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Nanoindentation strain-rate jump tests for determining the local
strain-rate sensitivity in nanocrystalline Ni and ultrafine-grained Al
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A nanoindentation strain-rate jump technique has been developed for determining the local strain-
rate sensitivity (SRS) of nanocrystalline and ultrafine-grained (UFG) materials. The results of the
new method are compared to conventional constant strain-rate nanoindentation experiments,
macroscopic compression tests, and finite element modeling (FEM) simulations. The FEM
simulations showed that nanoindentation tests should yield a similar SRS as uniaxial testing and
generally a good agreement is found between nanoindentation strain-rate jump experiments and
compression tests. However, a higher SRS is found in constant indentation strain-rate tests, which
could be caused by the long indentation times required for tests at low indentation strain rates.
The nanoindentation strain-rate jump technique thus offers the possibility to use single indentations
for determining the SRS at low strain rates with strongly reduced testing times. For UFG-Al,
extremely fine-grained regions around a bond layer exhibit a substantial higher SRS than bulk
material.

I. INTRODUCTION

Over the last decades, ultrafine-grained (UFG) and
nanocrystalline (NC) materials with grain sizes below
1 lm and 100 nm, respectively, have gained significant
attention. These materials exhibit superior strength at
room temperature and in some cases enhanced ductility
for UFG material. This exceptional behavior is strongly
related to their enhanced strain-rate sensitivity (SRS),
compared to coarse-grained (CG) and single crystalline
(SX) materials.1–4

With conventional uniaxial macroscopic testing like
compression4–6 and tensile testing,7–9 the deformation
resistance is studied on a macroscopic scale, averaging
over many microstructural length scales and features.
However, nanoindentation testing allows studying these
effects on a local scale. Oliver and Pharr10 have already
shown that nanoindentation is a feasible method for test-
ing the local deformation resistance, i.e., hardness and
Young’s modulus. Mayo and Nix 11 developed a nano-
indentation method for the determination of SRS on
a submicron level by controlling the loading rate. The
indentation strain rate was determined from the depth–
time data for a given range of indentation depth. Using this
technique, they could show an enhanced SRS of NC
ZnO12 and NC-TiO2.

13 A more general theoretical work
on dynamic nanoindentation was given by Bower et al.,14

who used finite element modeling (FEM) to describe

indentations in power law creeping solids. They showed
that Mulhearn and Tabor’s15 concept on effective stress and
effective strain rate generally applies to power law creeping
solids. In 1999, Lucas and Oliver16 proposed a new method
using a _P=P technique for controlling the indentation strain
rate during indentation experiments and found a good agree-
ment with uniaxial test data. In this work, strain-rate jumps
were already performed for showing a path-independent
indentation steady-state hardness.
Alkorta et al.17 also used an indentation strain-rate jump

technique to examine the SRS in UFG niobium. They
compared nanoindentation creep experiments with nano-
indentation jump experiments for different strain-rate
levels. They found a strong influence of thermal drift
during creep experiments and showed that a strain-rate
jump technique is more useful for determining SRS and
for minimizing these influences.
So far, no quantitative comparison between the SRS

measured by macroscopical methods and nanoindentation
techniques has been carried out. In this work, nanoindenta-
tion tests were performed using a newly developed nano-
indentation method with implemented strain-rate jumps and
a conventional constant strain-rate nanoindentation tech-
nique for measuring the SRS of NC-Ni. To understand the
differences between the two nanoindentation approaches,
compression tests and FEM simulations were accom-
plished. The finite element (FE) simulations were used for
analyzing the SRS in indentation experiments, using the
experimentally determined SRS as input in the simulations.
Finally, the developed nanoindentation strain-rate

jump technique was applied on accumulative roll-bonded
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Al to investigate local differences in the mechanical
properties and the SRS.

II. STRAIN-RATE SENSITIVITY MEASUREMENTS

The SRS in uniaxial tensile or compression testing is
defined as the change in stress r divided by the change in
strain rate _e at constant temperature using the following
equation18:

muniaxial testing 5
dðlnrÞ
dðln _eÞ ; ð1Þ

where m is the SRS exponent, which describes the SRS
behavior of the material assuming a constant microstruc-
ture. This m-value can be determined by using either
strain-rate jump tests during a single macroscopic test or
experiments with several tests at different strain rates.

For nanoindentation SRS measurements, different ap-
proaches and types of tests are discussed in literature.
Mayo and Nix11 used tests with constant loading rate
to determine a stress exponent. Hence, the SRS can be
deduced:

mnanoindentation5
dðlnHÞ

dðln _e indentationÞ
: ð2Þ

According to Mayo and Nix,11 the indentation strain
rate can be derived from the concept of true strain. Ap-
proximating the specimen length by the indentation depth
and assuming the hardness to be independent of the
indentation depth, this can be estimated as16:
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Moreover, the SRS can also be written as:
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where k is the Boltzmann constant, T is the absolute
temperature, rf is the flow stress, H is the hardness, and V
is the activation volume for the plastic deformation, which
is directly related to the deformation mechanism.19

Thereby, the hardness H is related to the flow stress using
a constraint factor of 3.

