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Abstract This paper addresses the issue of the dynamic ten-
sile specimen gauge length through an experimental-
numerical approach. Emphasis is put on the combined issue
of specimen equilibrium and uniformity of the stress and the
strain fields in the gauge. The systematic comparison of long
and short specimens reveals the unexpected, namely the su-
periority of the long specimen in terms of the strain and stress
uniformity, which in turn affects the accuracy of the experi-
mental stress—strain curve, while excellent force equilibrium is
obtained. The feasibility of longer dynamic tensile specimens
adds a new degree of freedom to the specimen’s design, while
allowing for characterization of materials at lower strain rates.

Keywords Dynamic tensile testing - Dynamic force
equilibrium homogeneous stress/strain field - Specimen
length - Low strain-rate

Introduction

Mechanical properties characterization is a critical stage of the
materials’ selection process which may affect structural de-
sign, hence reliability. This procedure must include the mate-
rial response to compression and tension over a wide range of
strain rates, since most materials tend to exhibit strain-rate
dependency, a phenomenon which cannot be overlooked. The
first step of the material characterization is the quasi-static
regime, which deals with strain rates of the order of 10 *~1 H
. The experimental methodology for that is well established
and relatively easy to perform using, e.g., servo-hydraulic
machines. The high strain rate experiments, in the range of
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1073-10" [ﬂ are usually carried out using the Kolsky appa-
ratus, also known as the Split Hopkinson Pressure Bar
(SHPB). The latter has been accepted for material characteri-
zation since its modern inception in 1949 [1]. The SHPB,
originally designed for high strain rate compression testing of
engineering materials, has been continuously modified over
the years to accommodate tension [2], torsion [3, 4], and the
combination of the above. The tension Kolsky apparatus was
invented in the 1960’s, and its principle is similar to that of the
compression bar, except for a few minor changes involving
the methodology for tensile wave initiation [5, 6]. Moreover,
the specimen, which was simply inserted between the bars in
compression, needs now to be attached to the tensile bars by
means of threading for example. For Split Hopkinson Tensile
bar (SHTB) testing, a basic requirement needs to be fulfilled
just like for compression tests [7, 8], namely specimen dy-
namic equilibrium along with a uniform state of stress and
strain. For brittle materials, the use of pulse shapers [9] has
been shown to ensure specimen equilibrium. On the other
hand, the usual prevailing assumption, based on the work of
Hunter and Davies [10] is that after three waves roundtrips in
the specimen, the latter experiences a state of equilibrium,
namely F;,=F,,, where those stand for the applied forces on
each side of the specimen. From a practical point of view, it is
therefore commonly accepted that the shorter the specimen,
the earlier equilibrium will be achieved. Such a situation is
also deemed to ensure uniformity of the stress and strain
fields, although recent work using digital image correlation
[11, 12] or by F.E methods [13, 14] has challenged this
assumption (Table 1).

Finally, one should note the existence of a “twilight zone”
which covers the range of strain rates of the order of 10° [%] .
Here, specialized machines, and/or complicated techniques
[15] are needed to explore those “low” dynamic strain rates
(high speed servo-hydraulic machines).
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Table 1 Table of specimens and experimental conditions

Material Number of Strain Number of Strain
Compression rate [1/s] Tension rate [1/s]
samples samples

PH 15-5 condition A 10 620-1,300 14 70-600

Aluminum 7075 T6 10 600-2,000 13 80-700

4340 H+T 11 800-2,000 11 40-620

©
S

Note the relatively large sample size which is aimed at increasing statis-
tical representatively of the results. All the results shown in the sequel are
typical and were ascertained for each test separately

This paper presents a hybrid experimental/numerical study
which aims at re-assessing the validity of the above-
mentioned assumptions and requirements, with emphasis on
the lower part of the high strain rate testing range. Specifically,
instead of making fundamental changes to existing SHTB
systems, we investigate the feasibility of “long” specimens
for dynamic tensile testing in light of the above-mentioned
requirements, and compare the performance of such speci-
mens to that of the conventional “short” ones. The paper will
address the following three major issues of dynamic tensile
testing:

1. The common belief that long specimens, in general, are
not adequate for SHTB will be shown to be unfounded.
Tests of “long” tensile specimens (36 mm gauge length)
will reveal an excellent dynamic equilibrium.

2. Moreover, the “long” specimens will be shown, by means
of numerical simulations, to exhibit a superior
(homogeneous) stress and strain distribution than the
shorter specimens.

