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Abstract This paper presents an experimental and numeri-
cal study of the potential of the Shear Compression Disk
specimen (SCD) to characterize the plastic flow and fracture
of metals under various levels of stress triaxiality at strain
rates of up to 10 1/s. The main loading mode in that
specimen is shear with triaxiality ranging from 0 to -0.8.
The specimen is relatively small and fits into a standard split
Hopkinson pressure bar system. Aluminum 7075-T651 al-
loy was chosen for a test case study. Experimental and
numerical investigations reveal the adequacy of the SCD
specimen for the study of mechanical properties of materials
under high strain-rates and low, though wide, range of stress
triaxialities.

Keywords a. triaxiality - b. ductile fracture - c. flow
properties - d. finite elements - e. dynamic loading - f. high
strain rate

Introduction

Since the classical experimental studies of Bridgman [1] on
the effect of pressure on fracture, followed by the analytical
basis for void growth, laid by Rice and Tracey [2], it is well
acknowledged that fracture of metals is sensitive to the
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triaxiality of the stress prior to and at fracture. It is also
accepted that fracture might depend on the strain rate, as
well. Therefore, for a reliable experimental characterization
of fracture it is desirable to control reasonably well both the
triaxiality and the strain rate within the gauge volume. That
non-trivial endeavor was expressed clearly by Ramesh [3]:
“The development of models for constitutive behavior that
can be used for multiaxial stress states is one of the goals of
this area of research, but is quite difficult at high strain rates
because of the complexity of the experimental techniques
involved”. A concise review of experimental methods for
high strain rate investigation of materials is given by
Edwards [4], emphasizing the dependence of the results on
the experimental setup.

Specimens generating various levels of stress triaxiality
under high strain rate loading have been suggested in sev-
eral studies. Some of these specimens are: hat specimens
(e.g., [5, 6]), shear compression specimen (SCS) (e.g., [7,
8]), compression specimen enclosed in sleeve (e.g., [9, 10]),
butterfly specimen (e.g., [11] for quasi-static loading and
[12] for high strain rate), and tension specimen, with or
without a notch (e.g., [13—16]). Each specimen has some
advantages and limitations. While tensile and butterfly
specimens are suitable for high triaxiality levels, most of
the other specimens aim to zero triaxiality and less (includ-
ing butterfly specimen). Yet, the control over triaxiality is
relatively limited with a need for several different types of
specimens to cover a wide range of triaxialities (e.g., [17]).
Although the estimation of triaxiality level in the experi-
ments relies on the numerical evaluation of each specimen, a
different set of assumptions is required for each specimen,
thus losing the common ground for the whole set of
obtained data.

In the present paper a new specimen, the Shear Compres-
sion Disc (SCD), is examined for its adequacy for the
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investigation of the effect of triaxiality and strain rate on
plastic flow and fracture. This study is an extension of the
previous investigation addressing quasi-static condition by
Dorogoy et al. [18], where the specimen was introduced for
the first time. It was demonstrated that the SCD specimen
has several advantages over currently available specimens,
in particular, a relatively convenient way to control the
triaxiality within the gauge, as well as its constant value
throughout the complete deformation process up to fracture.
Here, experimental and numerical studies of SCD speci-
mens, made of aluminum 7075-T651, were extended to high
strain-rate conditions. A Split Hopkinson pressure bar sys-
tem (SHPB) was used to impose high strain rate within the
specimen, preserving the ability to control the stress triaxi-
ality. Such an extension has the advantage of relying on the
same set of assumptions over a wide range of strain rates,
from quasi-static up to 10* 1/sec and enabling one to inves-
tigate either separate or joint effects of triaxiality and strain
rate on fracture phenomena.

Results for 12 specimens exposed to high strain rate
conditions at several triaxiality levels are reported. The
interpretation of the results concentrates on plastic flow
and fracture. The results obtained with the new specimen
are compared to those obtained with other commonly ac-
cepted specimen geometries (cylinders and SCS). It is found
that the SCD specimen yields a reasonably reliable charac-
terization of plasticity and fracture properties at high strain
rates, as observed in quasi-static loading conditions [18].

In Section 2 the experimental setup and procedure are
described. Experimental details are given in Section 3, while
the numerical details are presented in Section 4. The exper-
imental results and their interpretation are detailed in Sec-
tion 5, followed by a discussion and summary section.

