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Abstract

A Kolsky Bar for high-rate indentation has been developed. Samples are adhered to the end of the input bar and the indenter
is mounted/machined directly on the end of the output bar, in a way that only negligibly affects the output bar’s otherwise
uniform impedance. When the input pulse reaches the sample, the sample is driven into the output bar and loaded. By prop-
erly choosing the lengths and impedances of the bars and striker, the maximum load and loading duration can be reliably
controlled. It can furthermore be ensured that the sample is only subjected to a single loading; i.e., the sample is not reloaded
due to later stress-wave reverberations in the bars even though momentum trapping is not used. Depending on the sample and
desired indentation load, unusually small output bars (less than 2 mm diameter) may be needed. For this reason, the output
bar is instrumented with a normal displacement interferometer on the free-end. This provides an accurate measurement of
the motion of the indenter tip and the indentation force. The sample face is instrumented with an additional displacement
interferometer and these two displacement measurements are used to determine indentation depth. The method is applied to
Vickers indentation of OFHC Cu and Ti—6A1-4V, and spherical indentation of 6061-T6 aluminum. An additional application
is given with the aluminum alloy where a specially designed striker bar is used to partially unload the sample during load-
ing, a technique that allows the contact area between the sample and the indenter to be estimated. In general, the method is
applicable to a wide range of materials and indenter shapes and has the potential for loading times less than 5 ps.
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Introduction

Indentation is useful as a screening tool for materials, or to
estimate mechanical properties when traditional mechani-
cal testing methods are not practical or possible. Hardness
values are typically determined from the maximum applied
load and the size of the final impression made in the sample,
for example Brinell [1], Knoop [2], and Vickers [3]. With
instrumented indentation, however, the load and indentation
depth are measured simultaneously, and considerably more
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information about the material’s behavior can be obtained
[4-6].

Since material behavior is rate-dependent, there is inter-
est in conducting indentation experiments at high loading
rates. Complications that arise at high-rates include how
to load the specimen, how to measure the rapidly chang-
ing load and indentation depth, and how inertia within the
sample affects the hardness measurement. Recovery of the
sample for post-mortem analysis can also be difficult. Sev-
eral methods have been developed for high-rate indentation;
some early methods include [7-10]. The present work is
intended to supplement the Dynamic Indentation Hardness
Tester (DIHT) developed by [11, 12], which is a modified
Kolsky bar (Split Hopkinson Pressure Bar) to perform
hardness tests with indentation times in the range of 100
to 500 ps. In this configuration, the indenter is mounted at
the end of the input bar. The sample is mounted on a fixed
base that incorporates a dynamic load cell. A striker impact
drives the indenter tip into the sample and the indentation
force is measured by the load cell. A momentum trap on a
flanged input bar [13] is used to ensure the sample is only


http://crossmark.crossref.org/dialog/?doi=10.1007/s40870-023-00382-x&domain=pdf
http://orcid.org/0000-0002-0475-0226

Journal of Dynamic Behavior of Materials (2023) 9:300-314

301

loaded once. The indentation size is measured directly from
the recovered sample, providing the information needed to
determine a hardness value. The objective of the present
work is to develop a miniature Kolsky bar method that can
provide shorter loading times (as small as 5 ps) and offer
an improved measurement of indentation depth measured
simultaneously with the indentation force, along the lines
of instrumented indentation methods.

Method

The experiment is shown in Fig. 1, and was originally
described in [14]. The sample is fixed to the end of the input
bar, and the input bar is impacted by a striker. If necessary,
some type of pulse shaping can be used. The indenter is
mounted/machined directly into the end of the output bar. It
is assumed that these modifications do not affect its imped-
ance substantially, and the output bar is treated as having
a uniform impedance. A small gap can be left between
the sample and the indenter tip to prevent premature load-
ing. When the input pulse reaches the sample, the sample
is driven towards the indenter tip. Upon contact, the force
generated by the indenter transmits the output pulse into the
output bar, and a reflection reflects back into the input bar.
The authors’ current application is to supplement con-
ventional (low-rate) hardness tests (Vickers, Knoop, etc.) on
typical metals and ceramics. Forces are therefore expected
to be low compared to conventional Kolsky bar testing.
This requires low-impedance (small diameter) output bars
to obtain sufficient force resolution. Conversely, typical sam-
ples will be relatively large, because of the need to keep the
indentation site well away from the edges of the sample.
These are paired with a similarly sized input bar, leading
to the relative sizes suggested in the figure, i.e., a larger
input bar and a smaller output bar. Depending on the exact
sizes of the bars, they may be instrumented with either strain
gages or interferometers [15, 16]. In the present work, strain
gages are used on the input bar and a normal displacement

striker input bar

interferometer (NDI) is used on the free-end of the output
bar. This is shown in the figure (NDI1), and the following
equations assume this instrumentation.

Important displacement quantities are labelled in the figure.
u, is the displacement of the end of the input bar, at the inter-
face between the sample and the bar. u, is the displacement
of the indenter tip. u, is the displacement of the undeformed
sample face, away from the indentation site, and u; is the dis-
placement of the free-end of the output bar. The corresponding
velocities are v, vy, V,, and vg.

