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Abstract
The high pressure and high strain rate dynamic strength of Mo is experimentally and computationally investigated in the 
3–20 GPa stress, 50–600 C temperature, and 105–106 /s strain rate regimes using a modified tamped Richtmyer-Meshkov 
instability (RMI) method. Modifications to the tamped RMI method include a method to determine loading states during 
strain, a new strength calibration function based on interface shape, and a robust uncertainty quantification method. These 
modifications improve fidelity of the tamped RMI method, allowing evaluation of the compensating effects of pressure hard-
ening, strain rate hardening, strain hardening, and thermal softening. The new calibration function based on interface shape 
is not limited to sinusoidal corrugations and could be applied to additional interface shapes. Plate impact experiments are 
performed at Argonne National Laboratory’s Advanced Photon Source’s Dynamic Compression Sector operated by Wash-
ington State University (DCS), driving a planar shock front through a corrugated Mo-D2O or Mo-C8F18 interface, forcing 
the corrugation to significantly deform. The extent of interfacial deformation, RMI growth, is experimentally observed using 
X-ray phase contrast imaging at the DCS. RMI jet lengths and jet shapes are extracted from the experimental radiographs, 
then used to calibrate numerical simulations performed with the Sandia National Laboratories (SNL) hydrocode CTH. Mo 
yield strength, Y, as a function of shock pressure, P, strain rate, 𝜀̇ , accumulated strain, ϵ, relative volumetric compression, 
RD , and temperature, T, is determined for each impact experiment and presented. The calibrated Mo yield strength values 
range 1.2–1.8 GPa, with strength generally decreasing as the impact stress increases. This trend is likely caused by thermal 
softening or strain localization. The tabular yield strength versus loading condition data presented in this paper can be used 
to fit complex strength models.

Background

Strength is the ability of a material to sustain deviatoric 
stress. The magnitude of strength that a material exhibits 
is typically a function of the loading conditions at which 
plastic strain occurs: pressure, P, strain rate, 𝜀̇ , accumulated 

strain, ϵ, relative volumetric compression, RD , and tempera-
ture, T [1–4]. In dynamic deformation scenarios, such as 
shock compression or isentropic compression, the combined 
effects of pressure hardening, strain rate hardening, and ther-
mal softening cause a material to exhibit significantly differ-
ent strengths from what is observed in ambient conditions, 
e.g., quasistatic tensile tests. For example, ramp-release 
studies on Ta metal have shown nearly an order of magni-
tude increase in strength at 350 GPa pressure compared to 
near-ambient pressure [5]. Additionally, recent Richtmyer-
Meshkov instability (RMI) studies on Cu metal have shown 
an approximately sixfold increase in strength from quasi-
static (10–4 /s) to ultrahigh (107 /s) strain rates [6]. In con-
trast, shock induced thermal softening has been observed in 
shocked tin, leading to the complete loss of spall strength 
[7]. These hardening and softening effects have significant 
implications to the design of systems intended for extreme 
environments, such as ballistic armors, space vehicles, and 
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mining equipment. In this work, the dynamic strength and 
associated loading states of Mo metal are measured using 
the tamped Richtmyer-Meshkov instability (RMI) method 
and evaluated to understand the combined effects of pres-
sure hardening, thermal softening, strain rate hardening, and 
strain hardening in the 3–20 GPa stress, 50–600 C tempera-
ture, 105–106 /s strain rate, and up to 24% strain regimes, 
respectively.

A variety of experimental methods can be used to explore 
the contributions of various loading conditions to dynamic 
material strength. Reviews of common experimental tech-
niques for dynamic strength measurements are available in 
[8] and [9]. For strain rates beyond 105 /s, interfacial insta-
bilities such as RMI have been used to infer material strength 
[10–17]. The RMI is characterized by shock compression 
loading of a nonplanar interface in the direction normal to 
the interface. A comprehensive review of RMI is presented 
in [18, 19]. A variety of experimental configurations exist 
that utilize RMI to probe material strength; of particular 
interest in this study is the tamped RMI method.