Specimen, Setup, and Procedure

The specimen examined in this study has been described in
[18] in the context of a quasi-static loading. The only mod-
ification required here is an adapter for positioning the same

Fig. 1 A section view through (a) adapter

the experimental setups. (a).Non
confined specimen. (b). Con-
fined specimen. Specimen and
experiment parameters «, 5 and
A are shown as well

transmitting bar

specimen in the split Hopkinson pressure bar system, as
shown schematically in Fig. 1. That adapter is used both
for the unconfined (Fig. 1(a)) and the confined (Fig. 1(b))
configurations. The exact dimensions of the adapter, fitting
an existing SHPB system with rod diameter of 12.7 mm, are
detailed in Fig. 2.

The experimental procedure is identical to the described
in [18] for the static examination. Control of the triaxiality
level is achieved by predefined insertion of the specimen
into the confinement. The target initial and subsequent tri-
axiality of the stress is achieved by proper selection of the
angles o and [, and the insertion distance A (shown in
Fig. 1(b)). The values of these variables are determined by
numerical simulations as described in [18]. The triaxiality
(t,) is defined by ¢, = 2=, where the effective pressure is

Oeq
defined by o, = %0y (positive in tension) and G, is the
equivalent von Mises stress.

Except for the optional preceding step of specimen inser-
tion into the confinement, the experimental procedure itself
is identical to a standard experiment in SHPB system. No
revision of the SHPB system is required. The SHPB stan-
dard strain recordings are interpreted to extract flow and
fracture properties. Since the specimen undergoes large
deformations, the interpretation of the data is based on a
hybrid numerical-experimental iterative procedure in which
the stress—strain curve is obtained first, followed by deter-
mination of the fracture strain (detailed below).

Experiments

A total of 12 tests were conducted up to fracture of the
specimen: 7 tests without pre load and 5 tests with pre load.
The experimental details which include experiment number,
specimen number, tilt angle of the slots, the magnitude of
pre load, and the pressure which accelerated the 205 cm
steel striker are listed in Table 1. The strain rate is found to
lie in the range of 3,000-14,000 1/s. Four variations of
specimen geometries were used which differ by the tilt angle

(b) confinement

specimen

incident bar




Exp Mech

of the slots: 3=0°, 10°, 15° and 20°, all chosen to cover a
wide range of triaxiality levels. The combination of tilt angle
and the amount of pre load travel A were chosen to fix not
only the initial triaxiality level, but also make it almost
constant along the whole deformation process. The triaxial-
ity values given in Table | are target triaxialities estimated
numerically from the quasi-static configuration detailed in
[18]. Since material properties are generally rate-dependent,
the actual triaxiality level generated within the specimen in
the dynamic experiments are re-calculated numerically in
the course of the data analysis and given below in Table 2.

Numerical Analysis

Numerical transient axisymmetric analyses were conducted
with Abaqus Explicit code [19] to simulate all experiments.
The confined and the unconfined configurations were mod-
eled separately, as shown in Fig. 3(a) and (b). For the
unconfined specimens the holder is not modeled and only
half of the incident bar is included. For the confined speci-
mens the incident bar is not modeled. That omission results
in a reduced number of elements without sacrificing the
validity of the simulation.

A typical mesh which is shown in figure in Fig. 3(a)
consist of 28316 elements and 30482 nodes: 28266 are
linear quadrilateral elements of type CAX4R and 50 are
linear triangular elements of type CAX3. The size of the
elements within the gauge is ~1/20 of the gauge length. The
choice of that element size has been confirmed by conver-
gence verifications. Average field values within the gauge
along the active line (designated by a red line in Fig. 3(a))
are extracted from the analysis. The validity of the average
values was confirmed by inspection of detailed local values,
as reported in [18]. The strain history on the surface of the
incident and transmitting bars at the location of the strain
gauges in the actual experimental setup is obtained as well.
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Fig. 2 A detailed sketch of the adapter with nominal dimensions