The goal is to obtain an indentation-load vs. indentation-
depth curve. To do so, the following analysis is performed.
The force on the indenter tip (F,) is obtained from the NDI1
measurement of u;. Because NDI1 is located at a free-surface,
the wave-separation is trivial and this can be done for all time,
regardless of overlapping reflections, etc., using a modification
of the standard analysis of the output pulse [15].

A()p()c() LO LO
Fo=42 (1 5) L (- 5)) )

Here A, p,, L,, and c, are the cross-sectional area, density,
length, and wave-speed of the output bar. The +L /c, terms in
v¢(t) account for backward and forward time-shifting by the
time needed for the wave to travel the length of the output bar.
If dispersion is significant, this time shift can be accomplished
by a dispersion correction [17-20], identical to established
methods, except that returning waves in the output bar must
be corrected as well. These can be determined uniquely from
the free-surface measurement [15].

Indentation depth, assuming an initial known gap of 8,
between the sample and the indenter, can be found by the
following equation, valid for times at which the sample and
indenter tip are in contact.

0 = Uy — Uy = by 2

u, is found from time integration of v,, which is determined
from an equation similar to Eq. (1) from the measured free-
surface velocity [15]. Like Eq. (1), it is valid for all time.
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Fig. 1 A Kolsky bar for high-rate indentation
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The determination of ug is less straightforward. If the
sample is in equilibrium, the portion of the sample undis-
turbed by the localized indentation behaves largely as a rigid
body, and one can assume

u

= Uy 4)

where u, and v, can be found from the standard analysis of
strain pulses in the input bar.

v, = ci(ei - e,) 4)

Here ¢; and ¢, are the input and reflected pulses (after cor-
recting for dispersion and/or time shifting to the time they act
at the sample interface), and c; is the wave speed in the input
bar. In many situations with small indentation depths, the
assumption made in Eq. (4) is inadequate. It can be improved
by matching the impedance of the sample to that of the input
bar and adjusting the effective length of the bar to account
for the time needed for the wave to traverse the sample, in
which case Eq. (5) measures v, directly. Sometimes this is not
possible, as other considerations may dictate the sample size.
Furthermore, the bond between the sample and bar, glue in
most cases, could also introduce a small error. If the errors
associated with these factors are unacceptable, ug can be meas-
ured directly instead. This approach is taken in the spherical
indentation applications given below, where an NDI is used
directly on the sample as shown in Fig. 1, labelled NDI2.

The force between the sample and the input bar, F,, can
be found as well, although it is not needed for the current
experiments and is unlikely to be as accurate as the F, meas-
urement due to the relatively large impedance of the input
bar for the forces that are generated at the indenter tip for
samples of practical interest. In some situations it could be
useful, and is easily determined with the standard equation.

F, = (ei +€r)EiAi (6)

If the indentation site must be preserved for post-mortem
measurements, it is important to ensure that the sample is
only loaded a single time. As with any Kolsky bar, reverber-
ations of the reflected pulse in the input bar may cause the
sample to reload, and special precautions must be taken to
prevent this. As mentioned above, the DIHT uses a flanged
input bar with a momentum trap, essentially a modifica-
tion of the method used by [13]. Another possibility is to
use mechanical stops around the specimen (“stop rings”) to
directly limit sample deformation, and a similar technique
could be devised for indentation.

Still another technique is to choose test parameters such
that the wave mechanics in the bars avoid sample reloading
“naturally,” in a generalization of the method used by da Silva

SEM

and Ramesh [21]. The sample is initially loaded due to the
actions of the input, reflected, and output pulses. This is the
loading that is used to determine the sample’s mechanical
response. The reflected pulse will then reverberate in the input
bar, periodically driving the end of the input bar towards the
sample, separated by the time needed for the pulse to travel
twice the length of the bar. This will in general cause the sam-
ple to re-load. However, the output pulse will also reverberate
in the output bar. These reverberations drive the output bar
away from the input bar, again in periodic increments sepa-
rated by the time needed for the wave to travel twice the length
of the output bar. If the motion of the output bar exceeds that
of the input bar, the sample will not re-load, and the bars
can eventually be arrested in a variety of ways that allow soft
recovery of the sample. The displacement associated with
these reverberations are proportional to the time integral of the
reflected and output pulses; a large reflection makes recovery
less likely, while a large output pulse makes recovery more
likely. Decreasing output bar impedance (diameter) and length
therefore increases the likelihood of recovery. This makes this
approach ideal with the present technique, since, as explained
above, a relatively short, small diameter, output bar will often
be needed to meet other testing requirements.

Natural recovery, however, can complicate the design of
the experiment, since the post-test wave mechanics in the
bars must be considered in the selection of the other experi-
mental parameters—geometry and material of the bars and
striker, impact speed, and the possible use of a pulse shaper.
This is not always trivial. Furthermore, since output bars
with integrated indenters generally need to be custom-made,
there is the additional incentive to design the components
such that the range of application of a given indenter (differ-
ent sample materials, maximum loads, indentation rates) is
as large as possible. For these reasons, the method described
in [22] is recommended. The method in [22] allows the
experimental results to be approximated in advance so that
the effect of changing one aspect of the experiment (striker
speed, output bar length, etc.) can be determined. Most
research groups perform some level of similar analysis prior
to testing; [22] does this in a general way. This allows the
experiment to be designed logically and precisely. To use
the method, the approximate behavior of the sample must
be known in advance. Since this is almost always the case
(for example, from the results of low-rate indentation experi-
ments or a few preliminary high-rate experiments), this pro-
vides a useful tool to design the experiment to obtain the
desired sample loading. In [22], the wave propagation in
each bar is described by the D’Alembert solution. This full
treatment is useful because it accounts for returning waves
and superimposed waves, which are usually avoided in most
Kolsky bar descriptions. In the example at the end of the
next section, this method is also used in conjunction with
Bacon’s method [23] to iteratively design a striker geometry
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to partially unload and reload a sample. This is described
in detail in [22]. A simplified version of this method, with
application to the natural recovery, is given in the appendix.