The Tamped RMI Method

The tamped RMI method probes material strength at a spe-
cific loading state by inducing plastic strain at an isolated 
region of pressure, temperature, and strain rate [20]. This 
method was first developed by Hudspeth, Olles, and Vogler 
and used to study the dynamic strengths of Cu metal and 
granular SiO2 [13, 14]. A diagram of the specific tamped 
RMI configuration used in this work is shown in Fig. 1. In 
this configuration, two materials of disparate densities are 
placed in direct contact, forming a corrugated interface, then 
shock compressed. As in previous tamped RMI studies, the 
shock compression wave in this study is generated via planar 
impact. The two materials composing the target are referred 
to as the driver and tamper, with the driver material being 

the impacted and first shock compressed material. As the 
shock compression wave transmits through the driver-tamper 
interface and into the tamper, it generates significant vor-
ticity. This vorticity induces significant deformation and, 
under certain conditions, the corrugated interface can invert 
to form a jet. Previous tamped RMI studies have primarily 
used RMI jet length as the main experimental measurement 
and strength model calibrant [13, 14].

Vogler and Hudspeth performed numerical sensitiv-
ity studies to investigate which experimental and material 
parameters govern the growth and evolution of RMI jets 
in impact-driven tamped RMI experiments [20]. The study 
concluded that the length of RMI jets is primarily controlled 
by five factors: the sum of the driver and tamper strengths, 
the Atwood number (A), the loading stress, and the initial 
corrugation aspect ratio ( k�0 for sinewaves). The values of 
A and k�0 are defined by the equations:

where, �T , �D , k , �0 , and � denote the tamper density, driver 
density, sinewave amplitude, wave number, and sinewave 
amplitude, respectively. Of these five factors, the loading 
stress, A, and k�0 should be known measurable quantities 
defined by chosen material densities, component geometries, 
and impact conditions. The only unknown variables gov-
erning RMI growth should be the material strengths of the 
driver and tamper. To determine this combined strength of 
the driver and tamper, numerical simulations of the shock 
compression event can be iteratively performed with modu-
lated strength model parameters until the experimentally 
observed RMI growth is reproduced. If the strength of one 

A =
�T − �D

�T + �D

k�0 =
2�k

�

Fig. 1   Diagram of the tamped RMI experimental configuration used in this study
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material is well-known or negligible, as in the case of a liq-
uid, then the strength of the unknown material can be iso-
lated. Tamped RMI experiments can be performed with a 
broad range of geometries and configurations, as described 
in [20]. In this work, the negative Atwood configuration is 
used in which the driver has a higher density than the tam-
per. Heavy water (D2O) and perfluorooctane (C8F18) are used 
as liquid tampers, with A values of -0.80 or -0.70, respec-
tively. The geometries of the driver-tamper interface cor-
rugations tested in this study are sinusoidal with a constant 
1.0 mm wavelength and varied amplitudes, with k�0 values 
ranging 0.236–1.367.

In this work, three developments of the tamped RMI 
method are employed: (1) an alternative calibration method 
that uses the full contour of the driver-tamper interface as its 
calibrant, (2) an alternative method to determine the load-
ing state (pressure, temperature, strain rate, plastic strain, 
and volumetric compression) associated with the calibrated 
strength values, and (3) a robust uncertainty quantification 
method to determine the uncertainty in calibrated strength 
values. These method modifications are discussed in depth 
in Sects.  "Strength Calibration: Contour Comparison", 
"Loading State Determination", and "Uncertainty Quanti-
fication", respectively.

Previous Investigations of Molybdenum Strength

The strength behavior of Mo has been previously studied 
under quasistatic loading, impulsive/ramp loading, dynamic 
tensile fracture (spall) testing, uniaxial-strain shock com-
pression loading, and oblique impact. The reported yield 
strengths, methodologies, and impact conditions from 
various studies are shown in Table 1. Many studies report 
dynamic yield strengths inferred from the Hugoniot elastic 
limit (HEL), reflecting some estimate of the stress that Mo 
can support prior to plastic deformation. The investigations 
by  Steinberg [21, 22] and Alexander et al. [23], reported 
fitting parameters for the Steinberg–Guinan-Lund strength 
model, so the initial, Y0, and maximum, Ymax, strength values 
are reported for these studies.

