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Understanding and linkingmechanical properties obtained by spherical indentation experiments to uniaxial data
is extremely challenging. Since thefirst attempts in the early 20th century numerous advances gradually allowed
to expand the output of indentation tests. Still, the extraction of flow curves from spherical nanoindentation has
not yet been fully established, as tip shape problems and size effects impede a straight-forward implementation.
Within this study, we show new calibration procedures originating from fundamental geometrical consider-
ations to account for tip shape imperfections. This sets the base for strain-rate controlled tests, which in turn en-
ables us to measure rate-dependent material properties either with constant strain-rate or by strain-rate jump
tests. Finally, experimental evaluation of the constraint factor in consideration of the mechanical properties
and induced strain enables the extraction of flow curves. Testing materials with refinedmicrostructures ensures
the absence of possible size-effects. This study contributes to a significant improvement of current experimental
protocols and allows to move flow curve measurements from single spherical imprints one step closer to its im-
plementation as a standard characterization technique for modern materials.
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1. Introduction

Fast, comprehensive and reliablemechanical characterization ofma-
terials gains significance to keep pace with the rapid developments in
engineering and material science disciplines. However, contrary to
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conventional materials, modern high-performance components, micro-
electronics or functional materials are often produced at a laboratory
bench scale or by bottom-up techniques which must cope with local
variations ofmechanical properties. These structures owe their strength
and functionality to specific local micro- and nanoscale features. Funda-
mentally understanding such materials often requires highly localized
measurements, which are also important once higher-level simulation
techniques are involved that necessitate stress-strain curves as an
input. Hence, a micromechanical technique is required to comply with
the needs of minimal material consumption, high local sensitivity and
cost-effectiveness but at the same time maximum exploitation of data
while maintaining high reliabilities.

Instrumented indentation with its long history [1–6] is well
established nowadays and one of the most promising candidates to
meet these requirements. Besides, it is available in almost any modern
material research lab, main assets are straight-forward sample prepara-
tion and highly automatized procedures. Therefore, nanoindentation
has become a standard technique to measure the hardness H and the
Young's modulus E of materials [2,7]. Since dynamic indentation setups
became available, elastic and plastic properties can continuously be re-
corded over displacement [2,8–11] and allow to assess the reliability of
tests on isotropic samples or to account for thermal drift influences dur-
ing long term-tests [12]. Highly hydrostatic stress fields emerge under-
neath the indenter tip [13] and consequently also enable
characterization of brittle materials at high strains.

The flip side of nanoindentation is mainly the occurrence of length
scale effects such as geometry dependent indentation size effects
which complicate the analysis [14–18]. Also, the fabrication of precise
tip shapes is a challenging task. Considering that indentation tips should
be extremely hard and stiff only a few ceramicmaterials can be used. Fi-
nally, in terms of flow curve extraction the complex multi-axial stress
and strain field imposed by indentation [13,19,20] impedes a straight-
forward analysis.

Revealing the flow behavior of materials can principally be
attempted in two different ways. On the one hand, various self-similar
indenter tips, such as pyramids or cones, with varying opening angle
can be used to obtain discrete points along the stress-strain curve
[20–25]. However, this study will focus on a nanoindentation approach
utilizing spherical tips which cause a non-self-similar stress field under
the tip and thus induce a continuously increasing representative strain
with increasing indentation depth. Numerous advances have been
made in the analysis of spherical indentation curves since Tabor stated
in the early 1950s that the hardness can be related to the stress of uni-
axial flow curves [21,26]. The present study will revisit spherical inden-
tation approaches and essentially refine and extend existing procedures
to lastly enable this technique to serve as an equivalent to elaborate
micromechanical uniaxial testingmethods such asmicropillar compres-
sion [27]. For this purpose, new calibration procedures will be intro-
duced which allow the depth-independent determination of the
Young's modulus despite tip imperfections. Subsequently, the impor-
tance of constant strain-rate experiments will be highlighted, accompa-
nied by a comparison of existing standard testing protocols. We will
demonstrate that thepresented refinements facilitate the reliable deter-
mination of rate-dependent properties by using both, a constant strain-
rate approach or strain-rate jump tests, respectively. Finally, scaling the
constraint factor in an experimentally informedmanner by utilizing the
ratio of unloading and loading slopes of nanoindentation load-
displacement curves will provide a physically based concept to convert
spherical nanoindentation data to flow curves that are in excellent
agreement with uniaxial tests.

1.1. State-of-the-art nanoindentation analysis for spherical indentation

Numerous studies have been published in the past decades which
perceptibly advanced spherical nanoindentation approaches
[13,21,26,28–38]. Progresses shall briefly be summarized at this point.
Nowadays, the Meyer's hardness is widely considered as appropriate
definition of H, where the projected area is used [39] instead of the
area in touch with the sample commonly used in Brinell tests. Further-
more, the elastic distortion contribution which can be significant in
small scale tests, is accounted for and consequently allows to separate
plastic and elastic regimes from load-displacement data at maximum
load [2–4,6,13]. Still, elastic deformation during loading may change
the corresponding area in contact, hence an effective radius can be
used to take this issue into account [33,34]. Kalidindi and Pathak made
use of dynamic indentation protocols where they evaluated the contact
area Ac from the stiffness of isotropic samples (reduced modulus E* is
constant) [29–31] based on the equation derived by Sneddon [4].