3. Based on the previous two points just mentioned, it will
be shown that one can easily perform material character-
ization in the (tensile) range of strain rates of 10*~10%1

Experimental Setup
Materials and Specimens

Three materials were tested: 15-5 PH steel (condition A),
7075-T6 Aluminum alloy, and 4340 quenched and tempered
steel (30HRB), all supplied as 12.7 mm diameter bars, and
tested in the as-received condition. Tensile cylindrical speci-
mens with end threads were machined from the bars. The
specimens’ dimensions are shown in Fig. 1. Two types of
specimens were manufactured, namely long (36 mm gauge
length), and short (6 mm gauge length), with gauge diameter
of 3 mm. In addition, dynamic compression cylinders were
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Fig. 1 Dynamic tensile specimen geometry and characteristic dimen-
sions (mm)

machined from all the tested materials with a length and
diameter of 6 mm. All the specimens were meant to examine
the material behavior in both compression and tension, in the
range of strain-rates of 10°~10% [1] except for the short tensile
specimens that were meant for comparison with the behavior
of the long specimens.

Dynamic Compression and Tension Setup

The dynamic compression specimens were tested in a stan-
dard 19.3 mm diameter Kolsky apparatus made of hardened
C300 Maraging steel bars. The dynamic tensile specimens
were tested in a 12.7 mm diameter Kolsky apparatus made
of same material, which was loaded at the end of the incident
bar with a 400 mm long tubular projectile. A momentum trap
was brought initially in contact with the loaded flange of the
incident bar, whose length was identical to that of the projec-
tile bar, as shown in Fig. 2.

A Cordin 530 high-speed camera (HSC) was synchronized
with the incident bar signals to capture the evolution of the
specimens and neck inception, in order to separate the post-
necking process from the uniform deformation phase.

Numerical Model

The dynamic tensile tests were modeled numerically using a
finite element commercial package (Abaqus explicit F.E soft-
ware [16]). The model was axisymmetric, and included the
whole tensile experimental setup, except for the flange and the
momentum trap. With the exception of the specimen fillet, the
model was meshed with elements CAX4R, a 4-node bilinear
axisymmetric quadrilateral, reduced integration, hourglass
control element, with a typical seed size of 50 um along the
specimen gauge, and 1,000 um along the Hopkinson bars. The
elements size along the specimens gauge section was selected
to be smaller than the convergence size (verified to be of the
order of 900 yum? in preliminary calculations) in order to have
an optimal resolution for small changes in the stress and strain
fields, and improve detection of the onset of localization. The
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Fig. 2 Schematic representation of the Kolsky tension apparatus

boundary conditions of the simulation were taken from the
experimental data as the amplitude of “4*= applied to the free
surface of the incident bar for the duration of the pulse.
Specific elements were selected on the incident and the trans-
mitted bars in order “replicate” the experimental strain gauges.

Part of the meshed sample is shown in Fig. 3.

Results
Raw Signals

The dynamic tests, whether tensile or compressive, produce 3
signals that are recorded on the (bar) strain gauges, namely ¢,
¢, £, which stand for the incident, reflected and the transmitted
pulses respectively. The signals were recorded with a Nicolet
440—12 bit differential oscilloscope.

Typical tension (a) and compression (b) signals are shown
in Fig. 4, showing the quality and the level of separation of
each signal.

Specimen Equilibrium

As already stated, a reliable stress—strain curve can be obtain-
ed only after verification of the dynamic specimen equilibri-
um. The forces applied on the specimen are given by:

Fig.3 (a) General meshing in the
whole model. (b) Close-up on the
specimen: shoulder, fillet and the
gauge section

Transmitted bar

Fin=Ep(ei + 1) (1)
And
Fout = Eb(st) (2)

Where E), is Young modulus of the bar, or in simpler from,
if equilibrium is fulfilled

g +e =¢&. (3)

Figure 5 shows typical records of the applied forces for
long (a) and short (b) tensile specimens, as well as for a
compression specimen (c). Since the subject of dynamic com-
pression has been extensively studied in the past, we will
concentrate here on the tensile tests. Figure 5 shows an unex-
pected result, namely that the relatively long specimen ex-
hibits a remarkable level of force equilibrium, which was only
expected for the short specimen.