Table 1 Specimen’s data and experimental conditions for the twelve tests

Experiment  Specimen  3° Preload  Target P[atm]
number A [mm]  triaxiality ¢,
1 2 20 0.0 —0.9<¢,<-0.7 4.5
2 8 15 0.0 -0.4 3.5
3 17 15 0.0 -0.4 4.0
4 11 10 0.0 -0.2 4.0
5 12 10 0.0 -0.2 3.5
6 14 0 0.0 0.1 2.9
7 16 0 0.0 0.1 3.5
8 4 20 0.75 -0.9 6.0
9 6 15 0.5 -0.7 6.0
10 18 15 0.5 -0.7 5.0
11 19 15 0.5 -0.7 5.0
12 20 15 0.75 -0.9<¢,<-0.7 5.0

Frictional “surface to surface” contact was applied be-
tween all contacting surfaces. A typical value of /=0.1 for
Coulomb coefficient of friction between lubricated surfaces
was adopted.

The impact on the unconfined specimens was simulated
in one step in which the measured experimental stresses
were applied to the end of the simulated incident bar. That
stress was calculated from the actual strains measured for
each experiment (strain gauge location shown in Fig. 3).
The loading of the confined specimen was performed in
three steps: 1) Pre-load, 2) Release, 3) Impact. In the first
step the bottom of the holder is fixed while the specimen,
adapter and transmitting bar were displaced “quasi-statical-
ly” by an amount of A mm. The displacement duration of
2 ms was chosen to diminish inertial effects. The duration of
the release step was set to 100 ps, during which the load is
released and the adapter and transmitting bar are put in
contact with each other and the specimen. This step serves

Table 2 Triaxiality, strain rate and fracture strains for the tested speci-
mens, including results reported for quasi-static experiments in [18]

specimen Triaxiality Strain Fracture
== 0, =50 rate [1] strain &/
—0.06 0.0001 0.16
—0.20 0.0001 0.20
—0.41 0.0001 0.28
—0.72 0.0001 0.70
—0.90 0.0001 1.20
14 0.01 3060 0.07
12 —0.18 3840 0.10
17 —0.34 5524 0.15
19 —0.67 14725 0.35
4 —0.8 11300 0.65
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Fig. 3 Numerical models for simulation of experiments. (a). Uncon-
fined specimen. (b). Confined specimen

as a starting condition for the dynamic experiment, deter-
mining the initial triaxiality level. In the dynamic (impact)

Fig. 4 Typical experimental

step, the experimentally measured displacement is used as
an input to the inner upper surface of the specimen. These
displacements are calculated from the measurements of the
incident pulse and the reflected pulse by the strain gauges
which are located on the mid length of the incident bar.

Results

The experimental results consist of the transient recorded
strains obtained from the strain gauges which are
mounted on the incident and transmitting bars. Analysis
of the signals for stress—strain curve is similar to the
standard SHPB procedure for compression specimens
with some modifications accounting for shear specimens
(e.g., [20-25]). Analysis of the data for extraction of
fracture strain is developed specifically for that specimen
and described in the sequel.

Typical recording of the two types of tests (unconfined and
confined) are shown in Figs. 4 and 5, respectively. Figure 4
shows the raw strain signals obtained for two unconfined
specimens with 3=10° (experiments 4 and 5 in Table 1).
Figure 5 shows the strain history obtained for three experi-
ments with confined specimens with A=0.5mm and ($=15°
(experiments 9, 10 and 11 in Table 1). Good repeatability of
the signals is noted, especially taking into account the slightly
different velocities of the striker in each experiment (different
pressures as detailed in Table 1) as also evident from the slight
difference between the incident pulses.

In the following sections the interpretation of the exper-
imental results is detailed. The procedure consists of two
consecutive steps: the first one is aimed to obtain the stress—
strain curve valid for the particular strain rate. That step is
required only if there is a convincing reason to assume that
the stress—strain curve of the material examined is sensitive

incident and reflected pulses, B = 10°, A =0

results for unconfined specimens w

I T T T

with 3=10° 2000 ---- = specimen 12 -------- [y T 4 Ry n
= ===specimen 11 ! !
N R N R SR SR H—
@ | | !
= | | |
-2000 worpd - b o foeees
1 1 1 1 1
100 150 200 250 300 350
time [u s]
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Fig. 5 Typical experimental