It is well known that the hardness of most metallic
materials exhibits a strong indentation size effect and the
hardness increases for small indentation depths. The Nix/
Gao model20 related the indentation size effect to geo-
metrically necessary dislocations, the density of which is
proportional to the inverse indentation depth. It has been
found that this size effect is strongly reduced in UFG and
NC materials due to a smaller internal length scale, which

is strongly related to an increasing dislocation density in
the materials and to the higher flow stress.21–23 For
indentation depths greater than 100 nm, this leads to a
nearly depth-independent hardness in indentation experi-
ments. Thus NC materials are well suited for comparing
macroscopic and local SRS measurements, and it is
expected that both methods should lead to similar results.

III. EXPERIMENTAL

A. Materials and sample preparation

Plates of NC-Ni were produced by pulsed electro-
deposition according to Li et al.5 and Natter and
Hempelmann.24 Using this technique, samples with a
thickness of 2 mm and a width of several centimeters
were produced with a grain size of down to 25 nm. The
grain size can be controlled by the pulse parameters, bath
additives, and bath temperature.

Commercially pure Al (AA1050A) sheets with UFG
microstructure were produced by the accumulative roll
bonding (ARB) process. Further details on the ARB
process and the materials properties can be found
in Höppel et al.8 and Böhner et al.25

NC-Ni and UFG-Al cross sections were prepared for
metallographic and nanoindentation examinations. The
specimens were mounted in Technovit 4071 (Technovit,
Heraeus-Kulzer, Germany) and acrylic resin Technovit
2000 LC, respectively, ground, polished with diamond
down to 1 lm, and electrolytically polished.

B. Nanoindentation experiments

The nanoindentation experiments were performed on
a Nanoindenter G200 (Agilent Technologies, Chandler,
AZ), using a three-sided Berkovich diamond and the
continuous stiffness method (CSM). Tip shape calibration
was performed according to the Oliver–Pharr10 method
and then the machine compliance was taken into account.
Using a standard CSMmethod, the indentation stiffness is
determined continuously and the reduced modulus and
indentation hardness is obtained as a function of the
indentation depth. According to Durst et al.26 and Pharr
et al.,27 the CSM technique can lead to a significant error in
the indentation data for soft metallic materials like single
crystals with a large E/H ratio. This error is directly related
to the dynamic unloading of the tip and influences
moreover the measured force, displacement, and stiffness
data. Therefore, Pharr suggested a correction for load and
displacement which considers the harmonic load and
harmonic displacement in the load– displacement data.
This correction has been used in the current approach.
Furthermore, the studied materials have a relatively small
E/H ratio (NC-Ni ;40, UFG-Al ;115) and are not prone
to this effect.
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C. Nanoindentation strain-rate jump tests

A nanoindentation testing technique was developed,
where a standard CSM method was adapted to perform
several abrupt changes in the applied strain rate at defined
indentation depths during one single indentation, so called
strain-rate jumps.

The applied indentation strain rate _P=P is directly
associated with the effective strain rate _e according to
Eq. (3). In this article, all analyses are based on the effective
strain rate _e.

For performing these experiments on NC-Ni, the
indentation strain rate was kept constant up to an in-
dentation depth of ;500 nm until the hardness stayed
constant and was independent of the indentation depth.
Afterward, changes in the strain rate were applied every
250 nm. Three different strain rates were used during
a single indentation experiment. The hardness at different
strain rates was determined at a particular indentation-
depth range between 200 and 250 nm. Figure 1(a) shows
the applied indentation strain rate _P=P and the correspond-
ing effective strain rate _e during the nanoindentation
experiment. After each jump of the effective strain rate,
the new strain rate is reached very fast and no transients are
found in the strain rate. The total indentation time adds
up to around 660 s, even though strain rates down to 5 �
10�4 s�1 are used.

Figure 1(b) shows the corresponding load–displacement
curve for an exemplary nanoindentation strain-rate jump
experiment. Upon a change in the indentation strain rate, the
indentation load is observed to go through a short transient
period.16 After an additional displacement of ;50 nm, the
load-displacement behavior becomes self-similar again.
The transition region is strongly related to the time-de-
pendent behavior of the tested material. Thus, for positive
strain-rate-sensitive materials, a jump to a higher strain rate
leads to an upward kink, whereas a jump to a lower strain
rate is related to a downward kink in the load–displacement
curve as shown in Fig. 1(b).

Moreover, the samples were conventionally tested using
a standard CSM method for determining the SRS from
nanoindentation experiments.28 The indentation depth was
set to 2000 nm, and several indentation strain rates (5 �
10�2

–5 � 10�4 s�1) were applied. The hardness at each
strain rate was averaged over at least six indentations at
indentation depths between 1.0 and 1.9 lm.

IV. NANOINDENTATION

A. Nanoindentation strain-rate jump results

Figure 2 shows the resulting hardness and Young’s
modulus data from a strain-rate jump test. It is found
that the hardness of NC-Ni clearly changes with the strain
rate, whereas the hardness is smaller at lower indentation
strain rates. A short transient behavior as found in the

corresponding load-displacement plot is also found for the
resulting hardness-indentation depth curves.

