materials, 21, pp. 401-407, 1992.

WIT Transactions on Engineering Sciences, Vol 78, © 2013 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)