Once equilibrium is ascertained, the determination of the
stress, strain and strain-rate is straightforward using the stan-
dard formulas:

Vin = Cp(ei— &) (4)
and
Vour = Cb(5t) (5)

Specimen

Incident bar
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Fig. 4 (a) Raw signals from a-tensile experiment, (b) compression
experiment

Where V;, and ¥, are the interfacial specimen velocities
and Cp, is the bar wave speed. The nominal axial strain rate in
the specimen is given by

Vin = Vout &

E’S:4:

] 7 (ei—er—&r) (6)

consequently, the strain is given by:

€y = /Oté(l‘)dT (7)

And the stress is therefore:

_ Epdy

Os A—sﬁt(f) (8)

Note that, at this stage, one can only assume that the stress
and strain are homogeneous, a point that deserves further
verification as shown in the sequel. As stated before, the high
speed photographic records were used to assess the exact time
of the neck inception, so that beyond that point, both the stress
and the strain cease to be homogeneous, if at all.
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Fig. 5 (a) F;, and F, showing equilibrium in the long tensile specimen.
The small spike in the F, initial signal results from data processing
artifacts and has no physical meaning. (b) Same for the short tensile
specimen. (¢) Same for a compression experiment

Once the experiments are carried out, the numerical model
must be verified and validated. The simulation provides the
possibility to carefully examine the stress and strain distribu-
tion throughout the experiment, as discussed next.

Numerical Results
Model Verification

The first step of the simulation was to compare the recorded
raw experimental signals to the calculated ones. A typical
example of the numerical reproduction of the raw experimen-
tal signals is shown in Fig. 6. As can be seen in that figure, the
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Fig. 6 Comparison between experimental and calculated raw signals

agreement between the numerical and the experimental raw
signals is excellent.

Specimen equilibrium

The next step was the numerical verification of the specimen
equilibrium. For this purpose, a long and a short specimen were
subjected to the very same input velocity profile, with the differ-
ence that the amplitude (velocity) of each profile was scaled to
the specimen gauge length in order to reproduce a similar nom-
inal strain rate. As shown in Fig. 7, the numerical simulations
indicate an excellent state of equilibrium for both the long (a) and
short (b) specimens, in full accord with the previous experimental
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Fig. 7 (a) F;, and F, as a measure of equilibrium in tensile numerical

experiment with long specimen. The small spike in the initial signal

results from data processing artefacts and has no physical meaning®. (b)

F;, and F, as a measure of equilibrium in tensile numerical experiment

with short specimen. The vertical dashed line indicates the initial region
of non-equilibrium and the state of equilibrium thereatter

determination (Fig. 5 (a) and (b)). Note that the long specimen
reaches equilibrium after approximately 40-50 usec, while the
short specimen does it after approximately 30-35 usec. Those
values are shown as dashed lines in Fig. 7a, similar to Fig. 5.

From here on, one can proceed to investigate the homoge-
neity of the stress and the strain fields in the tensile specimens,
based on the numerical simulations.

Stress and strain fields

Two main time sequences were defined according to the exper-
imental behavior, namely before and after equilibrium (0—
40 usec and 40180 usec respectively). Figs. 8 and 9 shows
the calculated evolution of the longitudinal stress distribution in
the short and long specimens. Each figure is split into two
phases, namely (a) before and (b) after equilibrium, according
to the times needed to reach equilibrium. For each figure, the
specimen’s length is normalized to a maximum value of 1.

The stress recorded in the simulations of the short specimen
(Fig. 8) looks relatively homogeneous before and after equilib-
rium. With that, one can also observe that the actual gauge
normalized length over which the stress is homogeneous is of
the order of 0.7, indicating that the effective gauge length is
shorter than the nominal, or simply that end effects are
noticeable.
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Fig. 8 (a) Longitudinal stress distribution in (a) the short specimen
before equilibrium, (b) the short specimen after equilibrium
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Fig.9 (a) Longitudinal stress distribution in (a) the long specimen before
equilibrium, (b) the long specimen after equilibrium

The long specimens (Fig. 9) exhibit a generally uniform
stress distribution. The initial lack of homogeneity during the
non-equilibrium phase vanishes rapidly. However, just like in
the previous case, one can notice that end effects still prevail
over about 0.2 of the normalized gauge length, thereby reduc-
ing it to 0.8. Moreover, while the short specimen experiences a
steep stress gradient close to its end-pieces, the long specimen
just experiences a small localized stress peak. Altogether,
those results show that the stress distribution at equilibrium
is not totally homogeneous, irrespective of the gauge length.
However, the same results show that even for a long speci-
men, the stress is overall reasonably homogeneous.