incident and reflected pulses, B=15° A=0.5 mm

results for confined specimens 3 3 !
with A=0.5mm and 3=15° e T
= | =—spc6 |
5 oby o msotelo ;
2 | Trspe 19 1
20000 - Y zhaar-ooo oo o : :
/ | |
100 150 200 250 300 350
time [u s]
transmitted pulses, p=15°, A=0.5 mm
0
§ -500 SERREEL SERY SRR, 77 EEEE- " : SEEEEEEEES
] =-==spc 18 | 1 1
3 | | |
-1000F----r-="='spc19-1------------ R i P oo
p 1 1 1 1 1
500 100 150 200 250 300 350
time [u s]
to the strain rate. In the second step, the strain at fracture is
extracted. (a) x10™ specimen 11
oFp e —— - ————————————J————— u\flmA
. : - 5,=503 MPa ‘
Dynamic Stress—strain Curve | —% }
} ---cy:553 MPa }
; N --=5,=603 MPa|_ I
To account for a rate effect on the stress—strain curve, an -5 T y .
iterative process was performed to derive the dynamic |
curve. As a first guess, the quasi-static curve, taken from £ !
[18], is used to simulate the experiment. The subsequent o] Se— +: 7777777777777777777
stress—strain curves are modified up to conversion to the |
experimental signal. The criterion for conversion of the }
iteration process was chosen to be a negligible (in compar- T +: | ‘ NS
ison to the typical experimental scatter) difference between ! ! : Tl | N N
1 1 1 | | | | | |
the.measured transmitted .straln.(Flgs. 4 and 5) and the 15 e 77 8 5 5 25 5o
strains extracted from the simulation. time [ seconds] x10*
Simulated transmitted signals for experiments 11 and 12
with four ¢ — ¢ curves are shown in Fig. 6, along with the (b) x40 specimen 12
actual experimental recording. For simplicity, the variation Ofprpdy '"”;r
of stress—strain curve is limited to four values of yield stress, ! | |=—o,~503 MPa
shown in Fig. 7. It can be observed that for specimen 11 a | | |---o,=553 MPa
good agreement with the experimental result is obtained B~ f:rf— -=o,608MPal __ - 1
with 0,=603 MPa, while for specimen 12, the curve which | c,=643 MPa
correspond to 0,=643 MPa yields a better fit. Since the £ | | —experimental
numerical simulation does not include fracture at this stage, (00T, AN N | WSS VU SO SR SN S

the departure between the actual signal and the numerical
one is evident (and will be discussed in the next section).
Repeating the same procedure for all specimens yielded
stress—strain curves bounded by two limiting curves shown in
Fig. 7 (designated by the gray shaded area). Figure 7 also
shows the quasi-static curve used as an initial guess and one
intermediate curve. This completes the iterative process for
determination of stress—strain curve at high strain rate loading.
Apparently, the difference between the two dynamic
stress—strain curves defining the gray area can be considered
as a rough indication of the accuracy of this procedure. Yet,

time [seconds] x10™*

Fig. 6 Comparison of the numerically obtained transmitted pulse due
to four 0 — e curves to the experimental pulse. (a). Specimen 11 -
agreement with the o — & curve which corresponds to 0,=603 MPa.
(b). Specimen 12 - agreement with the o — £ curve which corresponds
to 0,=643 MPa
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Fig. 7 Quasi-static stress—strain curve (0,=503 MPa) for aluminum
7075-T651 and the dynamic curve (gray area) obtained for the strain
rate £ ~ 10*1/sec

it is conceivable that finer increments of stress—strain curves
iterations, together with strain hardening adjustment, might
reduce that scatter. Moreover, due to the small sample size in
the present preliminary study, the experiments regarded in
Fig. 7 as of single strain rate (of approximately 10* 1/s)
while the actual strain rate lies between 3,000—14,000 1/s.

As an additional confirmation for the accuracy of the
obtained stress—strain curve at high strain-rate loading, the
experimental results were interpreted directly by a different
and independent procedure, resembling in principle the
commonly employed procedure to interpret results obtained
with compression specimens in a SHPB system. That pro-
cedure and its results are detailed in Appendix A. An agree-
ment between both procedures is noticeable.

Fracture Strain

The fracture strainsé(tr, g), which is assumed to depend both
on the triaxiality (#) and the strain rate (¢), is determined
with the aid of a numerical simulation of the experiment.
Once the optimal stress—strain curve is determined, it is
assumed that the point of departure of the numerical simu-
lation from the experimental raw data (like in Fig. 6) corre-
sponds to fracture.