E� ¼
ffiffiffi
π

p
2
∙

Sffiffiffiffiffi
Ac

p ; ð1Þ

with S as the stiffness, and thus could indicate tip shape problems. Addi-
tionally, they redefined the representative indentation strain to [29–31].

εi ¼
4∙h

3∙π∙ac
; ð2Þ

with h as the total displacement and ac as the contact radius, which can
be derived from Hertz's law for elastic contact in contrast to the empir-
ical relation from Tabor [21].

εi ¼ 0:2∙
a cð Þ
R effð Þ

; ð3Þ

with R(eff) as the radius or effective radius [33,34] of the tip and a(c) as
the contact radius or the radius of the residual impression. Both lead
to a dependency of the opening angle with respect to a certain displace-
ment. By applying a zero-point correction in the elastic regime to ex-
clude effects from surface artefacts, one can obtain the effective point
of initial contact, providing a correct elastic Hooke's line in the deter-
mined indentation stress-strain curves [29–31].

The determination of the representative indentation stressσr is chal-
lenging. A linear conversion between the mean pressure or hardness,
respectively, and stress has been suggested by Tabor [21]:

H ¼ C�∙σ r ; ð4Þ

where C* is the constraint factor.
However, nowadays there is general agreement in literature

[13,20,21,32,40–46] that C* itself depends on the ratio E*/σ and the in-
dentation strain, and that it increases with increasing strain and E*/σ
values up to a plateau-value of around 3.

2. Testing setup & used samples

Nanoindentation experiments of the present study were performed
on a Keysight G200 with integrated continuous stiffness measurement
(CSM) unit. Dynamic measurements were carried out with a displace-
ment amplitude of 2 nmoscillating at 45 Hz in order to minimize errors
caused by the system's lock-in amplifier [47]. It is important to note that
by using the CSM unit the hardness can be obtained over displacement
and hence hardness values correspond to the set strain-rate. This is not
the case for H values obtained with multiple unloading tests, where the
strain-rate drops in the hold regime of each cycle and might falsify re-
sults of rate-sensitive materials [48]. All nanoindentation tips were ob-
tained from Synton MDP LTD, Nidau, Switzerland. For reference
measurements, a Berkovich diamond tip was used for 2500 nmdeep in-
dentations with a set strain-rate of 0.05 s−1 to determine hardness and
Young's modulus according to the conventional analysis of Oliver and
Pharr [2]. Berkovich strain-rate jump tests [49] were performed using
strain-rates of 0.05 s−1, 0.005 s−1 and 0.001 s−1 for displacement re-
gimes of 500 nm each. Top-ground diamond cone tips with a half
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opening angle of 45° were used as spherical tips with specified radii
Rspec ranging from 5 μm to 60 μm. Mentioned radii in the text refer to
the Rspec of the corresponding tip. Strain-rate profiles for spherical tip
experiments will be presented below. Thermal drift was measured in
a post-test segment at 10% of the maximum load and did not exceed
0.2 nm/s for any indent. The data acquisition rate was set 5 Hz. At
least six indents were performed for each parameter set, and in the fol-
lowing figures representative results will be shown.

Micropillars used for comparison of uniaxial flow characteristics
were milled with a Ga focused ion beam with an aspect ratio of 2.5 to
3. Taper-free rectangular UFGW (3.5 × 3.5 μm2) and UFG Cr (3.5 × 3.5
μm2) were fabricated in a dual-beam SEM-FIB (Zeiss LEO 1540 XP,
Oberkochen, Germany). Details and corresponding stress-strain curves
were previously reported from by Fritz et al. [50,51]. Cylindrical NC Ni
(∅ 4.5 μm) and UFG Cu (∅ 4.9 μm) were prepared by annular milling
(Zeiss Auriga Platform, Oberkochen, Germany) and tested at the G200
nanoindenter using a diamond flat punch as tip (∅ 10) μm and utilizing
a goniometer based stage as suggested by Uchic and Dimiduk to correct
formisalignments [52]. No sample size effect is expected due to reduced
grain sizes of theses samples combined with rather large pillar dimen-
sions [53–55].

The suitability and requirements of tested materials shall briefly be
discussed at this point. The presented tip calibration is universally appli-
cable and not restricted to an internal length scale. The material selec-
tion for this part includes glassy carbon, fused quartz (FQ), fine-
grained (FG, grain-size (GS): 1.05 μm ± 0.25 μm) 6014 Al-alloy,
ultrafine-grained (UFG, GS: 0.28 μm±0.14 μm) copper, nanocrystalline
(NC, GS: 30 nm) nickel, UFG (GS: 0.3 μm± 0.1 μm) chromium and UFG
(GS: 0.89 μm ± 0.51 μm) tungsten. This selection includes amorphous,
face-centered cubic (FCC) and body-centered cubic (BCC) materials of
varying grain-size. For investigations of strain-rate effects the accumu-
lative roll bonded (8 repeats) 6014 Al-alloy [56] was used since its en-
hanced strain-rate sensitivity m will contribute to clearly visible
implications. Furthermore, constant strain-rate tests were conducted
on a (100)-oriented GaAs wafer due to its homogeneity and pro-
nounced pop-in effects [57,58].