Applications of the high-rate indentation method are
given in the following sections and include (i) Vickers hard-
ness of OFHC Cu and Ti—6A1-4V and (ii) spherical indenta-
tion of 6061-T6 aluminum.

Application—Vickers Indentation of OFHC
Copper and Ti-6Al-4V.

High-rate Vickers indentation is a simpler application because
there is no need to measure the indentation depth, §, and NDI2
can be omitted. The final indentation size is obtained by aver-
aging the two diagonal lengths measured with a microscope
after the load is removed (dg;,,)- A Vickers hardness value,
HYV, can then be obtained from the following equation.

_1.8544P
=z 7

diag

HV

P is the applied load and the constant is dictated by the
geometry of the indenter. In the conventional Vickers hard-
ness test (low-rate), a known load is applied slowly in a
controlled manner and removed after being held steady for
10-15 s. In the high-rate test, P is the peak load applied at
the indenter tip, no matter how briefly. For these experi-
ments, high and low-rate Vickers hardness tests were con-
ducted on OFHC Cu and Ti—6Al-4V. The low-rate tests were
conducted with a Sun-Tech Corporation CM-400AT hard-
ness tester with loads of 0.30, 0.50, and 1.00 kg-f (2.94 N,
490 N, 9.81 N), and hold-times of 15 s.

For the high-rate tests, a Vickers diamond indenter was
mounted by Gilmore Diamond Tools, Inc., directly into a
small recess machined in the end of a 1.59 mm diameter
tool steel output bar. The total length (tip of indenter to
the end of bar) is 49 mm. An image of the indenter is
shown in Fig. 2. It is assumed this has a negligible effect
on the bar’s impedance and the bar is treated as having
uniform properties like a standard output bar. The other
end of the output bar is polished to a specular finish for
NDI1. The input bar was made from aluminum 7075-T6
and had a diameter of 4.76 mm and a length of 743 mm.
The input pulse and reflection are measured with strain-
gages mounted 193 mm from the sample end. A 51 mm
long, 3.18 mm diameter 7075-T6 aluminum striker is used
to load the sample, with a small amount of vacuum grease
as a pulse shaper, just enough to increase the rise-time
of the input pulse and reduce dispersion. This choice of
geometry, especially the unusually long input bar and short
output bar, was made so that natural recovery would occur
over a wide range of testing using the analysis of [22]. A

Fig.2 A 1.59 mm diameter steel output bar with a Vickers diamond
indenter

simpler version of this analysis as applied to the experi-
ments discussed in this section is given in the Appendix.
The samples were cylindrical with lengths and diam-
eters of 3.18 mm. The indentation faces were lapped flat
and polished to a 0.5 pm finish. They were glued to the
end of the input bar with cyanoacrylate adhesive. The
indenter is positioned with a micrometer head mounted in
a custom-made fixture while viewing under a stereoscope.
Using this method, small gaps (<10 pm) could be reli-
ably left between the sample and indenter tip prior to each
experiment to prevent premature loading of the sample.
It is convenient to make multiple measurements on a sin-
gle sample. This was accomplished by raising the axis of the
output bar relative to the input bar by 0.72 mm. In this way,
the indentations are not located at the center of the sample,
but 0.72 mm above. After each experiment, the input bar
(with sample attached) can be rotated (~45°) so that the
next indentation is at a new location. In this way, multiple
indentations can be made in a ring around the sample face
while maintaining appropriate spacing between indentations
and from the sample boundaries. This results in a non-cen-
tric loading on the input bar, although any error introduced
by this is unimportant in the analysis. After testing, the sam-
ple is removed to a microscope for measurement of diago-
nal lengths. An example of the measured load, using Eq. 1,
is shown in Fig. 3. This is an experiment on Cu, with a
peak load of 11.1 N. The entire loading cycle, including the
unloading, is about 25 ps. All the high-rate Vickers experi-
ments, regardless of peak load, have similar loading times.
The results of the Vickers hardness experiments are shown
in Figs. 4 and 5. Figure 4 shows load plotted vs. the square of
the averaged diagonal lengths, following Koeppel and Sub-
hash [12]. Linear fits are also given, the slopes of which give
a measure of the low and high-rate Vickers hardness for each
material when multiplied by the geometric factor in Eq. (7).
Alternatively, hardness values for each individual experi-
ment can be calculated. This is done in Fig. 5, along with
linear fits to each group of data. One disadvantage of the
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Fig.4 Indentation load vs. the square of the average diagonal length
for low and high-rate Vickers indentation of Ti-6Al-4V and Cu. The
dotted lines are linear fits, which provide a measure of the hardness
and show the rate effect

high-rate experiment is that it is difficult to reliably apply
a precise load to the sample, which is not an issue with the
low-rate experiments. To compare the high-rate values to
the low-rate values at some particular load, some method
for interpolation is therefore needed. In this case, the linear
fits are used.