Let us consider the results obtained with three specimens
19, 11, and 12. The raw strain history and numerical simu-
lation without fracture criterion are shown in Fig. 8 for three
experiments (two configurations). Similar simulations have
been performed with the failure criterion available in Aba-
qus code, referred to as “ductile failure” [26]. That criterion
removes elements which have reached a pre-defined value
of equivalent plastic strain, irrespective of the level of tri-
axiality or strain rate. Different values of fracture strain were
simulated while using the same dynamic ¢ — e curve
obtained in the previous section. The resulting strain pulse
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Fig. 8 Comparison of experimental transmitted strain to numerical
calculated ones obtained for different fracture strains. (a). Specimen
19 of Table 1 showing that e; = 0.35. (b). Specimens 11 and 12 of
Table 1 showing that 5{4 =0.10

of the transmitted bar (“transmitted strain”) for several val-
ues of fracture strain are shown in Fig. 8. It is assumed here
that the correct fracture value is the one for which the
simulated curve with fracture departs from the simulated
curve without fracture at the strain for which the experimen-
tal curve departs from both.

Figure 8(a) shows the experimental transmitted strain of
specimen 19 with the resultant numerical transmitted strain
due to fracture strain ofsf; = 0.25,0.35,0.45 and no fracture.
It should be noted that it is not expected from the numerical
and the experimental signals to coincide beyond the fracture.
The reason for that is that in experiments, the fractured surfa-
ces remain in contact generating some frictional resistance,
while in the numerical analysis this contact is not modeled. It
can be observed that the simulation with 52 = 0.35 agrees best
with the time for departure between the experimental data and
the no-fracture simulation. At that point, /=26 us, the distri-
bution of the equivalent strain within the gauge is given in
Fig. 9(a). The uniformity of the strain and its average value
confirms the calculated fracture strain of [-:J; = 0.35.
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(a)

PEEQ

+3.,600e-01
+3.300e-01
+3,000e-01
+2,700e-01
+2,400e-01
+2.100e-01
+1.800e-01
+1.500e-01
+1.200e-01
+9.000e-02
+6.000e-02
+3,000e-02
+0,000e+00

(b)

PEEQ

+1,100e-01
+1.008e-01
+9,167e-02
+8.250e-02
+7.333e-02
+6.417e-02
+5.500e-02
+4,583e-02
+3.667e-02
+2.750e-02
+1.833e-02
+9.167e-03
+0,000e+00

Fig. 9 Equivalent strain at the gauge at instant just prior to fracture for specimens 19 (a) and 12 (b)

Figure 8(b) shows the results for specimens 11 and 12. The
point of fracture is estimated to be at /=181 us. The best
agreement for that point of fracture is obtained with ez =0.1.
The distribution of the equivalent strain within the gauge at that
instant is shown in Fig. 9(b). The strain distribution is uniform
and the average value is about 30 % lower than the fracture
strain. The difference between the average value and the real
fracture strain is related to stress (strain) concentration in the
fillets.

The same procedure for the derivation of strain at fracture
was repeated for each tested specimen. The results are
summarized in Table 2, along with the average triaxiality
in the gauge and the strain rate. The strain rate is obtained
from the “converged” numerical solutions of the averaged
stresses and plastic strain on the mid-line of the gauge. The
triaxiality and strain rate are average values during loading.
The triaxiality level within the gauge is approximately con-
stant along the entire loading path up to fracture, and its
distribution within the gauge is reasonably uniform (see
details in [18]). This completes the process for derivation
of the fracture strain for each experiment.

Discussion

A natural way to get a confidence in a particular experimental
configuration designed for extraction of material properties is
to compare the newly obtained properties with properties

acquired from already confirmed method. The first question
to be addressed is whether the suggested specimen SCD is
capable of reproducing the dynamic plastic flow within rea-
sonable limits. To that end, additional experiments with two
types of standard specimens, cylinder specimen (CS) and
shear compression specimen (SCS), which are commonly
used for dynamic stress—strain characterizations, were per-
formed. Three CS and two cylindrical SCS [7] specimens
were tested in a SHPB system. The cylinders had diameter
of 6 mm and height of 6 mm. The SCS specimens had a
diameter of 10 mm and total height of 20 mm. Their gauge
height was 2 mm and thickness of 2.4 mm.