Despite the undisputable benefits of spherical indentation, some
challenges come along with its use as characterization technique, as
the obtained properties also depend on themicrostructural dimensions
of the tested material. Size effects referring to the sphere radius for
coarse grained structures complicate the extraction and flow curves
and cannot easily be subtracted from the data. However, most modern
materials make use of reduced internal length-scales which lead to en-
hanced strengthwhile maintaining sufficient ductility [59–62]. In terms
of flow curve extraction, this study aims to extract nanoindentation
flow curves for ultra-fine grained and nanocrystalline materials where
loaded volumes are representative already at shallow indentation
depths. Hence, anisotropy and indentation size effects will only play a
negligible role. NC Ni, UFG Cu, UFG Cr and UFG W, spanning in grain-
size from ~30 nm to ~1 μm, were used for flow curve extraction
experiments.

3. Novel methodical approaches

Subsequent paragraphs deal with refinements and extensions of
current spherical nanoindentation protocols. New tip calibration ap-
proaches and strain-rate controlled experiments detailed here will
serve as a solid base for the reliable extraction of spherical nanoindenta-
tion flow curves later.

3.1. Tip calibrations

Fabrication of spherical tips using hard and stiffmaterials, such as di-
amond or sapphire, is an ambitious task since these materials are pre-
dominantly anisotropic. Even though deviations from the specified
shape are generally small, they may cause major problems in
nanoindentation experiments. For instance, the correct tip shape will
be needed to conduct constant strain-rate tests, as the strain depends
on the ratio between displacement and contact radius according to
Eq. (2). To overcome tip shape problems, one principle idea is to replace
the specified radius with an effective radius to extend the applicability
of the calibration to the elastic-plastic regime [33,34]. Back-calculating
the contact area from the stiffness signal (see Eq. (1)) is an appropriate
approach but requires a priori knowledge of E* and adds perceptible
noise to the data [12,29–31,63].

Analysis of 3D profiles recorded by a laser confocal microscope
(Olympus LEXT OLS4100, Tokyo, Japan) reveals the non-perfect tip
shape of a new spherical tip (Fig. 1a). An SEM image (see inlay of
Fig. 1b) of the spherical tip shows that the body is rather an ellipsoid
than a spherical segment which should be considered in the analysis.
Hence, the use of a single number for the radius of a tip is insufficient.
Still, Rspec will be referred to keep the tips assignable, but only serves
as a rough qualitative number of the tip dimension which will not be
used in any analysis. Alike sharp indenter tips, one preferably calibrates
each tip to obtain individual area functions using an elastically isotropic
material such as fused quartz. For sharp tips, this can accurately be done
using the series [2].

Ac hcð Þ ¼
Xi

i¼0

Bi∙h
1=2i−1
c : ð5Þ

Considering a perfect tip, the geometry constants B1 to Bi become
zero and B0 ¼ 3∙

ffiffiffi
3

p
∙ tan2ðαÞ, where α is the complementary angle be-

tween the normal vector of the pyramid face and the loading direction.
This function type is notably useful for sharp tips since the terms after
the lead term will mainly account for tip imperfections at shallow
depths which is the most problematic regime for sharp tips. Neverthe-
less, it turns out that this approach is not as reliable for spherical tips be-
cause these tips differ in their sphericity. Hence, the shape can also
crucially deviate at large displacements, which is the reason why a
geometry-based area function should be favored. Basic geometrical con-
siderations allow to express the area as a function of the displacement,
using following equations with a as the radius of the projected area, R
as the sphere radius and h as displacement:

A ¼ 2∙a∙π; ð6Þ

a2 ¼ 2∙R∙h−h2: ð7Þ

Combining these equations, and considering the real area in contact
instead of the total displacement [2], indicated by the index c, this leads
to

Ac hcð Þ ¼ B0 � hcB1−B2 � h2c ; ð8Þ

which properly describes a perfect sphere if B0 = 2 ∙ R ∙ π, B1 = 1 and B2
= π. To describe imperfect tips, the constants Bi can be varied using a
non-linear least squaremethod. Note that the variation of one exponent
is important to vary the sphericity of the tip shape. Another fundamen-
tal asset of using this type of function is that starting values for the pa-
rameters Bi in these non-linear least square methods have a physical
meaning as they refer to the radius of the idealized tip. Consequently,
this leads to faster convergence and high numeric stability of the proce-
dure. Still, fitting parameters may slightly differ depending on the least-
square method. In this study, a Levenberg-Marquardt algorithm [64,65]
(routine implemented in the Python package SciPy) was used for this
purpose and consistently provides satisfying results yielding coeffi-
cients of determination N0.985 for any conducted calibration. Generally,
as the tip shape itself differs from that of a sphere, the current analysis
based on Sneddon's studies should be favored [4] which is analogue to
the widely accepted calibration method proposed by Oliver and Pharr
[2]. Compared to Hertzian analysis [33,34,66] there is no need to extend