Table 1 shows hardness values for both materials at low
and high rates using the slope method from Fig. 4 and the
interpolation method from Fig. 5, the latter for an applied
load of 9.81 N. For both materials, HV clearly increases with
rate. Koeppel and Subhash [12] made similar comparisons
(slope method) for numerous materials, including OFHC
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Fig.5 Vickers hardness values over a range of loads at both high and
low loading rates

Table 1 Summary of Vickers hardness

Material Rate HV at9.81 N HYV from
(MPa) linear fit
(MPa)
OFHC Cu Low 434.1 417.1
OFHC Cu High 498.0 491.6
Ti-6A1-4 V Low 2974 2919
Ti-6A1-4 V High 3718 3818

The HV values at 9.81 N are from Fig. 5 and the values in the right-
most column are from the linear fits in Fig. 4
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copper and Ti—-6Al-4V, so the results can be compared.
They found increases in high-rate hardness over the low-rate
values for OFHC Cu and Ti-6A1-4V of 17.8% and 21.0%,
respectively. Our results (slope method) show increases of
15.0% and 25.3%, which is consistent with their previous
work.

Koeppel and Subhash also used their low and high-rate
HV data to generate a relationship between flow stress Y
(true stress at 8% true strain) and HV. The found the follow-
ing correlations, based on data from 19 metals and alloys.

Y]ow = HV],,W/S.OZS (8)

Viigh = HY 1ign/ 2.875 )

This can be applied to the specific Ti-6A1-4V here, which
has been characterized mechanically over a wide range of
strain-rates [24, 25]. It is difficult to estimate strain-rates for
indentation, but following [12] we take the strain-rate of our
low-rate experiments to be 0.001/s and the strain-rate of our
high-rate experiments to be 10,000/s. In [12] they assumed
a strain-rate for their high-rate experiments of 2000/s; our
experiments are about 1/5 the loading duration so it is rea-
sonable to assume the higher strain-rate. We do not expect
a large change in behavior over this range anyway because
[24, 25] found no enhanced rate effect for this material; the
flow stress was linear with the logarithm of strain rate over
the entire strain-rate range studied (0.001/s to 700,000/s).
The measured flow stress and that predicted from the hard-
ness values and Eqgs. (8) and (9) are given in Table 2. The
predicted values are 8.5% and 5.6% lower than the measured
values, again in good agreement with [12] considering the
scatter in the data and other experimental uncertainties.

Application—Spherical Indentation
of 6061-T6 Aluminum

High-rate spherical indentation results for 6061-T6 alu-
minum are now presented. The objective here is not to
determine a hardness measurement, but to obtain the full
load vs indentation depth curve, so that material proper-
ties can be estimated. This involves an inverse method
with finite elements. Some details of these efforts can be
found in [26-28], and here the focus is on describing the

Table2 Measured flow stress compared to that predicted from the
hardness values for Ti-6A1-4V

Rate (1/s) HV at9.81 Measured flow Predicted flow Error (%)
N (MPa) stress (MPa) stress (MPa)

0.001 2974 1075 983 -8.5

10,000 3718 1370 1293 -5.6

experimental technique. The output bar was 1.59 mm diam-
eter tool steel (Rockwell C60) with a 102 mm length. The
indenter end was machined (Gilmore Diamond Tools, Inc.)
to a slight curvature with a 6.35 mm radius. This is depicted
in the lower right schematic in Fig. 1, although the curvature
is greatly exaggerated. This is a minor modification of the
usual flat-end geometry, and the output bar is treated as hav-
ing a uniform impedance. NDI1 measures u; and vy.

Samples are cylindrical, with length of 3.6 mm and diam-
eter of 4.8 mm. The indentation faces are lapped flat and
polished to a 0.5 pm finish. The sample is glued to the end
of the input bar with cyanoacrylate. The input bar is 458 mm
long, 3.18 mm diameter, and made from 7075-T6 aluminum.
Ideally, the sample diameter would match the input bar,
resulting in an almost perfect impedance match. However,
an oversized sample was used here to provide more space
to instrument the sample face with NDI2, which is focused
between 0.4 and 0.6 mm from the sample edge. The details
of the NDI implementation are given in [25]. The use of
NDI2 is somewhat difficult because of the presence of the
output bar and its bushings. Thus a mirror is used to direct
the beam to the sample face, as shown in Fig. 1, inside the
focusing lens shown in reference [25]. The NDI is otherwise
identical to the interferometer described in that reference.

Typical indentations are 0.7 mm in diameter, so the NDI2
measurement is made approximately 1.5 mm from the edge
of the indentation. It is assumed that the motion of the meas-
urement point is not affected by the indentation, and that
this is an accurate measurement of u,. No lubrication is used
between the indenter and the sample. There is a risk of local
sample heating when instrumenting with a laser directly.
This was minimized by exposing the sample to the laser only
briefly (<2 s) prior to testing. Both NDIs operate at 532 nm
wavelength. The input bar is instrumented with strain gages
(two gages mounted diametrically opposed to cancel compo-
nents due to bending) at the midpoint of its length.

