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Previously, a phenomenological material model for 6061-T6 aluminum, based on
Hugoniot data up to 10 GPa, was developed by Feng and Gupta [1]. However, recent
shock experiments [2] to stresses above 10 GPa, along with recent ramp wave loading
experiments [3,4], have indicated the need for a new model to provide improved
simulations over a wider range of loading conditions. Therefore, making use of
hydrostatic compression data [5], along with the recent shock and ramp wave loading
data, we have developed a material model for 6061-T6 aluminum that provides a good
description for the shock response to at least 22 GPa and the ramp loading response to at
least 4 GPa. In this report, we describe the model development and present the results of
simulations using the new model. The remainder of the report is organized as follows:

In Sect. A, we list the sources of data used in developing the model. In Sect. B, we
describe our approach to the model development. Section C contains the results of our
model development, including the material parameters to be used in wave propagation
simulations. Section D contains the results of wave propagation simulations, where we
compare simulation results using our model with experimental wave profiles [2-4,6-7]
and with simulation results using the previous Feng-Gupta model [1]. In Sect. E, we
present the primary conclusions drawn from our work.

A. Data Sources
1) Material properties:

Density and sound speeds for 6061-T6 aluminum were measured in our laboratory. The
measured density was 2,70 £ 0.02 g/cc. The longitudinal and shear sound speeds at
ambient conditions were found to be 6.43 + 0.02 and 3.19 + 0.01 km/s, respectively. The
constant volume specific heat capacity was calculated using ¢, = 3R, yielding a value of
0.924 J/g-K. The Gruneisen parameter was assumed to be the same as for 2024
aluminum, i.e. /=2.0 [8].

2) Hydrostatic compression:
Isothermal data (P-V) for compression up to 12 GPa were taken from Ref. [5].
3) Ramp loading experiments:

Three ramp wave experiments were conducted on aluminum up to a longitudinal stress of
4.38 GPa [3]. Fused silica was used as an impact buffer to generate ramp loading into the
aluminum samples. Two experiments (R2 — R3) were performed using a single point
VISAR to measure particle velocity for the wave transmitted through the sample.
Another experiment (R1) was conducted using the multi-point VISAR, where two
aluminum samples of different thickness were mounted on a single fused silica disc, so
that they experienced identical input loading. To observe the wave propagation through
the fused silica buffer in this experiment, the velocity of the buffer free surface was also
measured. Details for these experimental configurations are given in Table 1.



4) Shock experiments:

Shock data to stresses of 13 and 22 GPa were taken from Ref. [2]. Wave profiles were
also available from shock experiments to 4 GPa [7] and 6 GPa [6]. The experimental
parameters for these experiments (S1 — S4) are summarized in Table I.

5) Ramp-shock experiments:

Data were available from a ramp-shock experiment (ramp loading followed by a shock)
to a peak longitudinal stress of 6.38 GPa in the aluminum samples [4]. Three aluminum
samples were mounted on a single fused silica impact buffer and the multi-point VISAR
was used to measure particle velocity for each sample given the same input profile. One
point on the buffer free surface was used to measure the wave profile transmitted through
the fused silica. Other information for this experiment (RS1) can be found in Table I.

B. Approach

To develop the new model, the Hugoniot mean stress response was derived from
hydrostatic compression data [5]. The shear response was then determined by assuming a
constant Poisson’s ratio. With the mean stress and elastic shear responses fixed, a non-
linear strain hardening strength model was determined by adjusting the parameters for the
strength model to fit the available wave profile data.

This approach differs from the development of the previous model [1], where Feng and
Gupta used longitudinal and shear wave speed data [9] to determine the elastic response
at low stresses. For the response above the elastic limit, a linear strain-hardening yield
surface was determined from a bilinear curve fit to available uniaxial-stress compression
data [9]. The longitudinal stress deviator from the resulting strength model was
subtracted from the longitudinal stress Hugoniot curve [9-10] to obtain the Hugoniot
mean stress.

A brief description of the development of the new computational model follows.
1) Hugoniot mean stress response:

The relation between the Hugoniot mean stress and volume compression was derived
from available hydrostatic compression data {5] for aluminum of 99.95% purity. We
assume here that the hydrostatic response of the 6061-T6 alloy does not differ
appreciably from that of the pure metal. The hydrostatic data were transformed from
isothermal to Hugoniot mean stress loading conditions by using the Mie-Gruneisen
equation, together with the assumption of constant ¢, and 77/V. The isothermal data from
Ref. [5] are available up to 12 GPa only. However, the data were extrapolated to 23 GPa
using the Birch-Murnaghan equation,
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with B, =71.88 GPaand B'=4.786 .

2) Elastic shear response:

The shear modulus G was determined under the assumption of constant Poisson’s ratio
v, which results in
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is the isentropic bulk modulus evaluated along the Hugoniot, Py is the Hugoniot mean
stress, 4= p/py — 1 is the volume compression, and /”is the Gruneisen parameter.
Poisson’s ratio was determined from the longitudinal and shear sound speeds at ambient
conditions.

3) Yield surface:

A strain-hardening model similar to that from the Steinberg-Guinan model [11] was used,
resulting in the following von Mises yield surface:
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where \/72 = ‘/%O';/O';/ and \/E = %e,:f.'g(j’ . Parameters Yj, Band n were adjusted in

numerical simulations to give the best fit to wave profiles from the ramp and shock
loading experiments described in Table I.

4) Longitudinal response:

The longitudinal response was determined from the mean stress and shear responses and
the von Mises yield surface.



C. Model parameters

Through the procedure described above, the following parameters were obtained for the
new model. For comparison, parameters for the Feng-Gupta model [1] are given in the
Appendix.