Fig. 1. a) 3Dprofile of a spherical tip obtained by a laser confocalmicroscope reveals the non-perfect tip shape. b) Profile of the Young'smodulus of FQoverdisplacementusing the specified
tip radius (green circles) to calculate the contact area and using the described new calibrated area function (blue triangles). The inset SEMmicrograph of a spherical tip (Rspec = 20 μm)
shows the limit of the spherical shape and that in contrast to a perfect sphere the new area functionmatches the tip contourswell. c) Horizontal profiles of the Young'smodulus on various
isotropic materials indicate valid measurements for samples with a broad spectrum of E ranging from 35 GPa (Glassy Carbon) to 400 GPa (W). The black dashed lines represent reference
Berkovich values for the tested materials.
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Fig. 2. a & b) Temporal profiles of the indentation strain show the linear increase for cSR

tests (blue) yielding to constant strain-rate while cLR (green) and _P=P (red)
experiments end up in a continuously decreasing and increasing strain-rate,
respectively. c) Resulting hardness curves of the 6014 Al-alloy demonstrate the strong
dependence of the strain-rate for spherical tests. Intersects of the hardness match the
intersects of the strain-rates in b).
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the analysis to the plastic regimewhere the curvature of the residual in-
dent has to be approximated. Another benefit of this highly accurate 3-
parameter function is that a fast feedback can be realized that allows to
set relatively high strain-rates as will be shown in the next section.

However, one should not forget that spherical tips are often made
from a cone as semifinished part. If the total opening angle of the
base-cone is 90°, as it is the case in this study, a spherical shape can
only be provided up to a displacement of h ¼ R∙ð1− 1ffiffi

2
p Þ, indicated in

Fig. 1b. At this point the slope of the sphere tangent matches the cone
half angle and for larger displacements indentation strain will not in-
crease anymore.

Correct calibrations are confirmed by horizontal profiles of the
Young's modulus over displacement. Fig. 1b shows a comparison be-
tween doubtful results obtained using the specified radius, and param-
eters from the new calibration procedure, which is well in agreement
with literature values for fused quartz [2]. Even if the specified radius
would be replaced by a slightly smaller radius this would only lead to
a parallel translation of the green curve and still exhibit the strong
unphysical gradient in modulus at shallow depths. Elastic distortions
ormaterial pile ups around the indentmay occur depending on thema-
terial. Regrettably, one cannot entirely exclude this effect, but Fig. 1c
clearly demonstrates that E-values, spanning from 35 GPa to 400 GPa,
are conformwith reference values obtained by Berkovich tests and liter-
ature data [2,67,68], thus pile-up and sink-in behavior seem to be of
minor importance.

Once the real tip shape is known, due to this improved calibration
the influence of different strain-rates can be investigated as will be
done in the following section.

3.2. Strain-rate controlled experiments in spherical indentation

Inmostmodern high-performancemetals deformation is not simply
governed by athermal dislocation plasticity, but rate-dependent mech-
anisms are responsible for high strength properties. Thus, controlling
the strain-rate in experiments is crucial to obtain useful flow curves.
For nanoindentation tests the definition of the strain or strain-rate, re-
spectively, is not straightforward and certainly depends on the used
tip. The definition of the strain for spherical tips has been discussed sev-
eral times in the past, however, the definition used by Pathak and
Kalidindi [29–31] seems currently to be the most convincing one. In
their spherical nanoindentation study, they could demonstrate that
the expected Hooke's line can be measured for W and Al single crystals
prior to pop-in events. The advantage of only considering the elastic re-
gime is clearly that the hardness is conformwith the stress in themate-
rial, since the hydrostatic pressure contributes to elastic deformation.

The strain is given by Eq. (2). Naturally, the load-time profile in
nanoindentation tests must be adapted to this definition to guarantee
a correct strain-rate. Nanoindentation devices are often load-
controlled, hence controlling via the time derivative of Eq. (2) can be
challenging. Feldner et al. first addressed the problem of a varying
strain-rate during spherical indentation [37]. They used Eqs. (1) & (2)
combinedwith the assumption of an elastic contact and a perfect sphere

to end up in a strain-rate proportional to _P=P2=3, with _P the time deriv-
ative of the load. This parameter is similar to that used in sharp indenta-
tion experiments ð _εsharp ¼ _P=PÞ to tune the strain-rate [37,69] and easily
controllable with the used indentation device. Even though this reduces
the strain-rate induced error, the assumptions impair the success of the
approach.

