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Abstract: A traditional approach to the study of material strength has been revitalized at the Russian Federal Nuclear 
Center (VNIIEF).  Rayleigh Taylor strength experiments have long been utilized to measure the material response of 
metals at high pressure and strain rates.  A modulated (sinusoidal or sawtooth perturbation) surface is shocklessly 
(quasi-isentropically) accelerated by a high explosive (HE) driver, and radiography is used to measure the perturbation 
amplitude as a function of time.  The Aluminum T-6061 targets are designed with several sets of two-dimensional saw-
tooth perturbations machined on the loading surface.  The HE driver was designed to reach peak pressures in the range 
of 200 to 300 kbar and strain rates in the range of 104 - 106 s-1.  The standard constitutive strength models, Steinberg-
Guinan (SG) [1], Steinberg-Lund (SL) [2], Preston-Tonks-Wallace (PTW) [3], Johnson-Cooke (JC) [4], and Mechanical 
Threshold Stress (MTS) [5], have been calibrated by traditional techniques:  (Hopkinson-Bar, Taylor impact, flyer 
plate/shock-driven experiments).  The VNIIEF experimental series accesses a strain rate regime not attainable using 
traditional methods.  We have performed a detailed numerical study with a two-dimensional Arbitrary Lagrangian Eule-
rian hydrodynamics computer code containing several constitutive strength models to predict the perturbation growth.  
Results show that the capabilities of the computational methodology predict the amplitude growth to within 5 percent of 
the measured data, thus validating both the code and the strength models under the given conditions and setting the 
stage for credible future design work using different materials. 
 
1 INTRODUCTION 
 
The evolution of a Rayleigh Taylor Instability (RTI) in metals has long been used to study and understand material 
strength under high pressure and high loading rates [6-9].  Under aggressive loading conditions, material strength serves 
to stabilize or retard instability-induced perturbation growth.  An RTI occurs at a perturbed surface of a metal that has 
been accelerated by another material of a lower density.  In Figure 1, a material (ρΗ) having a uniform frequency of 
small amplitude perturbations, with fixed wavelength, λ, is accelerated by low density, high--explosive (HE) products 
(ρL).  Rather than uniform compression of the material surface, stress gradients are formed which induce plastic flow. 
Material moves from the valleys into the spike regions, increasing the amplitude of the original modulation.  Spike 
growth continues, with increasing time, as illustrated in Figure 1.  To assess the effect of material strength under RTI 
conditions, the evolution of the perturbation growth is used as a metric.   
                                                                    t0                            t>t0 
 
                                                     λ 
 
 
 
                                             HE 
                                              
                                                         ρL                 ρH       
 
 
 
 
 
                                                                a0                             a(t)                                                    
                                            Figure 1.  Schematic of RTI.  a0 is the initial 
       amplitude of the perturbation, peak to valley. 
     A(t) shows perturbation growth at later time.  
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During the decades that material strength has been studied, numerous experimental techniques have been developed to 
measure strength properties as functions of strain, pressure, temperature and strain rate.  The data from Hopkinson-bar, 
Taylor impact and flyer plate/shock-driven experiments have all been used to formulate and validate constitutive 
strength models (SG, PTW, JC, MTS) widely in use in current hydrocodes.  These experiments have largely been ap-
plied to physical problems where the strain and strain rate regimes are mostly less than 100 percent and less than 104 s-1, 
respectively.  There are many applications where the RTI-induced strain exceeds 100 percent and strain rates  are in the 
104 – 108 s-1 range, for example,  RTI in Inertial Confinement Fusion applications.   
 
The VNIIEF RTI growth experiments are serving to provide the data necessary to validate existing strength models in 
the  strain and strain rate regimes mentioned.  The RTI growth experiments revitalized at VNIIEF are a technique initi-
ated by Barnes, et al [6].  Barnes’ idea is to smoothly accelerate a sinusoidally perturbed surface by the expansion of HE 
products across a void thus guaranteeing shockless (quasi-isentropic) loading to pressures in the hundreds of kilobar 
range.  What we have investigated are a series of experiments which have attained 200 – 300 kbar peak pressures and 
strain rates in the range of  104 s-1 - 106 s-1.  This is the first time since Barnes’ [6] pioneering work in 1974 that experi-
ments of this kind have been accomplished.  We have performed a detailed numerical study to predict the perturbation 
amplitude using two constitutive strength models, namely, SG and PTW.  The remainder of the article is dedicated to 
details of the experimental technique, the numerical results and justification for follow-on experiments at higher pres-
sures and strain rates using different materials. 
 