As shown in Table 1, the dynamic yield strength of Mo 
has been reported in various studies with values ranging 1.1 
to 1.8 GPa. For many of the studies listed, a drive stress or 
peak stress state is reported. However, these reported stress 
states are often not the pressure that should be associated 
with the reported yield strength. For example, dynamic yield 
strengths inferred from the HEL measurements should be 
correlated with the elastic stress in the material. Addition-
ally, the 𝜀̇ , ϵ, � , and T loading states that would be associ-
ated with the reported strengths are typically not reported. 

Table 1   Reported dynamic yield strengths from experiments on Mo

Reported Y (GPa) Methodology Drive Conditions Reference

1.8 Uniaxial plate impact, inferred from HEL 10–20 GPa Chhabildas 
[24]

1.4 Shock and release 6–15 GPa Furnish 
[25]

1.3 Uniaxial plate impact, inferred from HEL 6–15 GPa Furnish 
etal., [26]

1.6 Uniaxial plate impact, inferred from HEL 7–15 GPa Duffy 
&Ahrens, 
[27]

0.8–0.9 Heated uniaxial plate impact, inferred from HEL 12–31 GPa, 1400 C Duffy 
&Ahrens, 
[27]

Y
0
=1.6, Y

max
=2.8 Fit to lower strain rate data, e.g., Hopkinson bar, then validated against plate 

impact experiments
– Steinberg 

[21]
1.7 Uniaxial plate impact with lateral stress gauge 8–16 GPa Cotton 

et al., 
[28]

Y
0
=1.1, Y

max
=2.8 Electromagnetically applied compression-shear ramp loading – Alexander 

etal., [23]
1.1 Symmetric oblique impact combined with numerical simulation 3–19 GPa Johnson 

[1]
1.4–1.7 Symmetric oblique and uniaxial plate impact, inferred from HEL 3–19 GPa Johnson, 

[1]



	 Journal of Dynamic Behavior of Materials

Without these loading states, it is difficult to make compari-
sons between these reported strengths and the strengths cali-
brated in the present study. The lack of loading state infor-
mation also makes it difficult to calibrate complex strength 
models to these data.

In contrast, the studies by Steinberg, [21, 22] and Alexan-
der [23] report fitting parameters for the Steinberg–Guinan-
Lund (SGL) strength model and a modified version of the 
SGL model, respectively. The parameters reported by Stein-
berg, [21, 22] are used for comparison to the experimen-
tal data in Sect. "Comparison of EPP Model Fits to Stein-
berg–Guinan-Lund Model", and generally suggest that Mo 
is less strong than their reported model predicts.

Dynamic tensile fracture (spall) testing of Mo has been 
performed separately by Cotton and coworkers, Kanel and 
coworkers, and Chhabildas and coworkers, producing sig-
nificantly different results [24, 28, 29]. The experiments by 
Cotton and coworkers showed low spall strengths near 0.7 
GPa at 7 GPa stress, with the Mo spall strength decreas-
ing to near zero as impact stress was increased [28]. The 
experiments by Chhabildas and coworkers found moderate 
spall strengths for Mo, near 2.3 GPa [24]. The experiments 
by Kanel and coworkers, which used single crystal Mo, 
reported high spall strengths, ranging from 3 to more than 10 
GPa [29]. For ductile materials, spall strength is often cor-
related with material dynamic strength. However, for brittle 
materials spall strength can be more closely related to frac-
ture behavior. The spall strength study by Chhabildas and 
coworkers included additional refractory metals and found 
no symmetric relationship between spall strength and yield 
strength, but did find a direct correlation between density-
normalized spall strength and fracture toughness [24]. The 
large range in reported Mo spall strengths suggests that the 
brittle nature of Mo could lead to damage during RMI exper-
iments if tensile loading states are significant. To avoid the 
effects of damage, the current study uses liquid tamping to 
reduce release and thus reduce the potential of rupturing at 

the RMI bubble locations. The current study also limits the 
temporal region of interest to remove the hazardous effects 
of release waves, as discussed in Sect. "Temporal Region of 
Interest for Model Calibration".