Within this study, we successfully implemented strain-rate con-
trolled experiments according to the strain definition of Eq. (2) over a
few orders of magnitude by tuning the proportional-integral-
derivative parameters of the integrated PID-control. The proposed
area function in beneficial in this context as a simple form favors a fast
PID-feedback and thereby allows to reach relatively high strain-rates.
Furthermore, by our definition also tip imperfections are considered
for a correct strain-rate. This aspect is often neglected in sharp tip inden-
tation as _εsharp ¼ _P=P actually refers to a perfect self-similar tip but seem
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to have aminor impact since pyramidal tip shapes are close to specifica-
tions. For spherical indentation, achievable strains and strain-rates de-
pend on the radius and area function of the sphere. Fig. 2a–c display
strain, strain-rate and hardness profiles for different testing methods
measured with a 5 μm radius tip according to specifications. Constant
strain-rate experiments at 0.002 s−1 have been performed accompa-
nied by a linear increase of strain over time (Fig. 2a) and a constant
strain-rate in Fig. 2b. Using the definition for sharp indenter tips ( _P=P
= const.) and a set strain-rate 0.05 s−1 leads to a continuous increase
of the strain-rate over displacement, while the strain-rate of constant
load-rate (cLR) experiments using 0.75 mN/s are monotonically de-
creasing. Fig. 2c shows the corresponding hardness profiles which go
along with the strain-rate profiles of Fig. 2b. One can see in the magni-
fied inset that the cLR hardness curve at first intersects the profile
which uses the strain-rate definition of sharp tips ( _P=P = const.) at
about 500 nm (arrow 1) and subsequently the profile of constant
strain-rate (cSR) tests at around 1500 nm (arrow 2) just as it happens
for the strain-rates in Fig. 2b. As one might expect, when tested at the
same strain-rate the flow stresses match. Fig. 2c thereby evidences
that work hardening behavior obtained from spherical indentation
will significantly be falsified if the strain-rate is not adequately
Fig. 3. a) Hardness curves of three different indents on NC Ni illustrate the high reliability
of the technique. b) Hardness-strain profiles obtained on NC Ni with three different
indenter tip radii using a strain-rate of 0.0005 s−1 verifies that mechanical properties
can be determined independent of the used radius.
considered for rate sensitive materials making the implementation of
cSR tests crucial for any spherical indentation study dealing with rate-
sensitive materials such as bcc or nanocrystalline metals. However,
only for the cSR data the strain-rate is constant throughout the test.
Note that the inputs for load-rate, sharp tip strain-rate and spherical
tip strain-rate have been chosen to come down to similar testing
times. Independent of the absolute input values all trends will remain
the same.

Once the strain-rate is properly considered, spherical indentation
experiments turn out to be extraordinarily stable and reliable. Note
the marginal deviations in Fig. 3a which displays the hardness curves
of three indentations performed with a 10 μm radius tip on NC Ni at a
strain-rate of 0.0005 s−1, resulting in testing times of about 360 s. For
spherical nanoindentation of coarse grained materials, the measured
hardness values depend on the tip radius, where conventionally smaller
radii lead to higher hardness values [18]. In contrast to the ISE known
from self-similar tips, the size effect is not influenced by the current dis-
placement or load butmust be investigated at coinciding representative
strains [17,18,70]. This well-known tip size effect of coarse grained ma-
terials is attributed to geometric necessary dislocations which need to
be created to accommodate the tip in the material. This model assumes
that dislocation loops form around the penetrating tip [14,18]. For the
materials with small grain sizes this effect can be excluded as the length
of dislocation loops by far exceeds the microstructural dimensions also
at shallow depths. Fig. 3b demonstrates that for NC Ni, where represen-
tative volumes are tested instantaneously, tip size effects are negligible
since spherical tips with radii of 10 μm, 20 μm and 50 μm lead to
matching hardness profiles.

3.3. Rate-dependent properties

Understanding spherical indentation and controlling the strain-rate
enables the method to characterize samples regarding thermally acti-
vated mechanisms. Considering Eq. (4) and assuming C* constant at a
representative strain, one can proof the equivalence between the loga-
rithmic hardness and representative stress difference, respectively:

Δ lnH ¼ lnH2− lnH1 ¼ ln σ2∙C
�ð Þ− ln σ1∙C

�ð Þ
¼ ln σ2ð Þ þ ln C�ð Þ− ln σ1ð Þ− ln C�ð Þ ¼ Δ lnσ ; ð9Þ

which finally allows to calculate the strain-rate sensitivity m according
to [71,72].

m ¼ Δ lnσ r

Δ ln _ε
¼ ΔH

Δ ln _ε
: ð10Þ

Different approaches can be used to determine the strain-rate sensi-
tivity or activation volume of a material. On the one hand, various in-
dents with different constant strain-rates can be executed, which is
time consuming but allows determining m in dependence of the im-
posed strain. To verify this method, a GaAs wafer was used in this
study since the properties of this material are well suited to double-
check the reliability. The sample features an enhanced strain-rate sensi-
tivity but is additionally highly homogeneous and contains few defects.
Hence, distinct pop-ins are expected, which will indicate the start of
plastic deformation [57,58]. Up to this point, the deformation will be
purely elastic and consequently the hardness or stress values, respec-
tively, should not differ in dependence of the used strain-rate. Addition-
ally, stress-strain profiles should accord to Hook's line and comply with
the Young's modulus measured by the CSM signal or with measure-
ments from standard Berkovich indentation. After the point of yield, a
significant difference in hardness is expected, depending on the
strain-rate. Fig. 4a demonstrates cSR tests conducted with a 5 μm radius
tip on GaAs. Just as expected above, the indentation data exhibits all the
features mentioned above for indents performed with strain-rates of
0.01 s−1, 0.001 s−1 and 0.0005 s−1. Consistent Hooke lines also ensure



Fig. 4. a) Hardness over indentation strain for experiments on GaAs. During the elastic
loading prior to pop-in events the hardness is equal to the stress, thus Hooke's line with
the corresponding Young's modulus of 114 GPa is imprinted as a dashed line. In the
plastic regime after pop-in, magnified in the inset in b), a distinct rate-dependence can
be noted. Analysis of m over strain shows a strain-independent value of 0.043, conform
with Berkovich jump tests ascribed to a representative strain of 7%.