2 EXPERIMENTAL CONFIGURATION  
 
The experimental setup is based on the original series of experiments formulated by Barnes [6] for the purpose of study-
ing the growth (or lack thereof) of a sinusoidal perturbation imposed on a metal liner accelerated by HE products.  It 
was shown that the perturbation growth is greatly moderated by the dynamic yield strength.  In order to avoid the com-
plications and heating caused by shock formation, the experiment was designed with a void between the HE driver and 
the target.  The HE products cross the void and pile up on the side of the metal liner containing the small amplitude per-
turbations, providing a smooth rise to peak pressures.  A schematic of the VNIIEF experimental design is provided in 
Figure 2.(a), (b), (c).   
 
 
                                                                                                                                                                                                                        
                                                                                        
                                                                                            
 
 
                                                                                                 
                                                                                                                                     (b) 

                                                                                                                                        
(                                                                                                                                                    
                                                                                                                                                  
 
                                                                                                                                      (c) 
                           (a) 
Figure 2. (a) Schematic of the experimental assembly (1) planar detonation wave generator, (2) HMX-based HE, (3) 
vacuum gap, (4) studied liner, Aluminum T-6061, and (5) sealing cylinder; (b) dimensions of aluminium liner; and (c) 
periodic perturbations machined on the loading surface of the aluminium. 
 
 
The dimensions of the HE cylinder are diameter 120 mm and height 60 mm.  The vacuum gap is fixed to be 3.5 mm.  
The aluminium sample was machined to a mean thickness of 1.5 mm in the central region, and had an overall diameter 
of 80 mm.  The back side of the target is bevelled (such that the sample is thinner at the edges than in the center) in or-
der to prevent bending due to lagging peripheral zones behind the central part of interest.  The perturbations are located 
on the side of the target facing the HE.  The composition of the HE governs the magnitude of the pressure.  For the 300 
kbar case, an HMX-based composition was used having density ρ0 = 1.885 g/cm3 and energy release Q = 6.1kJ/g.  Re-
sults will also be shown for 200 kbar peak pressure, where a TNT/RDX-based composition was used having density 
ρ0 = 1.67 g/cm3 and energy release Q = 5.786 kJ/g.  Due to the limitations of machining capabilities, the perturbations 
were chosen to be saw-tooth (Ideally, a sinusoidal modulation is preferred as it is considered a single frequency mode).  
For each of the liners studied, the wavelength of the perturbation, λ, is set at 2 mm.  On each of the loading surfaces of 
the aluminium liners, a set of twenty wavelengths were machined.  The perturbations are in two zones of 10 wave-
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lengths each.  The wavelength is fixed at λ = 2mm and the initial amplitude (peak to valley), A0, in each of the zones of 
10 are 0.06, 0.11, 0.15, 0.19, or 0.23 mm.  Hence each sample provided information for two different initial perturbation 
amplitudes.   
 
There were a total of seven experiments performed in this series, four of which were at 300 kbar peak pressure and 
three, at 200 kbar peak pressure.  Perturbation growth was obtained by x-radiography; therefore, only one piece of data 
can be obtained from one experiment.  A broad-band x-ray source having peak energies of 1 MeV and pulse widths of 
100 ns (fwhm) was used in a side-on imaging arrangement.  A sample of the X-ray photos of the aluminium liner at 300 
kbar peak pressure is provided in Figure 3. 
 

 
 
 
 
 
 

 
  
 
 

Figure 3.  X-ray results from aluminum experiments with peak pressures to 300 kbar.  Sections a) and b) represent the 
zones of different initial perturbation amplitude.  S (mm) is the position of the liner for a given x-ray image.  A0 (mm) is 
the initial peak to valley perturbation amplitude.  A (mm) is the amplitude of the perturbation at the given position. 
 