The striker is similar to the input bar but only 25 mm
long. A small amount of solder is used as a pulse shaper,
held in place with vacuum grease. As before, small gaps are
left between the indenter tip and the sample prior to testing
(< 10 pm). Although these gaps were not measured, the time
the sample and indenter tip make contact can be determined
from the F, measurement, i.e., when the force first begins to
rise. Identification of the initial contact, or “zero point”, is
an issue in low-rate indentation experiments, and methods
have been developed to do this with more precision. In [29]
for example, fits are made to the initial portion of the force
vs. indentation depth curve, which is assumed elastic, to the
Hertzian contact solution. This was not done here mainly
because it is unknown how much of the initial loading is
elastic, so the zero-point is instead estimated from the initial
rise in indentation force.
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Data from an example experiment is shown in Fig. 6. The
input pulse and reflection are measured by the strain gages,
and the input pulse shows the effect of the pulse shaper.
The motion of the sample face is measured directly by
NDI2, giving v,. The velocity of the free-end of the output
bar (NDI1) starts to rise at 122 ps due to the arrival of the
stress wave caused by contact with the sample. There are two
humps in this trace, the second due to the reflection of the
“output pulse” from the indenter end of the bar reaching the
free end. This trace is used in Egs. (1) and (3) to determine
F, and v,. Again, there is no need to separate this reflection
from the output pulse as this is accounted for in the calcula-
tions, and these measurements are valid for as long as there
is recorded data.

Figure 7 shows v, repeated from Fig. 6 along with the
calculated velocity of the indenter tip, v,. The difference
between the two gives the rate of indentation depth, dd/
dt. The force on the indenter tip, F,, is shown on the sec-
ondary axis. Several times of interest are marked by verti-
cal dashed lines. The initial contact of the indenter and
sample occurs at 102 ps, when the force begins to rise.
The indentation rate stays positive until 128 ps, when a
peak force is achieved, and the sample begins to unload
(dd/dt is negative). The rate is not constant but could be
made so with appropriate pulse shaping. The unloading is
complete at 148 ps, when the force returns to zero. The
motion of the indenter tip after this time is due to waves
reverberating in the output bar as it travels away from the
sample. This later motion essentially repeats for all time,

until mechanical stops (not shown) arrest the motions of
the bars. This ensures the sample is not reloaded.

Integrating the indentation rate gives the indentation
depth. Force vs. indentation depth for this experiment is
shown in Fig. 8, labelled 1. Four repeated experiments are
also shown (labelled 2-5).

Figure 9 shows load vs indentation depth for three
additional experiments on 6061-T6 aluminum. These tests
used a tungsten carbide (WC) indenter/output bar. The out-
put bar has a 1.59 mm diameter and a 38 mm length. A
sharper spherical indenter shape is used in this case with
R =3.18 mm (again provided by Gilmore Diamond, Inc.).
As before, this is a minimal modification of the normally
flat output bar so the small change in impedance at the
indenter end is ignored. The loading times are shorter in
these cases (~ 13 ps) due to the shorter output bar length
and higher wave speed in the WC. By varying the striker
speed, a range of indentation depths were obtained, nota-
bly larger than in the experiments discussed above. All
three samples were naturally recovered after a single
loading/unloading.

After recovery, these larger indentations were measured
with a Keyence VK-X200 confocal microscope, allowing a
direct measurement of the final indentation depth. This can
be compared to the final indentation depths from Fig. 9,
after the elastic recovery when the indentation load returns

to zero. The error associated with the confocal microscope
is estimated at+ 0.3 pm, mainly due to the subjective
nature of identifying the initial undeformed surface that
is not perfectly flat. The final depths are given in Table 3.

Fig.6 Data collected from 600 6
an experiment on aluminum -== input pulse (strain gage)
6061-T6. €, €,, v, and v; are all — — reflection (strain gage)
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denote the initial contact (clo- \
sure of the initial gap between 3 ‘\‘ 150
the sample and indenter tip), '
the peak load when the sample E bl
begins to unload, and the time g | g
when the sample and indenter =2 100
tip separate (Color figure 'g 5
online) o] e
>
1 50
0 - 0
90 100 110 120 130 140 ;150 160 170 180
-1 -50
time (ps)
Fig. 8 Five repeated high-rate 225
indentations into 6061-T6
(R=6.35 mm steel indenter). 200
The loading times are between
20 and 30 ps 175
150
Z 125
]
(&)
5 100
L
75
50
25
0
0 1 2 4 5 6 7 8 9 10 11 12
indentation depth (um)
In all three cases, the final depths are within the estimated 1 (1—0?) (1 -?)
error bounds. T-— 7 ‘Yt % l (10)
Another way to judge the accuracy of the indentation " !
depth measurement is to compare the reduced modulus As calculated from the unloading stiffness,
of the contact system determined from elastic properties
(sample, E, v, and indenter, E;, v;) to that estimated from * dP/ds an
the initial portion of the unloading curves in Fig. 9, dP/dd. Dy

From [30], the effective modulus is as follows.