The distribution of the Mises stress along the gauge section

of the short (a) and long (b) specimens is presented in Fig. 10.

Similar conclusions can be deriving from the behavior of
the Mises stress while comparing it to the longitudinal stress in
the short specimens. In the long specimens on the other hand,
there is a significant improvement in the distribution recorded
as Mises stress. The lack of inhomogeneity in both edges of
the gauge section is now much less marked.

Let us consider now the evolution of the equivalent plastic
strain for those specimens, as shown in Figs. 11 and 12, with the
same distinction of pre (a) and post (b) equilibrium. Figure 11
shows that the equivalent plastic strain of the short specimen is
not uniform (parabolic) during both phases, to be contrasted
with the previous relative uniformity of the stress distribution.
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Fig. 10 Mises stress distribution in (a) the short and (b) long specimens
after equilibrium

By contrast, the long specimens (Fig. 12) reveal a high
degree of uniformity, mostly once equilibrium is established.
The results are similar to those of the Mises stress as can be
seen. In other words, the long specimen exhibits both stress
and strain uniformity, a result that was rather unexpected.
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Fig. 11 Equivalent plastic strain distribution in the short specimen (a)
before, and (b) after equilibrium
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Another point that deserves attention is the deformation in
the fillets region, as addressed using digital image correlation
[17]. Examination of the displacement in the simulations,
whether measured from the gauge section only or from the
fixed-ends displacements reveals that in the present case, the
fillets’ area does not participate in the overall deformation
process to any significant extent. Moreover, the calculated
equivalent plastic strain in the whole sample (Fig. 13) shows
a minor deformation in this region.

To summarize the main results of the numerical simula-
tions, it appears that force equilibrium, while being a neces-
sary condition for a valid stress—strain determination, is ap-
parently not a sufficient condition. Numerical simulations
must be used to ascertain the degree of stress and strain
homogeneity in the gauge section. Another important point
is noted, namely that the use of a longer specimen ensures a
more uniform distribution of both the stress and the plastic

Fig. 13 Numerical snapshot
showing the equivalent plastic
strain of a 36 [mm] gauge length
tensile specimen submitted to a
tensile strain rate of 200 E] s
80[psec] after the wave front

hits the sample. Note that the
fillets do not deform to any
significant extent
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+4.117e-03
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+1.029e-03
+0.000e+00

strain along the gauge length, contrary to the conventional
wisdom mentioned in the introduction.

Experimental Results

As a foreword, it should be noted that the stress—strain curves
shown in the sequel are not the main point of the paper, but are
in fact determined once all other considerations, such as
equilibrium, are sorted out. Since rather long specimens were
used and validated in this study, very low strain rates were
reachable, with satisfactory force equilibrium. In other words,
the option of a variable specimen length provides a new
degree of freedom in the experimental design.

Stress Strain Curves

Three different materials were successfully tested, which im-
plies that equilibrium conditions are not material-dependent, a
point that was expected. As an example, typical tensile stress
strain curves are shown in Fig. 14 for annealed15-5 PH steel.

The strain achieved in the experiments is relatively low due
to the original design of the tensile apparatus used in this
article, in which the projectile length is limited (400 [mm]).
However, this does not detract from the validity of the exper-
iments. In addition, the typical behavior for compression of
this material is shown in Fig. 15.

The compressive strain rates were in the upper range of
102 E] , thus complementing the tensile range of strain-rates.

From Figs. 14 and 15 one can note that, whereas the flow
stress is comparable between tension and compression, the
strain hardening is quite different. The compressed material
exhibits some strain-hardening which vanishes in tension.
This difference, reported for the 15-5 PH steel, was also
observed for 7075-T6 aluminum alloy (not shown here). We
did not investigate the exact reasons for this lack of symmetry,
which is not at all uncommon, as it has been identified earlier
as a “strength differential effect (see e.g. Spitzig et al. [18]) in
high strength steels, as will as in many magnesium alloys. It
can be surmised here is that the materials investigated here are
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Fig. 14 Tensile stress-plastic strain curves from the experiments on
annealed15-5 PH steel. Dashed lines are post-necking. (Therefore not
strictly valid)

apparently pressure sensitive to some extent, but a detailed
investigation of this issue is beyond the scope of the present
paper. Yet, this observation emphasizes again the relevance of
dynamic testing in both tension and compression. Moreover,
since low tensile strain-rates are easily achievable with long
specimens, the combined tension and compression tests can
be used to characterize a material in a seamless manner over a
wide range of strain-rates, therefore bridging the traditional
gap that exists around the 10°[1] .