 
3 COMPUTATIONAL TECHNIQUE 
 
A.  Characterization of the Drive 
 
Material strength is inferred from the RTI; however, it is critically important to correctly model the drive, or accelera-
tion source of the aluminium liner, in order to accurately extract the material strength.  The driver of the acceleration for 
the RTI comes from the stored chemical energy released from the HE, and therefore, the characterization of the pressure 
source is an integral part of the process.  The JWL [10] equation of state, Equation (1), is a pressure-volume-energy 
equation most commonly and successfully used in the hydrocodes, where P is the pressure, ν is the relative volume, re-
lated by ν = V/V0, and V0 is the initial volume, V, the time-evolved volume; A, B, R1, R2 and ω are constants.  The pa-
rameters used for each HE are given in Figure 4. 
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                                                                                          Figure 4.  JWL parameters for HE 
 
We performed a detailed one-dimensional (1D) numerical study to characterize the drive conditions, comparing the 
Pressure, Velocity and Position versus time with the gas dynamic calculations provided by VNIIEF for both HE drive 
conditions.  An analytic equation of state was used for the Aluminum T-6061, with two different strength models:  SG 
and PTW.  Figure 5 shows that the 1D ARES SG calculations are in good agreement with the VNIIEF 1D representa-
tion.  Calibration tests for the drive were performed by VNIIEF using thicker aluminium and incorporating manganin 
gauges to obtain in-situ pressure data.  Velocimetry was not available at the time.  Figure 5. (a) (b) (c) shows good 
agreement between the ARES calibration model and the VNIIEF drive characterization for the pressure, velocity and 
position of the loading surface of the aluminium versus time. 
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         (a)               (b)             (c) 
Figure 5.  Comparision between ARES and VNIIEF drive conditions at the loading surface of the aluminium for the 
300 kbar peak pressure experiments.  (a) Pressure (GPa) vs. time (μs), (b) Velocity (km/s) vs. time (μs), and (c) Position 
vs. time (μs). 
 
 
Very good agreement is shown at early time during the calculation, approximately 1 μs into the problem, with the de-
viation at late time being due to the material strength.  The material strength consumes energy and helps to decelerate 
the plate.   
 
 
B.  Calculated two-dimensional Perturbation Growth 
 
The initial conditions for the two-dimensional (2D) simulations were modelled after the experiment (Figure 6), using 
the drive calibrated in the 1D study.  The full 2D calculations were performed using ARES, which is a massively paral-
lel, multi-physics code.  It is built on a multi-block Arbitrary Lagrangian Eulerian (ALE) hydrodynamics package and 
contains a wide array of physics models necessary for carrying out the HE driven material characterization experiments.  

 
Figure 6.  Schematic of the full 2D computational model, HE slab, vacuum gap and aluminium liner. 
 
Each of the experiments was modelled with 120 zones per wavelength, with square zoning in the target, i.e., 
Δx=Δy=1.67 microns zoning in the metal.  An analytic equation of state is used for the Aluminum T-6061.  Two consti-
tutive strength models were used to determine the material strength:  Steinberg-Guinan [1] and Preston-Tonks-Wallce 
[3].  The SG model is an empirically based constitutive model with no explicit strain-rate dependence.  Because of this 
feature, there has been some debate pertaining to the strain-rate regime in which SG is applicable.  The SG equations 
are given in (2), (3), (4).   
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From shock wave experiments, it is often assumed that SL applies to strain rates up to 105 s-1, beyond which SG applies 
and the strain rate becomes unimportant.  Our calculations  for Aluminum T-6061 using the SG constitutive model are 
shown in  Figure 7.  The PTW model (Equations 5, 6 and 7) is a physically based constitutive model with a thermal ac-
tivation to phonon drag transition that takes effect at a specified strain rate in the 106 - 108  s-1 regime.  Due to the scale-
invariant nature of the PTW model, the authors claim it is valid for arbitrary strains, temperatures and strain rates [15].  
The calculations  for Aluminum T-6061 using the PTW strength model are also shown in Fig. 7. Simulations with either 
model (SG vs PTW) reproduce the observed results reasonably well. 
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(a) (b) 

Figure 7. Perturbation amplitude vs. distance travelled.  (a) Pmax = 300 kbar (HMX driver), and (b) Pmax = 200 kbar 
(TNT/RDX driver). 
 