SEM
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Fig.9 Larger indentations 800 T
into 6061-T6 aluminum using r
a sharper (R=3.18 mm) WC 700 L
indenter bar. Larger loads r
and indentation depths were r
achieved in these cases 600 +
500 +
Z 400 £
() C
o C
o 300 +
= C
200 +
100 +

0 + (I T '

15 20 25
deformation (um)

Table 3 Summary of the final indentation depths made by the R=3.18 mm WC indenter: a comparison between that measured with the Kolsky
bar analysis (the final indentation depth, at zero force in Fig. 9) and confocal microscope measurements on the recovered samples

Final indent depth Reduced modulus

Kolsky bar (pm) Microscope (um)  Error (%) dP/dd (N/pm) Dy (pm) E.* (GPa) Error (%)
9.9 10.1 -2.0 56 706 79 11.5

14.5 14.7 -14 63 843 75 5.0
23.0 22.8 0.9 77 986 78 9.8

The reduced modulus calculated from Eq. (11) is also given, using the slopes shown in Fig. 9

where D; is the diameter of the final impression measured
post-test with a microscope, and the unloading stiffness is
the slope of the initial portions of the unloading curves in
Fig. 9. For this system, (E;=682.5 GPa, v;=0.25, E=69.2
GPa, v=0.35) the reduced modulus is E,.=71.2 GPa. The
reduced moduli calculated from Eq. (11), using the slopes
depicted in Fig. 9, are given in the table. The error between
these values and that determined from Eq. (10) are also
given. In each case, the values predicted by the unloading
stiffnesses are higher than that predicted from the elastic
properties, by between 5 and 11.5%.

Application—A Tapered Striker to Partially
Unload the Sample
The next example shows a method to partially unload

and reload a sample during indentation. This is useful
with spherical indentation because it allows the contact

SEM

area between the indenter and the sample to be estimated,
improving the accuracy of mechanical data inferred from
indentation experiments. With commercial indentation
equipment, this can be achieved via the Continuous Stiff-
ness Measurement (CSM) feature [4]. For equipment that
lacks CSM, partial unloadings are used instead. In [5], this
process for spherical indentation is described. Assuming the
unloading path is elastic, the contact radius can be estimated
by comparing the measured unloading/re-loading path to the
Hertzian contact theory. The challenge with the high-rate
experiment is generating the unloading. Note a full unload-
ing is not desired, since the re-loading on a sample that has
separated from the indenter may not be perfectly aligned
with the initial indentation. The approach taken here is to
pulse shape so that the input pulse decreases in magnitude
temporarily so that the sample can unload. This is done by
using a striker bar whose impedance varies in such a way to
create a suitable input pulse; i.e., a striker that is consider-
ably reduced in area in the middle than at the ends. Such a
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Fig. 10 a A graded impedance projectile used to create a partial
unloading during indentation. The “negative radius” is plotted to help
visualize the shape. Note the horizontal and vertical scales differ. The

striker bar was designed for the aluminum experiments using
the iterative method by Bacon [23]; see [22] for more detail.

The final projectile shape is shown in Fig. 10a, and
the variation of area in Fig. 10b. The impact end is to the
right, and the total length is 76.2 mm. It was made from
7075-T6 aluminum. The area was reduced by both remov-
ing material from the outer surface and by hollowing one
end. This simplifies machining, helps avoid buckling, and
also leaves a convenient shape for launching from the gun
barrel (the outer diameter matches the bore of the barrel
at two locations so no sabot is needed). Additional pulse
shaping was achieved by adding a single layer of cello-
phane tape to the impact-end of the input bar. This was
done mainly to increase the rise-time. An example of the
resulting input pulse is shown in Fig. 11. The specimen is
6061-T6 aluminum and the indenter is 1.59 mm diameter
steel with a 6.35 mm radius indenter surface. The veloci-
ties measured by the two NDIs, v, and v, are also shown.
The temporary decrease in the input pulse magnitude is
clear.v is repeated in Fig. 12 along with F,, v,, and d&/
dt. The first dashed vertical line marks the initial contact,
when the gap between the indenter and sample closes and
the load starts to increase. The next two dashed lines mark
the start and end of the unloading, when dd/dt is negative.

hollow end on the right side impacts the input bar. b The variation of
cross-sectional area

The unloading occurs over about 8.5 ps. The sample then
reloads and unloads completely. Force is plotted with
indentation depth in Fig. 13. The unloading and reloading
shown is assumed elastic. The re-loading path matches
the unloading path closely, although some disagreement is
seen upon closer inspection of the data shown in the inset.

Discussion and Conclusion

An indentation method capable of measuring load vs. inden-
tation depth at high-rates has been presented. The examples
given have loading times in the range of 10 to 50 ps, about
a factor of 5 faster than other Kolsky bar methods. Even at
these rates, the time resolution is good. This is due to the
use of small diameter output bars. Reducing bar diameter
decreases the bar’s rise-time, and further miniaturization
could permit shorter duration tests. This is the fundamental
limitation of the method, i.e., how small can bars be made
that incorporate suitable indenters. Changing bar diameter
of course affects other aspects of the experiment—the maxi-
mum load that can be achieved, the sensitivity of the force
and displacement measurements, the requirements of pulse
shaping—in a way that is not entirely straightforward. For
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this reason, the test-design methods described in the appen-
dix or [22] are recommended. The interferometer measure-
ments used here are well-suited to this application. Other
instrumentations, for example Photon Doppler Velocimetry
[31], could be used as well.