Upon contact, the hardness initially increases strongly
and remains constant at 5.4 GPa after an indentation
depth of around 200 nm. Decreasing the strain rate from
the initial value of 2.5 � 10�2 s�1 to 2.5 � 10�3 s�1, the
hardness drops down to a value of 5.2 GPa. By increasing
the strain rate back to the initial value, the initial hardness
plateau is reached again. After strongly decreasing the

FIG. 1. Nanoindentation strain-rate jump experiment with three dif-
ferent applied strain rates: (a) applied indentation strain rate _P=P and
corresponding _e and (b) corresponding load–displacement curve of
nanocrystalline (NC) Ni.

FIG. 2. Resulting hardness and Young’s modulus of NC Ni in a nano-
indentation strain-rate jump experiment with reversible strain-rate
jumps.
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strain rate to a value of 5 � 10�4 s�1, a transient behavior
in hardness is observed for a displacement of nearly
150 nm, until a steady-state condition is reached again
and the hardness stays constant. The Young’s modulus as
a function of indentation depth is quite constant over the
whole experiment with an average value of 210 GPa.
During strain-rate jumps, the Young’s modulus data
scatter slightly; however, the average value remains un-
affected by the strain-rate changes.

The resulting hardness runs in a plateau value and is
independent of the indentation depth, as an indentation size
effect can be neglected for this NC material.21–23 Using
x-ray diffraction, the initial grain size of the used NC Ni
was determined by Li et al.5 as d0

X 5 25 nm. Hence,
a constant microstructure can be assumed underneath the
indenter tip at displacements of more than 500 nm.

B. Constant indentation strain-rate experiments

During testing, the loading time varied greatly for the
different strain rates [Fig. 3(a)], ranging from about 125 s
(strain rate 5� 10�2 s�1) up to 7000 s for the lowest strain
rate (5 � 10�4 s�1). For longer testing periods, at a strain
rate of 2.5 � 10�3 s�1 and lower, thermal drift might play
an important role. At an allowable maximum drift rate of
0.05 nm s�1, a total drift of 350 nm might easily occur.
This is in strong contrast to the strain-rate jump technique,
which only requires one test with duration of 660 s for
testing the material at the same strain-rate levels.

Figure 3(b) exemplarily shows the load–displacement
curves for NC and SX Ni at different applied strain rates.
Themaximum indentation depth was set constant at 2000 nm
and themaximum load accordingly depends on the strain rate.

In Fig. 3(c), the resulting hardness is plotted versus the
indentation depth determined continuously during each
indentation experiment. The hardness values at indenta-
tion strain rates from 5� 10�2 to 2.5� 10�3 s�1 are nearly
constant at an indentation depth of more than 500 nm.
Measurements with slow indentation strain rates of
,1.5� 10�3 s�1 show a continuously increasing hardness
with increasing indentation depth. Generally, the hardness
decreases, as expected, with decreasing strain rate. The
resulting hardness values for NC Ni average between 5.4
and 4.7 GPa at an indentation strain rate of 5 � 10�2 and
1.5 � 10�3 s�1, respectively. This maximum hardness
corresponds very well to the hardness determined from the
strain-rate jump experiments.

For SX Ni, a much lower strength is observed and
a depth dependence of the hardness is obvious. However,
these materials have a negligible SRS.

C. Comparison of SRS as measured by
conventional and strain-rate jump tests

The evaluation of the SRS data for the nanoindentation
experiments is shown in Fig. 4. According to Eq. (2), the

strain rate exponent m is obtained from the slope of the ln
(H)/ln ( _e) curve, if the microstructure stays constant. Each
hardness value has been obtained by averaging over at
least six indentations for the conventional testing pro-
cedure and nine indentations for the nanoindentation
strain-rate jump test. The measured standard deviation is
quite small during conventional tests and indentation jump
tests. For high strain-rate indentations (2.5 � 10�2 s�1),
the assessed hardness values are in good accordance with

FIG. 3. Constant strain-rate nanoindentation experiments on NC Ni:
(a) indentation strain rate as a function of indentation time, (b) corre-
sponding load–displacement curves ( _e 5 5 � 10�2 s�1, 5 � 10�3 s�1

and 5 � 10�4 s�1) and of single crystalline (SX) Ni (_e 5 5 � 10�2 s�1

and 5 � 10�3 s�1), and (c) resulting hardness. The same color code is
used for Figs. 3 and 4.
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each other. Small differences can be explained with the
different depth region during indentation. The differences
increase with decreasing strain rates. At a strain rate of 5 �
10�4 s�1 the estimated hardness value differs by;0.8 GPa.

For the conventional testing procedure, an m-value of
0.052 was determined. From the indentation strain-rate
jump tests (Fig. 2), a smallerm-value of 0.019 was obtained.