Fig. 5. Spherical indentation strain-rate jump tests for an ARB Al alloy (6014). The strain-
rate profiles (red dots) clearly demonstrate that the anticipated strain rates (red dashed
lines) are reached for every segment of 5% strain.
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dependable analysis ofm since strain-offsets could significantly change
results. Fig. 4b shows that the strain-rate sensitivity determined using
the 0.01 s−1 and 0.0005 s−1 data is constant over strain. Hence,
Berkovich nanoindentation jump tests, ascribed to a representative
strain of around 7%, can be well compared to spherical experiments,
all of which resulting in the same m-value of 0.043 ± 0.003. Notably,
for the sphere only values starting from 14% strain can be used since
the rapid pop-in process causes slight deviations from the anticipated
strain-rate before.

Elaborate test schedules are necessary to gain rate-dependent prop-
erties using the cSR method at different rates. However, strain-rate
jump tests can now also be implemented for spherical indentations as
already demonstrated by Feldner et al., even though they had a chal-
lenging situation since they calculated the contact radius from the stiff-
ness assuming a constant modulus [37]. This goes along with distinct
noise of the stiffness signal and complicates the analysis of the strain-
rate jumps. Within this study, using the new calibration procedure, we
can avoid this problem and extend the technique also to materials
with unknown or varying elastic properties. Fig. 5 shows a hardness-
strain plot for an ARB FG Al-alloy (6014) which, as common for refined
FCC metals, shows a pronounced strain-rate sensitivity. The GaAs SX
sample is not suited for this testing method as the pop-in occurring at
rather high strains impedes the use of multiple strain-rate regimes re-
quired for the analysis. Red dots indicate the strain-rate during the
tests while the red dashed line highlights the levels of the anticipated
strain-rates of 0.005 s−1, 0.001 s−1 and 0.0005 s−1,which are constantly
achieved. Solely during slowing down the strain-rate slight undershoots
can be noted. Analysis of nine jump tests, only considering the last three
jumps each, ends up in 27 hardness/strain-rate pairs which lead to an
m-value of 0.024 ± 0.004, conform to values obtained by reference
Berkovich jump tests of 0.024 ± 0.002.

4. Flow curve extraction

After ensuring reliable measurements by knowing the actual tip
shape and controlling the strain-rate, the implication is to transform
the hardness-strain profiles to stress-strain curves also in the plastic re-
gime. This demanding task has been attempted several times before,
also including FEM simulation supported methods
[13,20,21,32,40–46]. The international organization of standardization
(ISO) addressed this topic in a comprehensive technical report [73],
even though aspects such as tip imperfections and strain-rate effects
are not considered and the suggested methods to link indentation to
uniaxial properties always rely on computational techniques. Extensive
experimental approaches on samples with small internal length-scales,
where size effects are insignificant, are seldom. And ideally, uniaxial
compression tests should be performed on the identical sample for
comparison. The main difficulty towards unambiguous flow curves
from indentation is the conversion fromhardness to a representative in-
dentation stress value even though it has often been demonstrated that
this constraint factor C* is in the order of 3 for metals. As mentioned
above, the constraint factor varies dependent on elastic (E*) and plastic
properties (yield stressσy) aswell as the indentation strain. The value of
the representative strain varies depending on the used definition (Tabor
[21] or Kalidindi and Pathak [29]), but scales with cot Θ, where Θ is the
opening angle of the tip at a certain displacement (details see Appendix
A). Table 1 gives an overview of C* dependencies in literature for both
spherical and sharp indenter tips, neglecting effects fromwork harden-
ing or friction.

In some studies, differentiation whether the constraint factor links
the hardness to the stress at the representative strain or to the initial
yield stress of a material is not obvious. Most of the approaches require
an a priori knowledge of the yield stress of the sample,whichwould cer-
tainly be a shortcoming of the used spherical indentation approach.



Table 1
Dependencies of the indentation constraint factor used in previous studies.

Authors Dependency of C*

Tabor [20] C∗ = const.
Johnson [13] C� ¼ f ðE�σy

∙ cotθÞ
Fleck and Mesarovic [31] C� ¼ f ðE�σy

∙ 2∙ cotθ
1þ cot2θÞ

Hay et al. [40] C� ¼ f ðE�H ∙ cotθÞ
Park and Pharr [22] C� ¼ f ðE�σy

∙ 2∙ cotθ
1þ cot2θÞ

Mata et al. [43] C� ¼ f ðE�σy
∙ cotθÞ

Kang [45] C� ¼ f ðE�σy
∙ 2∙ cotθ
1þ cot2θÞ

Chen and Vlassak [66] C� ¼ f ðE�σy
∙ cotθÞ

Rodriguez et al. [44] C� ¼ f ðE�σ r
Þ

Fig. 6. Experimental dependency of the constraint factor C* on μ (blue circles) determined
by the comparison of uniaxial and spherical indentation flow curves on NC Ni. Fitting
functions (dashed line) according to Eq. (12) for the four different observable
deformation regimes.
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Only Hay et al. [41] and Rodriguez et al. [45] linked C* to the represen-
tative stress or hardness, respectively. The parameter used by Hay
et al. [41] is particularly appealing, as it is directly related to the plastic
and elastic work introduced and clearly distinguishes the elastic and
plastic regime. Furthermore, it can be experimentally obtained from in-
dentation measurements if CSM is used by calculating the ratio of the
contact stiffness S and the slope of the load/contact depth curve nL,
called μ in this study

μ ¼ S
nL

¼ Er
H
∙
cotθ
π

: ð11Þ

See Appendix B for details. This parameter was also identified by
Johnson to be proportional to the plastic zone size occurring during in-
dentation [13]. It can be converted to the dimensionless parameter Er

σ ∙ acR
(see Appendix A) which has been identified to have a major impact on
the value of C* [13,32,44,46,74].