Since the main feature of the method is the use of a
small diameter output bar with an embedded indenter, the

SEM

310
Fig. 11 Measured data from an 600 6
experiment using a graded-area
projectile to allow the sample
to temporarily and partially 500 5
unload. g;, €, v, and v; are all "
shown 400 A
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Fig. 12 Relevant velocities and 5 250
1ndentgt10n forc? for the partial v, (direct measure with NDI)
unloading experiment. Note the
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(grey) between 93.5 and 102 ps; 4 dd/dt 200
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occurs (Color figure online) F, (eqn. (1))
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use of the input bar to drive the sample into the indenter
is less relevant. It seems reasonable that some modified
form of this method could be used with more conventional
indentation equipment to increase the indention rates that
can be obtained. The output bars used here were free at one
end; although analysis methods exist for bars in which this
is not the case. Thus this approach that essentially treats
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Fig. 13 A high-rate indentation 250
experiment on 6061-T6 alu-

minum in which the sample is

partially unloaded and reloaded.

The time difference between 200
circular markers in the inset is

0.2 ps; the duration of the entire

experiment is about 48 ps

50

the indenter-bar as an instrumented wave guide can poten-
tially be applied to a range of indentation configurations.

The use of high-rate Vickers indentation to estimate rate
sensitivity of the flow strength of metals was shown by [12],
and the current work supports this application. With the ability
to reach shorter loading times, and potentially higher strain-
rates, it seems reasonable that experiments could be performed
at rates where phonon drag effects are significant. This can pro-
vide a simple method to study this phenomenon, avoiding the
obstacles that occur in other experimental methods [32] such
as direct mechanical testing with miniature Kolsky bars [25].

The error associated with this technique needs further
consideration, especially concerning indentation depth. The
good agreement between final indentation depths as meas-
ured by the confocal microscope and from the load-inden-
tation depth curves (Table 3) is encouraging. However, the
consistent over-estimate of unloading modulus when com-
pared to calculated values (Table 3) may indicate some sys-
tematic error. The interferometers as implemented here are
accurate to within a fraction of an interference fringe, likely
on the order of a few tens of nanometers. This implies very
accurate measurements of ug and u; by Kolsky bar stand-
ards, which are typically instrumented with conventional
strain gages with an accuracy on the order of 1%. Some
additional error will exist if the surface at the measurement
location is not perfectly normal to the load direction or if
the interferometer is not perfectly normal to the sample face.
Alignments to within 1 degree are typical, which implies
these errors are less than 0.1%. Larger errors arise due to
uncertainties in the parameters needed in Eqgs. 1 and 2 to
calculate u, and F,, and due to the assumption that the wave

4 6 8 10 12
deformation (um)

propagation obeys the one-dimensional theory. Although
there is nothing unusual about these errors, indentation
measurements are often used to infer elastic properties, so
slight errors can have a significant effect. Thus further quan-
tification of the error of the displacement measurement may
be needed if this is an objective. There seems to be no issue
with the accuracy of the force measurement, and if indenta-
tion size is measured from the recovered sample as in the
case of Vickers hardness then none of this is an issue.

Finally, equilibrium is an interesting issue with dynamic
indentation. While the samples can be quite large, the defor-
mation is localized to a small volume near the indenter tip,
so the effective sample size can be small. This implies equi-
librium can be achieved rapidly. How elastic and plastic
waves in the sample affect the measured hardness values is
an additional area for future work.

Appendix

This appendix describes an approximate method to ascertain
if a sample will be re-loaded after the initial loading cycle,
i.e., if the sample will be naturally recovered. This can be
done prior to actual testing if an estimate of the expected
sample behavior is known. If the analysis shows that the
sample will be re-loaded, test parameters (striker speed or
length, and/or bar lengths, material, or geometry) can usu-
ally be adjusted so that re-loading can be avoided. If this
is not possible, recovery can then be achieved using other
methods (input bar momentum traps or mechanical stops to
limit the indentation depth). The method is demonstrated
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for Vickers indentation but could easily be extended to other
loadings. Several simplifying assumptions are made, and
for situations where these assumptions are inadequate, or
for non-indentation applications, the more detailed method
described in [22] is recommended.

During indentation, the sample face is driven into the
indenter tip. The difference between the motions of the sam-
ple face and the indenter tip is the indentation depth, provided
the sample is in contact with the indenter. The indentation
depth is therefore calculated from the motion of the ends of
the bars. After the initial loading, the sample unloads, and the
reflected pulse and output pulse propagate into the input and
output bars, respectively. The later reverberations of the input
pulse in the input bar will typically drive the sample into the
indenter tip, potentially reloading the sample. However, the
reverberations of the output pulse in the output bar will cause
the indenter tip to move away from the sample, reducing the
likelihood of re-loading. If the motion of the latter exceeds
the motion of the former, natural recovery is assured. The
motion of the sample face is related to the time integral of
the reflection and the motion of the indenter tip is related
to the time integral of the output pulse. Thus, the method
depends on predicting the output and reflected pulses. This
can be done if an estimate of the sample behavior is known
in advance, which is almost always the case. It is essentially
the reverse of a typical Kolsky bar analysis, where the meas-
ured output and reflected pulses are used to determine sample
response. In the reverse, the sample response is used to deter-
mine the output and reflected pulses, under the assumption
that the input pulse is a known quantity.