In the lower strain rate regime, Scapin and coworkers 
studied the strength of high purity Mo samples from two 
vendors, Plansee and AT&M, varying strain rates 10–3 to 
103 /s at ambient temperature, then varying the temperature 
from ambient to 1000 C at either 10–3 or 103 /s strain rates 
[30]. Scapin and coworkers describe the strain hardening, 
strain rate hardening, and thermal softening behaviors of 
Mo within these strain rate regimes, noting that the strain-
induced adiabatic heating observed in the 103 /s experiments 
could cause an overall softening effect, such that thermal 
softening had a greater contribution to material strength than 
strain and strain rate hardening combined [30]. We find simi-
lar results regarding the compensating behaviors of thermal 
softening and strain rate hardening in the current study.

Fig. 2   Half-section diagram of the target design used in this study

Table 2   Nominal dimensions of the target assembly components

Component Material Inner 
Diameter 
(mm)

Outer 
Diameter 
(mm)

Thickness 
(mm)

Sample Mo – 13.5 2.9
Tube PMMA or PC 13.5 25.4 25.4
Cap PMMA or PC – 25.4 3.2

Fig. 3   Photograph of selected target components
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Experimental Setup

Tamped RMI experiments are performed at the Argonne 
National Laboratory’s (ANL) Advanced Photon Source’s 
(APS) Sector 35: Dynamic Compression Sector (DCS) oper-
ated by Washington State University. These experiments use 
the single stage gas gun (SSGG) or powder guns (PG) to 
impact the target assembly with 10 mm diameter copper 
and tantalum flyer plates. The 10 mm flyer plate diameter 
defines the main design constraint for the present study. 
Target assemblies are designed to hold a Mo sample with 
a corrugated surface in direct contact with D2O or C8F18, 
as shown in Fig. 2. The Mo sample is press fit into an alu-
minum target holder, which is fastened to a clear plastic tube 
and cap. The surfaces between the aluminum target holder, 
tube, and cap are sealed with O-rings. The tamper fluid is 
injected into the cell through the fill tube, which is then 
plugged with a sealing screw. Nominal dimensions of the 
main sample components are presented in Table 2 (Fig. 3).

In this design, a Mo disk is press fit into an aluminum 
sample holder. This sample holder is machined with 4 
through holes and 2 dowel pin holes. The dowel pin holes 
are used for alignment, both during machining and during 

impact experiments at DCS. During machining, the sinewave 
profile is machined into the Mo surface via wire electronic 
discharge machining (EDM), aligning the sample’s dowel 
pin holes to be perpendicular to the EDM wire. To reduce 
thickness of the EDM recast layer, the profile is machined 
in 5 passes. During impact experiments at DCS, the tar-
get assembly is rotationally aligned via mating dowel pin 
holes in the mounting plate. A slightly modified version 
of the standard DCS target mounting plate design [31] is 
used: counterbored holes are machined into the uprange 
face of the mounting plate that match the four holes in the 
sample holder and plastic tube. Screws fasten the mount-
ing plate, sample holder, and tube together, crushing an 
O-ring in the gland between the sample holder and tube. 
This pass-through fastener design reduces the potential for 
buckling or warping of the thin aluminum sample holder that 
would occur if screws were fastened directly to its surface. 
Similarly, screws fasten the cap to the tube with an O-ring 
crushed in the gland between. The resulting chamber holds 
the tamping fluid, D2O or C8F18, which is injected through 
the fill tube with a plastic syringe. After filling the chamber 
with tamping fluid, a sealing screw is fastened into the fill 
tube to ensure the cell is hermetically sealed. The assembled 
target is mounted to the muzzle of the DCS guns.

Fig. 4   Radiographs taken dur-
ing the 22–4-035 experiment. 
Impact direction is shown as 
rightwards