Discussion

Starting from a quest for dynamic tensile experiments in the
low strain rate regime (10%[1]) , by using relatively long
specimens (36 [mm] vs. 6 [mm]), turned out eventually into
a thorough reassessment of well-established beliefs that the
shorter the specimen, the better the force equilibrium, imply-
ing automatically a uniform stress/strain distribution along the
specimens’ gauge length.

Systematic testing of over forty specimens made of 3
different alloys revealed the fact that long specimens can
rapidly achieve an excellent state of force equilibrium, con-
trary to the common belief. Finite element simulations of short
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Fig. 15 Compression stress-plastic strain curves from the experiments on
annealed15-5 PH steel

SEM

and long specimens at comparable strain rates show that force
equilibrium alone does not warrant uniformity of the stress
and strain in the specimen. While both the short and the long
specimens achieve rapidly a state of force equilibrium, the
stress and strain fields are significantly more homogeneous in
the longer specimens, where the plastic strain is the most
sensitive issue. Stated otherwise, the equivalent plastic strain
is far from being homogeneous in the short specimens. As a
result, the reliability of the experimental stress—strain curves
obtained with such specimens may be questionable, while this
is not the case for the longer ones.

Another outcome of this work is the ability to reach the low
end of dynamic tensile strain rates using those longer speci-
mens, which, if the material is symmetrical in tension and
compression, bridges the gap between the quasi-static strain
rates and the higher range traditionally investigated using the
Kolsky apparatus.

However, if high strain rates are desirable, the latter can be
achieved without compromising equilibrium and uniformity
issues, using an intermediate gauge length specimens’, e.g. 12
[mm] long, as shown in the Appendix, showing strain rates of
the order 0of 2,000 [1] .

Another interesting outcome of this study lies in the differ-
ent strain buildup in the specimen’s gauge length. Considering
the short specimen, one notes the parabolic nature of the strain
distribution which reaches a peak at mid-length of the speci-
men. As a result, necking and subsequent failure are expected
to develop in this location. However, for the longer specimens,
the strain distribution is homogeneous along the gauge length.
This state of homogeneity allows for the subsequent develop-
ment of the neck and failure at any location along the gauge
length without preference for its mid-length, as reported ex-
perimentally in [19] and [20].

Conclusions

* Long gauge length specimens (e.g. 36 [mm)]) are preferable
for obtaining a reliable dynamic tensile stress—strain curve.

* In those specimens, force equilibrium corresponds to a
uniform stress and strain distribution in the long specimens.

* Force equilibrium does not mean a uniform stress/strain
state for the short (6 [mm]) specimens, which in turns
affects the reliability of the determined mechanical char-
acteristics of the investigated material.

* The use of longer specimens allows for dynamic testing in
the low (100 E]) strain rate regime.

»  When higher strain rates are required, e.g. (2000 [%] ) , the
selection of 12 (mm) long specimens will ensure both
force equilibrium and a uniform state of stress and strain.

»  While short specimens are expected to fail at mind-length
as a result of their parabolic strain distribution, the longer
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specimens can fail anywhere along the gauge length due
to the uniformity of the strain field, as observed in previ-
ous experimental work [20].

Appendix

The long gauge length specimens have already been shown
numerically and experimentally to be feasible for dynamic
tensile testing in the low strain rate regime, while satisfying
dynamic force equilibrium with homogeneous stress and
strain along the gauge length. If higher strain rate are
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Fig. 16 (a)(b) (c) the distribution in 12 [mm)] gauge section specimens in
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considered, of the order of (2000[1]) for example, it is
possible to reduce the length of the gauge length, without
compromising any of the basic requirements for valid testing.
Sample with 12 [mm] gauge length were tested and modeled
in order to validate the uniformity of the stress and the strain in
the gauge length during the experiment in the pre-necking
phase. The Mises (a) and the longitudinal (b) stress, together
with the equivalent plastic strain (c) distribution are all shown
in Fig. 16.

From this figure, one can observe that all the param-

eters remain uniform as they were in the long specimen.
The ability the decrease the gauge length and still fulfill
the basic requirements of the Hopkinson experiments,
emphasize the role of numerical simulations when designing
the optimal specimen geometry for dynamic tensile
experiments.
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