The cylinders were impacted at 3 different velocities and
two types of analyses were used to interpret the results. The
first is the “standard procedure” in which the pulses are
analyzed using 1D wave theory for obtaining the o — ¢
curve (as in Appendix A). The second is an iterative
numerical-experimental hybrid procedure which is de-
scribed above for the SCD specimen. Namely, the experi-
mentally measured incident pulse was used as an input in
the numerical simulation and the resulting output strain
signal is compared to the experimental signal. Convergence
of the two signals served as a criterion for the required
stress—strain curve.

The experimental results obtained by using the “standard
procedure” for the three cylinder experiments are given in
Fig. 10 and appear to confirm to the stress—strain curve
defined by 0,=553 MPa in Fig. 7 (the strain hardening in
these two figures is identical). The iterative method led to

SEM
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Fig. 10 Stress—strain curves of AL 7075-T651 at high strain rate (1000—
3000 1/s) obtained from cylindrical specimens compared to an interme-
diate curve used to calculate the SCD specimens given in Fig. 7

identical result. Comparison of the numerically calculated
transmitted pulses to the actual experimental pulse is shown
in Fig. 11(a). The best agreement between the numerical
simulation and the experimental result is obtained for a
curve characterized by 0,=553 MPa. A similar value for
the yield stress of that material is reported in [16]. That
result provides some confidence in the iterative technique
for stress—strain determination, although with some under-
estimation of the flow stresses by approximately 50 MPa as
compared to the results obtained with SCD specimen.

The iterative procedure is further used to interpret the
results from SCS specimens. The smoothed transmitted pulses
of'the SCS are shown in Fig. 11(b). It can be observed that the
best agreement between the simulation and the numerical
results is obtained again for a stress—strain curve defined by
0,=553 MPa. This agreement between the cylinder specimen
and SCS specimen is notable. Yet, both differ from the result
obtained using SCD specimen by 50 MPa.

A question can be raised on whether this discrepancy
should cast a doubt on the validity of the SCD specimen
for extraction of flow properties. Close comparison between
the specimens and experiments disclose several differences
which together could contribute to that deviation. The differ-
ences include: different material stock, different direction of
main loading together with plastic anisotropy (e.g., [16,
27]), and different strain rate, especially, the non-constant
strain rate in cylinder and SCS specimens. Moreover, even
for quasi-static loading, a considerable difference between
stress—strain curves obtained in tension and shear can be
observed (as mentioned, e.g., [28-30]). For these reasons it
turns out (a-posteriori) that the selected material is perhaps
not an ideal choice for the calibration of the method sug-
gested here. Yet, the elevation of 20% of the stress—strain
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Fig. 11 comparison of the numerical transmitted pulses of the SHPB
due to usage of 4 different 0 — ¢ curves of Fig. 7 to the actual
experimental transmitted pulse. (a). Cylindrical specimen. (b). SCS
specimens

curve due to rate effect obtained from SCD specimen, is
consistent with the same elevation obtained in [31] for
aluminum 7076-T6 using tension specimens. Therefore, it
is concluded here that the SCD specimen is a valid candi-
date for material characterization, though additional work is
required to further determine its accuracy.

The second issue to be discussed is whether the sug-
gested SCD specimen is capable of characterizing a correct
fracture strain, at any given triaxiality level and strain rate,
within a reasonable limits. From procedural point of view,
the correctness of the fracture strain obtained depends on the
validity of the statement that the deviation of the experi-
mental curve from the numerically simulated is rooted in
fracture process, not simulated in first iteration simulations.
Thereafter, the accuracy of the fracture strain determined by
this procedure depends on a proper identification of the
deviation point in Fig. 8 obtained from subsequent simula-
tions. As a rough estimation of correctness of these
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assumptions, let us compare the values for strain at fracture
obtained by that procedure, to other independent results for
that material.