Uniaxial tests will now be used to determine a genuine function for
C*= f(μ) for spherical indentation experiments on pillars. This function
can be determined bymatching the indentationflow curve to the uniax-
ial pillar flow curve. For this purpose, the stress-strain curve from pillar
compression tests and hardness-strain curves from spherical indenta-
tion tests were subdivided in strain increments Δε of 0.001 and used
for the calculation of C* according to Eq. (4). A 10 μm radius tip and
NC Ni have been used for this procedure, since deformation will then
mainly take place in the elastic-plastic transition regime, but also
reaches the fully plastic regime at high strains. Considering the elastic/
plastic work ratio μ yields in the profile depicted in Fig. 6, which is in ac-
cordance to the expected shape from FEM studies [32,74], can be
subdivided in four regimes as firstly suggested by Park and Pharr [74].
Using μ, reduces the purely elastic state (I) to a single point at μ = 0.5
and C*=1. Increasing the strain puts the deformed volume in the tran-
sition regime which is at first elastically dominated (pseudo Hertzian
(II), see [74]) and then abruptly changes to a plastically dominated be-
havior (III). Finally, at large strains, favored by high E/σ values, a fully
plastic regime can be observed (IV) where C* becomes constant and
from which Tabor's proposal of a C* = const. might originate from.
The profile can be split and expressed as an empiric function:

C� μð Þ ¼
1 ; μ ¼ 0:5 Ið Þ

2:12∙ ln μ þ 0:5ð Þ1:25 þ 1; 0:5bμb1:45 IIð Þ
0:55∙ ln μð Þ þ 2:08; 1:45≤μb4:5 IIIð Þ
2:91 ; x≥4:5 IVð Þ

8>><
>>:

ð12Þ

By this function, one can determine the constraint factor profile for
each indent, since μ can directly be evaluated from the nanoindentation
device. Studies showed that for materials with similar work hardening
behavior and frictional properties, the same function will be applicable
[32,74]. The used materials (NC Ni, UFG Cu, UFG Cr, UFW W) will fulfil
these qualifications. Fig. 7a–d shows the comparison of flow curves
obtained by pillar compression tests (green solid line) and spherical in-
dentation experiments with variable C* (blue triangles). Additionally,
stress-strain curves using the original approach of Taborwith a constant
constraint factor of 2.8 [21] are imprinted (red crosses), which clearly
underestimate the yield level and overestimate the work-hardening of
the materials. Obviously, the match in Fig. 7a is self-explanatory since
these curves were used to obtain the function for C*. However, also
Fig. 7b–d show excellent agreement, which make the assumptions
seem justified once materials with reasonably similar mechanical char-
acter are tested. Interestingly, also instabilities during compression, as
occurrent for UFG W in Fig. 7d were individual grains yield, are picked
up in spherical indentation experiments. Notably, the difference be-
tween the red and blue curves is more significant for materials where
E/σ is low. Here values for C* will refer to low values of μ and conse-
quently noticeably deviate from the constant value of 2.8 (see Fig. 6).
Tabor might have unintentionally avoided this problem, since he tested
coarse grainedmild steel and copper that both feature high values of E/σ
N 400. Additionally, one must not forget that Tabor calculated the hard-
ness by dividing the load by the area of the residual imprint, which will
slightly deviate from the projected area at maximum load.

5. Summary and conclusion

Few experimental techniques feature the enormous efficiency and
capability for the substantial characterization of materials as is the
case for spherical nanoindentation. Despite these outstanding perspec-
tives current instrumented indentation methods do not have the preci-
sion which is required for excellence in material science and quality
management. Within this study we present a wide variety of significant
advances which should be adapted to existing nanoindentation
protocols.

i. The calibration of spherical tips has been reinvestigated. Based on
the geometry of a sphere, a novel non-linear function type is sug-
gested to calculate the contact area in dependence of the contact
depth, which allows to account for deviant sphericity also at large
displacements. The accuracy of the introduced highly stable fitting
procedure was validated on a broad spectrum of materials with
Young's moduli ranging from 35 GPa to 400 GPa. This approach
also impedes theproblemof signal noisewhich occurs if the stiffness
is used to back-calculate the current contact area function.