V. COMPRESSION TESTS

The microstructure and the macroscopic deformation
behavior during uniaxial strain-rate jump compression
tests of similar NC Ni was intensively investigated in
2007 by Li et al.5 and Blum and Li.29 These macroscopic
compression tests are used as a reference for the materials
properties and allow discussing the discrepancies between
nanoindentation strain-rate jump tests and constant strain-
rate testing.

The flow behavior of the material was determined
using compression tests with a fixed strain rate. The true
stress–plastic strain data is shown in Fig. 5(a). After
a plastic strain of about 5%, the material reaches a steady
state. The steady-state stress depends on the strain rate,
where a higher stress level was found for a higher strain
rate. Figure 5(b) represents the SRS exponent m de-
termined at different plastic strains. At small plastic
strains, a higher m-value was found, which decreases to
m 5 0.016 at a plastic strain of 10% for steady-state de-
formation. For comparing indentation tests with uniaxial
tests, Tabor and Atkins30 introduced representative in-
dentation strain, which depends on the indenter shape,
especially the opening angle. A Berkovich indenter thus
induces a representative strain of around 8%, whereas the
representative strain of a cube-corner shaped indenter is
about 22%.

This concept is studied in FEM indentations using the
stress–strain data as input in the simulation to find out if
the indenter shape may influence the measurements of
the SRS.

VI. FINITE ELEMENT MODELING

A. FEM setup

FE simulations have been carried out using the com-
mercial software package ABAQUS 6.5 to clarify the
different results obtained for local tests of the SRS.
A two-dimensional axis-symmetrical model was used to
describe the indentation process. The indenter was
modeled as an analytic rigid indenter, and a friction
coefficient of 0.2 was assumed between the indenter and
the sample. The sample was approximated with 5479
linear elements. In the contact region of the indenter, 4225
linear rectangle elements (CAX) were used for more
numerical accuracy, whereas the rest of the sample was
described by 1254 triangle elements (CAX3). Figure 6(a)
illustrates the deformed mesh in the contact region after
unloading. A Young’s modulus of 210 GPa and Poisson’s
ratio m of 0.3 were assumed for the indented material. A J2

FIG. 4. Strain-rate sensitivity (SRS) exponentm of NCNimeasured by
nanoindentation strain-rate jump tests and conventional constant strain-
rate nanoindentation tests. The same color code is used for Figs. 3 and 4.

FIG. 5. (a) Flow behavior of NC Ni determined by constant strain-rate
compression experiments and (b) corresponding m-values over repre-
sentative plastic strains.
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yield criterion was used to model the plasticity of the
material. More details on the FE model can be found in
Backes et al.31

Figure 6(b) shows the stress–strain data, which were
used as input data for the simulation of the nanoindenta-
tion experiment. An ideal plastic deformation behavior
was assumed to describe the steady-state deformation
behavior. To model the SRS behavior, different yield
stress levels were used in the FE simulations, as has been
measured by compression tests. Since the measurements
could only be performed at strain rates between 10�3 and
10�5 s�1, the data have been extrapolated to higher and
lower strain rates, as indicated in Fig. 6(b) by dashed lines.

A displacement control setup was used to perform the
simulations. To introduce a constant strain rate in the FE
simulation, Eq. (3) was solved and the resultant exponential
function was approximated by 16 linear segments. These
segments describe the relation of the penetration depth and
the time using the amplitude method in ABAQUS to obtain
several constant strain rates. Figure 7(a) presents the
resulting indentation strain rates _h

�
h, shown as a function

of the displacement of the indenter into the surface for
different simulations. The indentation strain rate remains
fairly constant throughout the simulated indentation tests,
where numerical instabilities only lead to some scatter in
the strain rate.

The contact area is calculated from the distance
between the symmetry axis and the last node in contact
with the indenter. Therefore, the discretization of the
sample leads to a scatter in the contact area because with
each time increment the force increases but the last node
in contact does not necessarily change and the contact
area remains constant in this case. The scatter in the
contact area leads to a scatter in the hardness as well, as it
is shown in Fig. 7(b). The hardness was therefore
calculated using firstly the Oliver–Pharr10 method on the
calculated load–displacement curves. Secondly the hard-
ness HFEM is directly calculated from the maximum force
and the contact area at the end of the loading step.

FIG. 6. (a) Magnification of the contact region of the finite element
mesh after the indentation simulation and (b) elastic and plastic material
properties used in the finite element modeling analysis.

FIG. 7. Example of a simulation of a nanoindentation data. (a) In-
dentation strain rate [Eq. (3)] as a function of displacement for different
applied strain rates (b) Hardness of a strain–rate sensitivity material for
different applied strain rates. The data show the hardness values HFEM,
as calculated from the true contact area and applied load.
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B. FEM results: Effect of indenter angle and
pile-up on hardness and SRS

Figure 8 shows the resulting hardness as a function of
the strain rate for a Berkovich and a cube-corner indenter.
Since an ideally elastic/plastic material has been assumed,
the FEM hardness for Berkovich and cube-corner inden-
tations are about the same. The evaluation of the slope of
the hardness strain rate data leads to a nearly similar
m-value ranging from 0.014 to 0.02. This value is very
close to the input data, regardless of the used evaluation
method for the hardness. Berkovich and cube-corner
indenter give more or less the same result for the SRS.