A literature search for fracture data of 7075 aluminum
alloy revealed reports only for tensile specimens where
triaxiality is above 1/3 (necking increases triaxiality). The
fracture strain reported is 0.28 [32] (for somewhat different
heat treatment), 0.24 +-0.28 [33], and 0.17 = 0.45 [16].
Before one compares the results obtained here to these
values, the large scatter in the results, possibly due to an-
isotropy as shown in [16], should be recognized. Moreover,
even if there were no anisotropy at all, these results,
obtained with tensile specimens, are still not free of assump-
tions. For example, calculation of fracture strain in tension
specimens relies on Bridgman’s assumption of uniform
strain in the fractured cross-section [1], while it is known
that it is not exact [13]. This leaves us with only a rough
comparison (pointing again to a non-optimal choice of the
material for such a benchmarking).

In order to compare our results obtained at low triaxiality
levels we refer to [17], where it was shown that the fracture
strain of aluminum 2024 at a triaxiality of -0.2 is approxi-
mately the same as at triaxiality of 1/3. Assuming similar
behavior of these two aluminum alloys, one would expect
same values at these triaxialities for aluminum 7075. Indeed,
fracture strain obtained here for #=-0.2 is 0.2, well within
the scatter of the results in the literature for ##=1/3.

In some aspects a more reliable confirmation for the
procedure to obtain fracture from dynamic experiments is
the comparison to fracture strain obtained under quasi-static
conditions with the same specimen [18] where fracture
strain was obtained by a completely different procedure.
The fracture strains under quasi-static and dynamic condi-
tion for various levels of triaxiality are gathered in Fig. 12. It

12} ¥

A © experimental static
* experimental dynamic
A Eq. 3, table 2

5 08l \ " =+~Eq. 3, £= 0.0001 [1/s]
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Fig. 12 The experimental fracture strain of Table 2 for aluminum
7075-T651 versus triaxiality. Experimental data, calculated values
from (equation (1)), and best fit curves for (equation (1)) for 0.0001,
1 and 10000 [1/s]

can be observed that the fracture strain is of the same order
of magnitude as in the static case and at #=1/3, giving some
confidence in the procedure described in Section 5.2 for
dynamic fracture.

Based on considerations given above it is suggested that
the SCD specimen has beneficial properties making it suit-
able for the characterization of plasticity and fracture prop-
erties of metals. We proceed now to examine the possibility
to identify from the experiments an approximate effect of
triaxiality of stress and strain rate on the fracture strain.

Let us assume the mathematical dependence of fracture
strain on triaxiality and strain rate can be expressed by the
following relation

& (1,,8) = (c1 + 26" (dy + dy log(éi)) (1)
which is a generalization of the Johnson-Cook failure model
[34]. The two constants (d;, d,) are to be determined exper-
imentally. The coefficients ¢, ¢, and c; are rate-independent
and reported in [18] and &, is a reference strain rate which
was taken here to bez, = 1 [1/s]. A least squares technique
is applied for fitting d, and d, to the experimental results
detailed in Table 2. The difference between each experimen-
tal value 6/; (7) to the value approximated by (equation (1)) is:

dif (i) = &) (i) — (c1 + c2¢°"?)(dy + d; logé (i) (2)

We minimize the sum of the squares of these differences:

10

F=3_ldif ()] ®)

=1
by application of the partial derivatives

OF OF
o= 0 ; o 0 (4)

The solution of these two (equation (4)) yields:d; =
0.8398, d, = —0.0173. The value of the “dynamic term”
D" = d; + d, logé, in (equation (1)) becomes 0.9991 <D* <
1.0390for 1 x 1073 <& < 1 x 10~* [1/s] which means that
(equation (1)) reduces to the quasi-static formula for quasi-
static loading rates.

Figure 12 shows the experimental results of Table 2
as circles. The triangles stand for approximation of
(equation (1)) to the values of Table 2. A good agree-
ment is observed especially for the quasi-static experi-
mental results. Three curves, obtained from (equation
(1)) calculated for three values of strain rates: 0.0001,
1 and 10,000 [1/s], are shown in Fig. 12 as well. These
curves show the prediction of (equation (1)) for the
span of the fracture strain due to low, medium and high
strain rate. Additional experimental results are needed
for validating this material characterization.