Begin by assuming the sample behavior in the form of a
force vs. indentation depth response. This can be adequately
approximated from conventional hardness measurements,
since it is not expected that the high-rate behavior will differ
excessively from that observed at low rates. Alternatively,
it can be measured in a preliminary high-rate experiment.
Ignore any indentation size effect and use the equation for
Vickers hardness to determine load as a function of indenta-
tion depth from a known low-rate HV value. The standard
equation for Vickers Hardness is given in Eq. (7). Assume
this equation holds throughout the deformation, not just at
the final state. Also ignore elastic unloading. The indenta-
tion depth for this indenter geometry is 1/7 of the diagonal
length, thus a relation between P and & can be found.

P =2643HVS* = M§? (12)

The constant M=26.43HV is introduced for convenience.
Assume the sample is in equilibrium, thus

P=F =F, (13)

Equation 6 is next used to relate the reflected pulse to the
sample response.

SEM

6 =———6=———¢ (14)

Here ¢, is the known input pulse. It is typically a rectan-
gular pulse but can be more complicated if pulse shaping
is used. Note ¢, €, and ¢, are assumed translated in time to
the time they act simultaneously at the sample, not when
they are measured at a more-or-less arbitrary gage location.

Similarly, the output pulse can be related to P and 5.

_F P M
’ EOAO EOAO EOAO

€ as)

Assume there is no initial gap between the sample and
indenter. Equation (2) can then be used to relate the rate of
indentation to the velocities of the ends of the bars.

§= vy =, (16)

v, is related to the reflection by Eq. 5, and a similar equation
can be written that relates the output pulse to v,.

Vo = €,6, (17)
Equation (16) then becomes
6= ci(el- - er) —€,C, (18)

Substituting Eqgs. (14) and (15) gives
. Més? M5?
’ ‘i < ‘i i ) Evo o (19)

Because ¢; is an arbitrary function, depending on the
pulse shaping, this equation is best solved numerically. Once
5 is known, & can be determined from time integration. Then
Egs. (12), (14), and (15) can be used to determine the load
history of the sample (including the peak load), the reflected
pulse, and the output pulse.

At this point, the average velocity of the sample face and
indenter tip can be estimated, assuming no further contact
between the two. If the latter is greater than the former,
natural recovery should occur. If not, the assumption of
no contact is invalid, and the sample will be reloaded. The
average velocity of the sample face, under the action of the
reverberating reflected pulse, is denoted v, .. The reflection
arrives at the sample face periodically at time intervals equal
to the time needed to travel the length of the input bar twice.
Each time the pulse acts at the sample face, it undergoes a
displacement of

ur = —2c / e,dt (20)

where the factor of 2 is due to the free surface (assuming no
contact), and the integral is performed over the entirety of
the pulse. The average velocity is therefore
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Fig. 14 The sample response assumed from an HV value of 434 GPa
(orange). The actual response measured from the experiment (black,
using Eq. (5) to measure v, in the calculation of indentation depth)
(Color figure online)
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Fig. 15 The actual input pulse measured in the experiment (black)
is used to predict the reflection and output pulse (Eqgs. (14) and (15),
respectively)

u —c? [ e,dt
Viave = =
1,av (2Ll~/Ci) Li (21)

Similarly, the average velocity of the indenter tip, assum-
ing no further contact, is

3 u B ¢, [ e,dt
V2,(1Ve - (2L0/C0) - LO (22)

Again, if v, ,,, > vy ,,, natural recovery should occur.

An example application is now given using data from
one of the experiments presented for copper in Figs. 4
and 5. Conventional hardness testing using loads of 1 kg-f
yields HV =434 GPa for this material. This value is used
in Eq. (12) to estimate the mechanical response expected
during the high-rate experiment; this is plotted with the
dashed curve in Fig. 14. Since this experiment has already
been conducted, the actual input pulse measured from the
experiment can be used for ¢; to solve for €, and €,; these

are all plotted in Fig. 15. Figure 14 also shows the load vs
indentation depth curve measured from this experiment. The
difference between this and the assumed behavior is due
mainly to the increase in HV at the higher loading rate, and
the fact that a small gap (2 pm) existed between the sample
and indenter tip prior to the experiment that is not accounted
for in this analysis.

Equations (21) and (22) are next used to determine v, ,,,
and v, ;. as 0.12 and 0.19 m/s, respectively. v, ,,, is consid-
erably higher than v, ., assuring natural recovery by a com-
fortable margin. It is also notable that this method estimates
the final peak stress and maximum indentation depth in the
experiment simply from the quasi-static HV value and the
input pulse. This is another useful feature of this method for
a wide range of Kolsky bar testing, and is further explained
in the full analysis described in [22].

With a logical design of experiment, a single configura-
tion can be used for a wide range of testing. For example,
all the high-rate Vickers experiments in this document,
over the complete loading range and for both materials,
were performed with a single Kolsky bar arrangement; only
the striker speed was varied between experiments. Natural
recovery occurred in every case.
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