For understanding the observed SRS and hardness, the
constraint factor as a function of strain rate and indenter
angle is evaluated. According to Atkins and Tabor,30 the
constraint factor relates the hardness to the uniaxial stress
of a material. For a strain-rate sensitivity material, the
constraint factor could depend on the strain rate, thus
leading to a different behavior of the material in in-
dentation testing compared to uniaxial testing. Dividing
the hardness at a given indentation strain rate and indenter
angle by the corresponding yield stress leads to the
constraint factor (Fig. 9). There it is found that the
constraint factor is constant for a given indenter opening
angle, regardless of the strain rate. The slightly higher
constraint factor for smaller indenter opening angles might
be related to the used friction coefficient of 0.2 in the
simulations.

Briefly summing up the data analysis from this simple
FE approach, it can be stated that for the assumed simple
material with E/H ;40, the FE analysis of the nano-
indentation simulations leads to the same m-values, which
are used as the input data for the calculations.

That means no differences are expected between nano-
indentation test with a Berkovich or cube-corner indenter
compared to compression or tensile test on bulk samples.

VII. DISCUSSION

A. Correlation between nanoindentation,
compression test, and simulation results

Generally, it was found that FEM simulations of nano-
indentation experiments with input data from uniaxial
compression tests lead to consistent results (Fig. 10),
although some discrepancies between the simulated and
the constant strain-rate nanoindentation results are obvious.
However, the SRS as measured with the new nanoindenta-
tion strain-rate jump tests shows a good agreement with
macroscopic compression tests and the FEM simulations.

The conventional constant strain-rate nanoindentation
experiments exhibit significantly higher SRS than the
results obtained by using the nanoindentation strain-rate
jump test (Fig. 10). As it has been shown in the FEM
simulations, these differences are not an effect of the complex
stress state during the nanoindentation experiment, but must
be due to some experimental effects.

During the conventional strain-rate test, it is quite
obvious that the hardness values are not constant, specif-
ically at low rates and indentation depths. The hardness is

FIG. 8. Evaluation of the SRS for an ideally plastic material for
a Berkovich and cube-corner indentation tip.

FIG. 9. Constraint factors simulated for different indenter geometries.

FIG. 10. SRS values for compression tests and for experimental as well
as simulated nanoindentations.
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initially quite low and then approaches a more or less
constant value at depths .1000 nm. This behavior is quite
different from the strain-rate jump test, where the hardness
at small strain rates is relatively constant. Reasons for the
increasing hardness with indentation depth, specifically at
small indentation depths and slow rate, must be found in the
testing method. Figure 3(a) shows the _P=P values for the
different strain rates as a function of testing time. For slow
rates, the indenter requires rather large depths and long
times for achieving a constant strain-rate level. The resultant
loading rates increase rather slowly, which leads to applied
loading rates ,2 lN s�1, for more than 30 min of
indentation time. The contact depth during this testing
period is smaller than 100 nm, and the exact determination
of the contact area might be affected by thermal drift, even
leading to inaccurate hardness values at larger indentation
depths. These effects might explain the discrepancy be-
tween constant strain rate and strain-rate jump tests.

The strain-rate jump tests were designed in such a way
that during initial contact, a large strain rate and thus
a short testing time is used. The slow strain rates are only
performed at larger indentation depths, where the applied
loading rate is rather high ( _P=P 5 constant) and only
a short testing time is needed for achieving a steady-state
hardness value. Moreover, the determination of them-value
is based on a single indent. Therefore, the same microstruc-
ture is tested at different strain rates. This allows a very local
determination of the SRS. The determined value is almost
unaffected by microstructural changes, thermal drift influ-
ences, and further influences of long testing times due to
low strain rates.

Overall, nanoindentation strain-rate jump tests lead to
more accurate data. This is shown in good agreement
between compression, simulation, and nanoindentation
strain-rate jump test results.

Table I gives a detailed overview of our results for NC
Ni and literature data. An SRS exponent m of 0.016 found
in this work in compression tests at room temperature
corresponds well with other m-values determined from
uniaxial macroscopic testing. Using tensile testing, Gu
et al.32 and Wang et al.37 obtained m-values of 0.016 and
0.019, respectively, Dalla Torre et al.7,36 found an SRS
exponent m between 0.01 and 0.030. For SX-Ni, an
m-value around 0.001 was found, which is in good
accordance to results found in literature.7,32

The m-value determined by nanoindentation as reported in
literature is generally higher. Gu et al.32 and Schwaiger
et al.33 found m-values around 0.03, and Mueller et al.28

found m-values between 0.035 and 0.075. These values are
in good accordance to the values found in conventional
nanoindentation experiments. The m-value measured from
the jump tests is significantly smaller and in the range of the
macroscopic m-values. However, it is to mention that the
indentation methods used in literature strongly differ due to
different strain-rate controlling techniques and indentation

systems. Gu et al.32 andMueller et al.28 use a CSM technique
with constant indentation strain rates, whereas Schwaiger
et al.33 use a technique by varying the loading rates.