 
The results shown in Figure 7 represent the data from the seven experiments, VNIIEF calculations with their own 
model, ARES calculations with SG strength model and ARES calculations with PTW strength model.  The ARES 2D 
simulations have predicted the material yield strength to within 5 percent of the measured data for all cases except the 
smallest initial amplitude case.  The standard input parameters for the SG and PTW models were used for Aluminum T-
6061.  Since Aluminum T-6061 is a well-known substance, it is not surprising to find such good agreement.  However, 
the fact that both of the material strength models were formulated from data with very different experimental techniques 
and strain less than 100 percent indicates that the strength models for Aluminum T-6061 implemented in our hydro-
codes are well calibrated.  These experiments have provided an excellent validation experimental set for Aluminum T-
6061 in the given conditions. 
 
We show in Fig. 8 predictions from the PTW model for flow stress for Al6061 at the representative conditions of P = 
200 kbar, T = 400 K, ρ/ρ0 = 1.1, ε = 0.1 (solid curve). [11]  Flow stress is plotted versus log(dε/dt).  The flow stress has 
been normalized by the value predicted by PTW at dε/dt = 1 (but still at the above P, T, ρ/ρ0, and ε).  Also plotted is the 
result for thermal activation only (dashed) curve, turning off the contribution due to nonlinear phonon drag.  In the 
thermal activation regime, PTW predicts flow stress increasing logarithmically with strain rate, σ ~ ln(dε/dt), whereas 
in the nonlinear phonon drag regime, PTW assumes a power law dependence on strain rate, σ ~ (dε/dt)β, with β ~ 1/4.  
Note, using nominal input parameters for Al6061 for the PTW model, the transition from thermal activation to phonon 
drag occurs at strain rates of ~108 s-1.  Hence, the PTW model predicts that these HE-RT experiments, with strain rates 
in the 104-106 s-1 range, lie in the thermal activation regime.  Also plotted in Fig. 8 (dotted curve) is the prediction from 
the SG model.  The SG model is independent of strain rate, but is meant only for high strain rate applications, dε/dt > 
104 - 105 s-1.  Note also, for the conditions of these experiments, 104-106 s-1, the PTW model predicts 10-20% greater 
strength, due to the strain rate dependence in the thermal activation regime.  This is consistent with the simulated 
growth factors being slightly lower for the HE-RT experiments when the PTW model is used, compared to the SG 
model. 
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Figure 8.  Normalized flow stress versus log(strain rate) from the PTW model versus the SG model.   
 
There is a nearly 50 percent discrepancy between the calculations and the experimental data at 300 kbars for the small-
est initial perturbation amplitude of 0.06 mm.  We have found that this is due to the limitations of the machining accu-
racy.  The VNIIEF machining error, at that time, was as much as 20 percent.  We performed calculations incrementally 
increasing the initial amplitude from 0.06 mm to 0.08 mm and found good agreement when the initial perturbation am-
plitude has been arbitrarily set to 0.075 mm. 
 
4 CONCLUSION 
 
Modeling results show that the standard SG and PTW parameters for Aluminum T-6061 are sufficient to model the evo-
lution of a RTI driven quasi-isentropically to pressures in the range 200 – 300 kbar, strain larger than 100 percent and 
strain rates to 106 s-1.  The simulated perturbation amplitude as a function of distance generally agrees well with the 
VNIIEF data.  Future work will focus on higher pressures and strain rates, comparisons of BCC (such as vanadiuim) vs 
FCC (such as Al6061) materials, and different initial grain sizes.  Understanding the effects of varying the peak pres-
sure and strain rate is extremely important, to see how these constitutive models scale outside the regime in which they 
were calibrated. 
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