1) Hugoniot mean stress response:

The Hugoniot mean stress curve was determined by fitting a polynomial to the Hugoniot

mean stress results derived from the isothermal compression data [5]. The resulting
expression is:

P, =74.895+138.64 +121.644° +78.494" (GPa), (5)

where the coefficient for the first order term was constrained to equal the known
isentropic bulk modulus. Fig. | shows both the isothermal compression and Hugoniot
mean stress curves. For comparison, the Hugoniot mean stress curve from the Feng-
Gupta model is also shown.

2) Shear response:

The assumption of constant Poisson’s ratio, together with Eqn. (5) above, results in the
following G-P relation:

G =27.68+1.692P-.0066P° (GPa), (6)

where P is mean stress. Eqn (6) is plotted in Fig. 2, along with the G-P curve from the
Feng-Gupta model.

3) Strength model:

The following strain-hardening model was found to give a good fit to the wave profiles
from the experiments described in Table I:

0.07
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The strain hardening curves obtained from Eqn (7) and from the Feng-Gupta model are
shown in Fig. 3.

4) Longitudinal response on the Hugoniot:

Longitudinal stress vs volume compression (o; — 1) and longitudinal stress vs particle
velocity ( oy — uy,) relations were obtained from Eqns (5) — (7). We give separate
expressions for stresses above and below the elastic limit (stresses are in GPa and
velocities are in km/s):



o =111.8u+402.814 for &, <0.6 8)

=0.09477.55u+115.5147 +20223,°  for 0.2 0.6 )
o, =17.38u, +6.17u’ for o, <0.6 (10)
o, =0.10+14.37u, +3.53u; +0.38u, for 0, 20.6 (11)

Fig. 4 shows the oy — u relation from Eqns (8) — (9). The P, -u relation from Eqn (5) is
included for comparison.

D. Wave code simulations

1-D wave propagation calculations were performed using the COPS code to simulate the
experimental ramp and shock wave profiles for 6061-T6 aluminum. The material model
used in the COPS code consists of Eqns (5) — (7). The following parameters were used in
the simulations:

Artificial viscosity:  clinl = 0.03 for ramp

=0.1 —0.15 for shock
Time step: dtmult = 1.00
Cell size: : ~1 pm

Simulation results are compared with the experimental wave profiles in Figs. (5) — (12).
Despite some sample-to-sample variation in the observed elastic limit, the overall
agreement between simulations using the new model and the experimental wave profiles
is very good up until the arrival of the unloading wave. Significant improvement, relative
to the Feng-Gupta model [1], is observed in the shape of the compressive elastic-plastic
wave profile, the speed of the plastic wave, and the arrival time of the unloading wave.
For the unloading wave profiles, the simulations and the data are in poor agreement.

E. Conclusions
The primary findings of our modeling work are as follows:

1) The new model for 6061-T6 aluminum is able to simulate the shock response to 22
GPa and ramp loading response to 4 GPa with good overall accuracy.

2) The new model provides a significantly improved description of the dynamic
response of 6061-T6 aluminum compared to the previous Feng-Gupta model [1].
Improvement is observed for:

a) the overall elastic-plastic wave shape
b) the speed of the plastic wave
¢) the speed of the unloading wave

3) The procedure used to develop the new model permits the incorporation of ramp
loading data, leading to better refinement of the model.

4) To further test the new model, ramp wave experiments to higher stresses are needed.

5) To simulate the unloading wave profiles, other modeling approaches will be needed.



Appendix
The following model parameters were used in the previous Feng-Gupta model [1]:
1) Hugoniot mean stress vs. volume compression:

P, =7276u+128.1° +9544,° (GPa) (12)

2) Shear modulus vs. mean stress:

G =27.63+2.171P+4.661x107 P* (GPa) (13)
3) Strength model:
J, =0.1871+0.717 (GPa) (14)
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TABLE 1. Summary of experiments.

Exp. Impactor Bufter Samples Window Long. Stress
(GPa)
Ramp | Mat. Thick | Proj-vel Mat | Thick ID | Mat. | Thick | Mat. Thick | Buffer | Sample
(mm) (Km/s) (mm) (mm) (mm)
R-12 Al- - 0.566 fs 3.19 1 Al- .00 | z- 508 |38 4.38
6061- 6061- quartz
T6 T6
2 Al- 1.97 | z- 5.08
6061- quartz
T6
R-2% Al- - 0.475 fs 3.19 - Al- 1.988 | z- 508 | 3.22 3.68
6061- 6061- quartz
T6 T6
R-3% Al- - 0.514 fs 1.585 - Al- 291 None | . 3.48 3.978
6061- 6061-
Té6 T6
Shock
s-1° z- 3.20 0.497 - - - | Al- 4.505 | z- 127 | . 4.164
quartz 6061- quartz
T6
S.2° 2z- 3.20 0.717 - - - | Al- 4,450 | z- 127 | . 6.12
quartz 6061- quartz
T6
§-39 Al- 2.337 1.56 - - - | Al- 5.927 | LiF 127 | - 13.65
6061- 6061-
Té6 T6
§-49 Al- 2435 | 2.36 - - - | Al- 6.018 | LiF 127 | - 224
6061- 6061-
T6 T6
Ramp — shock
RS-1° | Al- - 0.815 fs 1.586 1 Al- 0.786 | LiF 102 | 54 6.39
6061- 6061-
T6 T6
2 | Al- 1.782 | LiF 10.2
6061-
Té6
3 | Al- 2.744 | LiF 10.2
6061-
T6
ARef. [3]
® Ref. [7]
¢ Ref. [6]
4 Ref. [2]
¢ Ref. [4]
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