The activation volume has also been evaluated accord-
ing to Eq. (4). The apparent activation volume implies
that all variables except the strength remain constant.
Therefore, especially the microstructure has a strong
impact on the activation volume and is considered useful
in the indication of dislocation mechanisms controlling
deformation.5,38 For conventional nanoindentation test-
ing, the activation volume Vwas estimated from a linear fit
in the plot of ln( _e)/H to be around 5�b3 (with b5 0.248 nm:
length of the Burgersvector for Ni). In nanoindentation
strain-rate jump tests, V averages at around 14 b3. An
increasing activation volume for strain-rate jump tests
compared to conventional results can be directly corre-
lated to the decrease of the m-value according to Eq. (4).
These results fit well with the literature where values
around 10 b3 are given for NC materials, whereas
conventional grain-sized metals exhibit activation vol-
umes around 100–1000 b3.32 Large activation volumes
are associated with dislocations cutting through forest
dislocations.39 Those mechanisms related with low acti-
vation volumes in NC materials are explained to be
associated to thermally activated diffusion processes at
grain boundaries.5,38

B. Application of the methodology: local SRS
around a bondlayer in an ARB sheet

Local SRS around a bond layer in an ARB sheet
The methodology of nanoindentation strain-rate jump

tests allows the investigation of the SRS of microstructural
inhomogeneity in very small volumes. In this work, an
ARB Al sheet has been studied close to a bonded interface.
Figure 11 shows a clearly finer grained, inhomogeneous
region around a bond layer after eight ARB cycles.

For determining the local SRS close to this bond layer,
the nanoindentation strain-rate jump method was used.

TABLE I. Strain-rate sensitivity m and activation volume V obtained
by nanoindentation and bulk uniaxial tensile or compression tests,
respectively, for nanocrystalline Ni in this study and in literature.

Nanoindentation test Bulk uniaxial test

m V m V

Present study 0.019 14 b3 0.016 17 b3

Gu et al.32 0.033 7 b3 0.016 14 b3

Schwaiger et al.33 0.03 — — —

Shen et al.34 0.026 10 b3 — —

Vehoff et al.9 ;0.04 10�12 b3 — —

Mueller et al.28 0.075–0.035 — — —

Shen et al.35 — — 0.016–0.045 26–11 b3

Dalla Torre et al.7,36 — — 0.010–0.030 10–50 b3

Wang et al.37 — — 0.019 20 b3
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The indentation depth was set to 4000 nm and was
positioned close to the inhomogeneous zone. Figure 12
shows the corresponding strain–rate-dependent hardness
values in this bond layer and in the homogeneous bulk
material of the ARB sheet.

Comparing them-values, an enhanced SRS near the bond
layer was found. Although an m-value of 0.065 was
obtained for the bulk ARB Al, the bond layer has an SRS
exponent of 0.156 (Fig. 12). The estimated nanoindentation
m-value for bulk ARB Al is in good accordance to values
in literature from Schweitzer et al.40 and Böhner et al.,25

who found an m-value around 0.07 in UFG samples.
The enhanced SRS at the bond layer can be explained

with microstructural changes close to the interface. Lee
et al.41 found changes in Vickers hardness through the
thickness of a specimen before and after ARB cycle. These
changes in the material properties near the surface and the
higher hardness values are caused by work hardening due to

large shear strain introduced by high friction during ARB.42

This has an effect on the hardness in the center and near the
bond layer due to the procedure of the ARB process because
the surfaces are put in the middle of the specimen in the next
cycle. Moreover, the high hardness values in the center of
the specimens are also caused by the special precycle
surface treatment wire brushing, which leads to the forma-
tion of a complexmicrostructure consisting of UFG andNC
grains. The higher hardness and smaller grain sizes are
directly related to the enhanced SRS.

VIII. CONCLUSIONS

In this work, the SRS of NC-Ni was determined by
a newly developed nanoindentation strain-rate jump test
method. Abrupt strain-rate changes were implemented in
a single indentation experiment, and the resulting hard-
ness was evaluated. It was shown that the resulting m-
values from nanoindentation jump experiments are in
good agreement with values determined by macroscopic
compression tests. However, the SRS obtained conven-
tionally by using constant strain-rate indentation experi-
ments leads to significantly higher m-values.

The FEM simulations showed that no difference
should be expected between indentation experiments
and compression tests on bulk samples. Also the indenter
angle, that means testing with a Berkovich or cube-corner
indenter, should only have a negligible influence.

It needs to be considered that for the slow constant strain-
rate experiments rather long testing times (up to 7000 s) are
required to achieve a constant hardness value. These long
testing times are probably the major reason for the found
discrepancy. For the strain-rate jump tests, however, the
indentation is initially performed at large strain rates. The
slow strain rates are only performed at larger indentation
depths, where the applied loading rate is rather high and
only a short testing time is needed to achieve a steady-state
hardness value. Moreover, the determination of the m-value
is based on a single indent and the same microstructure is
tested at different strain rates.