	 Journal of Dynamic Behavior of Materials

Data Acquisition and Imaging Techniques

Impact experiments are performed using the DCS SSGG 
and PG to impact the uprange, flat face of the Mo sample 
with Cu or Ta flyer plates at impact velocities ranging 529 
to 2390 m/s. Up to eight in situ phase contrast radiographic 
images of the Mo-tamper interface are taken at 153.4, 306.8, 
or 613.6 ns intervals using X-ray radiation from the ANL 
APS synchrotron (23–26 keV X-ray, U17.2 undulator) as the 
light source and the DCS imaging system to record contrast 
images. A full description of the DCS imaging system is 
available in [32]. In this study, the 5X magnifying optic is 
used, resulting in a 2.50 µm/pixel resolution and an approxi-
mately 2.2 × 2.5 mm2 field of view. In all experiments, a 
15 mm undulator gap is used and all images are aligned to 
the radial center of the gun barrel, i.e., the radial center of 
the flyer plate. This alignment definition is chosen because 
the sample’s radius is larger than the flyer plate, thus choos-
ing to align to the center of the gun barrel ensures that the 
imaged location experiences edge release at the latest time, 
even when the flyer and sample are not perfectly concentric. 
An example montage of radiographs taken during an impact 
experiment is shown in Fig. 4. The dark material is Mo and 
the light material is D2O. Time labels are shown with respect 
to the triggering diagnostic, not the temporal frame of refer-
ence used in calibrations. Peak-to-peak distance along the 
sinusoidal interface is 1.00 mm.

Image Analysis and Data Extraction

Image Registration and Resolution Determination

Images are taken on four cameras, each with a different van-
tage. Image registration is thus performed on a per-camera 
basis so that all image data can be compared with the same 
spatial frame of reference. To perform this process a dot 
grid with 100 µm spacing is imaged through the X-ray beam 
with all four cameras. Image analysis is performed using 
MATLAB, version R2020b. Image rotation and translation is 
performed using the imregtform function. Image resolution 
determination is performed using the imfindcircles function 
to fit circles to each dot in the grid, then extract the Euclid-
ean center-to-center distance between each neighboring set 
of dots. The pixel resolution across all experimental series 
was found to be 2.5000 ± 0.0008 µm/pixel.

Image Flatfielding

Flatfielding is used to improve image contrast, thus reducing 
uncertainty in extracted contour locations. The flatfielding 
process normalizes images by the maximum and minimum 

intensity that the cameras could record. These values are 
determined by taking 20 whitefield and 20 darkfield images 
on each camera immediately before each experiment. White-
field images are taken by removing the sample from the field 
of view and recording images with the X-ray beam present, 
representing the maximum intensity the camera could record 
after the X-ray beam has transmitted through the windows 
of the gun chamber and imaging optics. Darkfield images 
are taken when the X-ray beam is not present, represent-
ing image intensity for zero transmission. Flatfielding is 
performed on a per-camera basis, subtracting the darkfield 
images, then dividing the remaining image intensity by the 
difference of the whitefield and darkfield images.

Extraction of Driver‑Tamper Interface Contours

The location of the interface between the Mo and tamp-
ing fluid is extracted from each flatfielded image through 
a combination of masking, thresholding, and edge finding 
methods in MATLAB. First, a polygonal region of interest is 
hand-selected around the interface, typically at a 20–50 pixel 
standoff distance, defining a mask. Then, a 20 pixel length 
median filter (blur) is applied to the image. The blurred 
image is then converted to a logical array via thresholding, 
with the threshold applied at 5%, 6% or 10% of maximum 
flatfielded intensity for images showing D2O tampers, D2O 
tampers with visible O-rings, and C8F18 tampers, respec-
tively. Threshold values were determined empirically by 
iteratively overlaying the extracted edge with the original 
image until the best match was found. The edge of the logi-
cal threshold image is determined via Canny edge detection 
and restricted to values only within the previously defined 

Fig. 5   Contours are extracted from the phase contrast images: (left) 
the original image is shown on the left, (right) the extracted contour 
is overlaid as a cyan line. Impact direction is shown as rightwards
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mask. The extracted edge is then used for comparison to 
simulations and jet length extraction. An example radio-
graph with extracted contour overlaid is shown in Fig. 5.

Jet lengths are extracted from the interfacial edge location 
data by determining the location of the central bubble and 
two neighboring spikes. The jet length is calculated for each 
image as the Euclidean distance between the central bubble 
and the midpoint of the two spikes.