Fig. 7. Comparison between uniaxial micropillar compression tests (green solid line) and spherical indentation flow curves using a constant constraint factor of 2.8 (red crosses) and a
variable constraint-factor (blue triangles) for NC Ni, UFG W, UFG Cr and UFG Cu. Insets show SEM micrographs of spherical impressions (scale-bar of a) applies to all indentations) and
post-mortem pillars of the corresponding material.
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ii. Adequately controlling the strain-rate is challenging for spherical in-
dentation since the strain will be influenced by tip shape imperfec-
tions and an assumed constant radius is a deficient approximation
for rate-dependent modern high-performance materials. Tuning
the PID-parameters of the used nanoindentation device allows to
exactly achieve set strain-rates and eliminates impacts of the actual
tip shape. Comparison to constant load-rate and constant strain-rate
tests used for pyramidal tips show that these strain-rate profiles
would significantly falsify the appearance of hardness curves.

iii. Performing experiments with constant strain-rates shows that ma-
terials with refined microstructures, ensuring the instantaneous
sampling of a representative volume, do not feature a tip size effect
and exhibit formidable reproducibility.

iv. Properly controlling the strain-rate opens the door to extract the
strain-rate sensitivity either by constant strain-rate experiments or
by spherical nanoindentation jump tests. Values are in excellent
agreement with data obtained by sharp tip indentation and do not
show a strain dependence.

v. A novel approach to account for a physically realistic varying con-
straint factor (C*) considering yield stress, Young's modulus and in-
dentation strain is presented, using the ratio of the unloading and
loading slope (μ) of the load/contact displacement curves. Matching
the flow curves from uniaxial pillar compression and spherical in-
dentation on NC Ni leads to an empiric relation C* = f(μ) which is
in accordance to previous FEM studies.

vi. Using the presented refinements leads to excellent agreement of
flow curves obtained by uniaxial compression and spherical
indentation for the tested materials NC Ni UFG Cu, UFG Cr and
UFG W.

The presented advancements of spherical indentation testing and
analysis will prospectively expand the possibilities of this technique.
Apparently, a reasonable tip shape function and strain-rate con-
trolled experiments contribute to a significantly improved utility of
indentation tests. However, particularly the conversion from hard-
ness to representative stress must be used with caution, as it could
not yet be thoroughly physically explained. The application is re-
stricted to materials with small internal length-scales and similar
mechanical character to avoid tip size-effects and vastly different
work hardening behavior. Besides, the properties of the tribological
system of indenter tip and sample must be consistent. Consideration
of these influences to extend the feasibility of the approach will be
subject of future studies.
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Appendix A

The conventional definition of strain from the classical Tabor approach and the novel definition of Kalidindi and Pathak are closely related. Both
are dependent on the current opening angle θ (see Fig. A1).
Tabor related definition
εi
A
a

R
R
ac
R

Fig. A1. Schematic loading of a spherical tip with radius R.
Definition by Kalidindi and Pathak
¼ ac
R
 εi ¼ 4∙h

3∙π∙ac 0

c ¼ ac2 ∙π
 h

ac
¼ cotθ

0

c = hc ∙ tan θ
 cotθ

cotθ ¼ h
hc0
2 ¼ ac2 þ ðR−hcÞ2

2

cotθ ¼ h
hc
∙ cotθ
¼ ac2þhc
2∙hc
εi ¼ 4∙h∙ cotθ
3∙π∙hc
¼ 2∙hc ∙ac
ac2þhc

2 ¼ 2∙ cotθ
1þ cot2θ
= f(cotθ)
 εi = f(cotθ)
εi
Appendix B

The ratio of unloading slope, which is the contact stiffness S, and loading slope nL, referred to as μ in this study, in indentation experiments is of
interest to identify the character of plastic deformation, since it is directly related to the ratio of induced plastic and elastic work during indentation.
The subsequent derivation shows that μ is in directly related to the elastic (E*) and plastic (H) properties as well as to the indentation strain εiwhich
scales with cot Θ (see Appendix A).

μ ¼ S
nL

S ¼ 2∙E∙
ffiffiffiffiffi
Ac

p
ffiffiffi
π

p ¼ 2∙E�∙hc∙ tanθ

P ¼ H∙ac2∙π ¼ H∙hc
2∙ tan2θ∙π

nL ¼ dP
dhc

¼ 2∙H∙hc∙ tan2θ∙π

μ ¼ S
nL

¼ 2∙E�∙hc∙ tanθ
2∙H∙hc∙ tan2θ∙π

¼ E�

H
∙
cotθ
π
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Due to elemental elastic contact mechanics based on Hertz, the contact depth hc and elastic sink-in depth hs are related to each other by:

hc ¼ hs ¼ 1
2
∙h

During elastic deformation, the unloading slope is equivalent to the loading slope, hence the slope of the contact loading is 0.5. Experimentswith a
50 μm radius tip on fused quartz, where no plastic deformation is expected, demonstrates this behavior (Fig. B1a). On GaAs, one notes that until the
pop-in event there is only elastic deformation, showing μ on a level of 0.5, which instantaneously increases after the pop-in (Fig. B1b). For Al, tested
with a 5 μm tip, plasticity is observable immediately (Fig. B1c). Contrarily, for sharp self-similar tips and isotropicmaterials, μ shows a horizontal pro-
file over displacement asH, E* and cot Θwill remain constant in the self-similar indentation process. Varying the opening angle will shift the profiles
in parallel (Fig. B1d).
Fig. B1. Profile of μ over displacement. a) For a purely elastic indent on FQwith a 60 μm sphere μ is horizontal at a level of 0.5. Loading and unloading curve in the inset coincide. b) GaAs
clearly demonstrates the transition from elastic to plastic deformation after the pop-in event. c) A spherical indent on Al shows plasticity instantaneously. d) μ is constant over displace-
ment for self-similar pyramidal tips. A variation of the opening angle leads to a shift of the value of μ.
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