The new method also allows the determination of the
SRS of very small volumes. This was shown by means of
indentations near a bond layer in an ARB-produced Al
sheet. By assessing the local m-value near the bond layer and
by comparing this to bulk values, an enhanced SRS and thus
a reduced activation volume near the bond layer was found.
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FIG. 11. Scanning electron microscopy image of an inhomogeneous
area near a bond layer in an ultrafine-grained (UFG) AA1050A sheet
after accumulative roll bonding process up to eight cycles (RD: rolling
direction) and a load controlled nanoindentation array.

FIG. 12. Hardness and SRS for the bond layer and homogenous bulk
material (UFG-Al) measured by nanoindentation strain-rate jump tests.

V. Maier et al.: Nanoindentation strain-rate jump tests for determining the local strain-rate sensitivity in nanocrystalline Ni and ultrafine-grained Al

J. Mater. Res., Vol. 26, No. 11, Jun 14, 2011 1429

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 09 Nov 2012 IP address: 131.188.201.33

REFERENCES

1. H. Gleiter: Nanostructured materials: Basic concepts and micro-
structure. Acta Mater. 48, 1 (2000).

2. R.Z. Valiev, I.V. Alexandrov, Y.T. Zhu, and T.C. Lowe: Paradoxon
of strength and ductility in metals processed by SPD. J. Mater. Res.
17, 5 (2002).

3. K.S. Kumar, H. Van Swygenhoven, and S. Suresh: Mechanical
behaviour of nanocrystalline metals and alloys. Acta Mater. 51,
5743 (2003).

4. J. May, H.W. Höppel, and M. Göken: Strain-rate sensitivity of ultra-
fine grained aluminium produced by SPD. Scr. Mater. 53, 189 (2005).

5. Y.J. Li, J. Mueller, H.W. Höppel, M. Göken, and W. Blum:
Deformation kinetics of nanocrystalline nickel. Acta Mater. 55,
5708 (2007).

6. A. Vevecka-Piftaj, A. Böhner, J. May, H.W. Höppel, and M. Göken:
Strainrate sensitivity of ultrafine grained aluminium alloy AA6061.
Mater. Sci. Forum 584–586, 741 (2008).

7. F. Dalla Torre, H. Van Swygenhoven, and M. Victoria: Nano-
crystalline electrodeposited Ni: Microstructure and tensile proper-
ties. Acta Mater. 50, 3957 (2002).

8. H.W. Höppel, J. May, and M. Göken: Enhanced strength and
ductility in ultrafine grained aluminium produced by ARB. Adv.
Eng. Mater. 6, 781 (2004).

9. H. Vehoff, D. Lemaire, K. Schüler, T.Waschkies, and B. Yang: The
effect of grain size on strain-rate sensitivity and activation volume—
from nano to ufg nickel. Int. J. Mat. Res. 98, 259 (2007).

10. W.C. Oliver and G.M. Pharr: An improved technique for determining
hardness and elastic modulus using load and displacement sensing
indentation experiments. J. Mater. Res. 7, 1564 (1992).

11. M.J. Mayo and W.D. Nix: A micro-indentation study of superplas-
ticity in Pb, Sn and Sn-38wt%Pb. Acta Metall. 36, 2183 (1988).

12. M.J. Mayo, R.W. Siegel, A. Narayanasamy, and W.D. Nix:
Mechanical properties of nanophase TiO2 as determined by nano-
indentation. J. Mater. Res. 5, 1073 (1990).

13. M.J. Mayo, R.W. Siegel, Y.X. Liao, and W.D. Nix: Nanoindenta-
tion on nanocrystal ZnO. J. Mater. Res. 7, 973 (1992).

14. A.F. Bower, N.A. Fleck, A. Needleman, and N. Ogbonna:
Indentation of power law creeping solid. Proc. R. Soc. London,
Ser. A 441, 97 (1993).

15. T.O. Mulhearn and D. Tabor: Creep and hardness of metals:
A physical study. J. Inst. Met. 89, 7 (1960).

16. B.N. Lucas and W.C. Oliver: Indentation power-law creep of high
purity. Int. Metal. Mater. Trans. A 30A, 601 (1999).

17. J. Alkorta, J.M. Martinez-Esnaola, and J.G. Sevillano: Critical
examinations of strain-rate sensitivity measured by nanoindentation
methods: Application to severely deformed niobium. Acta Mater.
56, 884 (2008).

18. E.W. Hart: Theory of the tensile test. Acta Metall. 15, 351 (1967).
19. L. Lu, R. Schwaiger, Z.W. Shan, M. Dao, K. Lu, and S. Suresh:

Nano-sized twins induce high rate sensitivity of flow stress in pure
copper. Acta Mater. 53, 2169 (2005).

20. W.D. Nix and H. Gao: Indentation size effect of crystalline
materials: A law for strain grading plasticity. J. Mech. Phys. Solids
46, 411 (1998).

21. K. Durst, B. Backes, and M. Göken: Indentation size effect of
metallic materials: Correcting for the size of the plastic zone. Scr.
Mater. 52, 1093 (2005).