SEM
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Summary

The potential of the Shear Compression Disk specimen for
characterization of high strain-rate flow and fracture proper-
ties of metals under various levels of triaxiality has been
investigated. The main characteristics of that specimen, such
as uniformity of stress within the gauge section and strain rate
and triaxiality along the loading path, which were demonstrat-
ed for quasi-static loading [18], appear to hold for high strain
rate loading as well. Specimens made of aluminum 7075-
T651 where examined under various levels of stress triaxiality
in a range of 0>#,>-0.8 and the strain rate in the range of
3,000 <& < 15,000 1/s. Derivation of the plastic and frac-
ture properties is based on a hybrid experimental - numerical
method. The results for stress—strain curve were compared to
cylinder and SCS specimen, showing reasonable agreement.
Fracture strain was obtained for various levels for triaxiality
and strain rates, emphasizing the advantage of the sug-
gested specimen for a wide range of parameters (triaxiality
and strain rate) with the same set of assumptions. Further
experimental and numerical study is planned to extend our
understanding on the benefits and the limitations of the SCD
specimen.
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Reuven (Materials Mechanics Center) for their dedicated technical
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Appendix A: A Method for Constitutive Relation
Extraction

As an additional confirmation of the obtained stress—
strain curve for the high strain-rate loading, the exper-
imental results were interpreted directly using a similar
procedure to the one which is applied for SCS speci-
mens impacted in a SHPB apparatus. The procedure
requires a transformation of the axial force and displace-
ments on the SCD faces to the averaged von Mises
stress and averaged total strain of the working line of
the gauge (Fig. 3(a)). The procedure and its results are
detailed here.

For that transformation the following derivation and
relations have been used. We first verify numerically
that, during impact the averaged Mises stress and the
averaged total equivalent strain along the midline of the
gauge (Fig. 3(a)), represent the o — ¢ curve which was
inputted into the numerical simulation as the material
property. This is similar to what has been shown for the
shear compression specimen (SCS) [8] at strain rate of
3,000 1/s. Hence a similar data reduction technique can
be used here for the shear compression disk (SCD). The

SEM

averaged total equivalent strain (§ ) on the mid-line of

the gauge is related to the applied displacements (d) on
the upper face of the specimen during the impact in the
SHPB according to the approximate relation

20 :clﬂﬂz(@)ZH}(@)g

where w is the width of the slot. The averaged von Mises

(A1)

stress (&) on the mid-line of the gauge is related to the

applied force (P) by:

it o(ne) +o(53)

The applied force P(¢) is related to the measured trans-
mitted strain () by: P(¢) = &,(t) EA where E and A are
elastic modulus and cross sectional area of the transmitting
bar respectively. The sheared area of the gauge can be
estimated by A4* = Lh where L is the circumferential line:
L = 7(D + w) where D is the inner diameter of the speci-
men’s slots (equal to the incident bar diameter) and 4 is the
vertical height of the specimen gauge. An average shear
stress in the gauge is P(¢) /A°. Equation (A2) simply approx-
imates the normalized von Mises stress on the mid-line of

(1) = o (A2)

the gauge &(t) /o, to the normalized averaged applied

P(1)
g, A%
The coefficients ¢;, i = 1...6 are calculated from the nu-
merical analysis. Using for example the known static prop-
erties of Aluminum 7075-T651 and simulating the impact of
a specimen with $=15° (specimen 17 - Table 1) the

shear where the static yield stress of the specimen is o,.

900 , . . ‘ : ——
B0} i A NI
700} 4
_ 600}
g,
[ .
% e ! —static
S 4004 ! ==-dynamic Eqns. A1-A2 1
B . -~ dynamic
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Fig. 13 Comparison of the quasi-static (blue) and dynamic (green,
red) o — € curves for Aluminum 7075-T651 obtained by specimen 17.
The resulting dynamic experimental 0 — € curve (green) is obtained by
application of (equations (A1) and (A2)) with the experimental results
(d(t),P(t)). The resultant dynamic o — ¢ curve (red) is numerical
modification of the green line
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coefficients are: ¢;=0.14442, ¢,=0.81074, c3=-0.40775,
c4=3.6816, c5=-4.4228 and c=2.4896. Using (Equations
(A1) and (A2)) with these coefficients and the experimen-
tally measured (d(f), P(¢)) yield the first approximation for
the dynamic o — ¢ curve. The resulting stress—strain curve is
shown here in Fig. 13 along with the quasi-static curve and
the dynamic curve obtained by the iterative process employ-
ing full numerical simulation (Fig. 7). An agreement in the
results obtained by the two analyses is noted.
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