22. B. Backes, K.Durst, andM.Göken:Determination of plastic properties
of polycrystalline metallic materials by nanoindentation: Experiments
and finite element simulations. Philos. Mag. 86, 5541 (2006).

23. R.A. Mirshams and P. Parakala: Nanoindentation of nanocrystal-
line Ni with geometrically different indenters. Mater. Sci. Eng., A
372, 252 (2004).

24. H. Natter and R. Hempelmann: Tailor-made nanomaterials
designed by electrochemical methods. Electrochim. Acta 49, 51
(2003).

25. A. Böhner, V. Maier, K. Durst, H.W. Höppel, and M. Göken:
Macro- and nanomechanical properties and strain-rate sensitivity of
accumulative roll bonded and equal channel angular pressed
ultrafine-grained materials. Adv. Eng. Mater. 13, 251 (2011).

26. K. Durst, O. Franke, A. Böhner, and M. Göken: Indentation size
effect in Ni-Fe solid-solutions. Acta Mater. 55, 6825 (2007).

27. G.M. Pharr, J. Strader, and W.C. Oliver: Critical issues in mak-
ing small-depth mechanical property measurements by nanoinden-
tation with continuous stiffness measurement. J. Mater. Res. 24,
653 (2009).

28. J. Mueller, K. Durst, D. Amberger, and M. Göken: Local inves-
tigations of the mechanical properties of ufg metals by nano-
indentation. Mater. Sci. Forum 503/504, 31 (2006).

29. W. Blum and Y.J. Li: Flow stress and creep rate of nanocrystalline
Ni. Scr. Mater. 57, 429 (2007).

30. A.G. Atkins and D. Tabor: Plastic indentation in metals with cones.
J. Mech. Phys. Solids 13, 149 (1965).

31. B. Backes, Y.Y. Huang, M. Göken, and K. Durst: The correlation
between the internal material length scale and the microstructure in
nanoindentation experiments and simulations using the conven-
tional mechanism-based strain gradient plasticity theory. J. Mater.
Res. 24, 1197 (2009).

32. C.D. Gu, J.S. Lian, Q. Jiang, and W.T. Zheng: Experimental and
modeling investigations on the strain-rate sensitivity of an electro-
deposited 20 nm grain sized Ni. J. Phys. D: Appl. Phys. 40, 7440
(2007).

33. R. Schwaiger, B. Moser, M. Dao, N. Chollacoop, and S. Suresh:
Some critical experiments on the strain-rate sensitivity of nc nickel.
Acta Mater. 51, 5159 (2003).

34. Y.F. Shen, W.Y. Xue, Y.D. Wang, Z.Y. Liu, and L. Zuo:
Mechanical properties of nanocrystalline nickel film deposited by
pulse plating. J. Surf. Coat. 202, 5140 (2008).

35. X. Shen, J. Lian, Z. Jiang, and Q. Jiang: High strength and high
ductility of electrodeposited nanocrystalline Ni with broad grain
size distribution. Mater. Sci. Eng., A 487, 410 (2008).

36. F. Dalla Torre, P. Spätig, R. Schäublin, and M. Victoria:
Deformation behavior and microstructure of nanocrystalline elec-
trodeposited and high pressure torsioned nickel. Acta Mater. 53,
2337 (2005).

37. Y.M. Wang, A.V. Hamza, and E. Ma: Temperature-dependent
strain-rate sensitivity and activation volume in nanocrystalline Ni.
Acta Mater. 54, 2715 (2006).

38. H.W. Höppel, J. May, P. Eisenlohr, and M. Göken: Strain-
rate sensitivity of ultrafine grained materials. Z. Metallk. 96, 6
(2005).

39. M.A.Meyers, A. Misha, and D.J. Benson: Mechanical properties of
nanocrystalline materials. Prog. Mater. Sci. 51, 427 (2006).

40. E. Schweitzer, K. Durst, D. Amberger, and M. Göken: The
mechanical properties in the vicinity of grain boundaries in
ultrafine-grained and polycrystalline materials studied by nano-
indentation, in Nanoscale Materials and Modeling–Relations
Among Processing, Microstructure and Mechanical Properties,
edited by P.M. Anderson, T. Foecke, A. Misra, and R.E. Rudd
(Mater. Res. Soc. Symp. Proc. 821, Warrendale, PA, 2004),
P4.9.1/N4.9.1.

41. S.H. Lee, Y. Saito, T. Sakai, and H. Utsunomiya: Microstructure
and mechanical properties of 6061 aluminum alloy processed by
accumulative roll bonding. Mater. Sci. Eng., A 325, 228 (2002).

42. S.H. Lee, Y. Saito, N. Tsuji, H. Utsunomiya, and T. Sakai: Role of
shear strain in ultragrain refinement by accumulative roll-bonding
(ARB) process. Scr. Mater. 46, 281 (2002).

V. Maier et al.: Nanoindentation strain-rate jump tests for determining the local strain-rate sensitivity in nanocrystalline Ni and ultrafine-grained Al

J. Mater. Res., Vol. 26, No. 11, Jun 14, 20111430

http://journals.cambridge.org