Rotational Alignment of Interface Contours

The interfacial contours must be rigidly translated and 
rotated to align with and be compared to simulation data. 
This alignment is performed by finding the translation and 
rotation parameters which cause the two imaged RMI jets to 
be perfectly mirrored across the central bubble. To perform 
this alignment optimization, driver-tamper interfacial con-
tours are translated such that the central bubble is the origin, 
then rotated and chopped into two point clouds: positive and 
negative with respect to the central bubble location. The 
negative point cloud is mirrored across the central bubble 
and the average distance between the positive and negative 
point clouds is calculated. This process is iterated with var-
ied translation and rotation values until the global minimum 
is found. This global minimum is defined as the ideal rota-
tion and translation and is then applied to all contours for 
the given experiment. Once this process is completed, the 
negative and positive point clouds are combined into the 
final contour point cloud, so that simulations are calibrated 
to both sides of the sinewave. This process is repeated for 
each image of each experiment.

Uncertainty Quantification for Radiography: Edge 
Reproduction

The systematic uncertainty associated with how interfacial 
contour locations are extracted from radiographs is deter-
mined by evaluating the spread in extracted contour loca-
tions from pre-shot static images. Prior to each experiment, 
20 white field, 20 dark field, 20 ambient, and 2 pre-shot test 
trigger images are taken on each camera. This results in a 
total of 88 flatfielded pre-shot static images per experiment. 
To calculate the spread in contour location as a function 
of processing method, each of these 88 images are pushed 
through the same extraction method described in the pre-
ceding subsection. This generates 88 pre-shot contours per 
experiment. The spread in these 88 contours is determined 
as the spread from the camera-specific average contour loca-
tion along 1 central wavelength, using a 2.5 µm (1 pixel) 
bin size. This spread is calculated for each contour position 
(singular pixel) of the 88 extracted contours and calculated 
as the minimum Euclidean distance from the extracted con-
tour location to the average contour. This process generates 
40,000–60,000 deviation distances per experiment, with the 
number of deviation distances being dependent on the arc 
length of the imaged sinewave. A histogram of deviation 
distances for shot 22–4-035 is shown in Fig. 6.

These histograms define the systematic uncertainty in 
RMI contour location, which is a critical component of the 
overall experimental uncertainty. From this histogram, the 
standard deviation is defined as the 68.27% confidence inter-
val. This standard deviation is calculated for each experi-
ment and reported as the edge reproduction uncertainty, 
�ERU , in Table 7.

Fig. 6   Histogram of pixel deviation distances for experiment 22–4-
035 with 68.27% confidence interval plotted, which is used to define 
the standard deviation

Fig. 7   Average image intensity in the impact direction for shot 22–4-
035.y
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Edge reproduction uncertainty values are generally 
small across the range of experiments, ranging from 2.19 to 
3.83 µm across the series of experiments.

Time of Shock Entry Determination

Time of shock entry is extracted from the phase contrast 
images by tracking the driver-tamper interface and shock 
front locations, then fitting a spline function to these posi-
tions as a function of time and extrapolating to the time 
where the shock front and driver-tamper interface coincide 
with the pre-shot driver-tamper interface location. This pro-
cess is performed by calculating the average image intensity 
in the impact direction along 2 wavelengths, i.e., mean inten-
sity per column of pixels, then extracting the location of sig-
nificant intensity variations. A plot of average image inten-
sities for shot 22–4-035 is shown in Fig. 7. The extracted 
driver and shock positions are shown in Fig. 8, note that the 
slopes of the driver position and shock position lines are 
descriptive of the particle and shock velocities, respectively.

The plots in Fig. 8 can be extrapolated in the negative 
time direction to determine the time when the average driver-
tamper interface and shock front positions would meet the 
pre-shot driver-tamper interface location. This extrapolated 
time is defined as the time of shock entry and corresponds 
to when the shock front first reaches the mid-plane of the 
sinusoidal driver-tamper interface. This time is used as the 
reference time in later model calibration steps, as discussed 
in Sect. "Frame of Reference Determination".

Numerical Simulations Using CTH

Simulations are performed using the Sandia National Labo-
ratories (SNL) hydrocode CTH [33] in 2D Cartesian geom-
etry, capturing the behavior of the driver, tamper, flyer plate, 
and sabot. All other components were determined to cause 
negligible effects on RMI evolution and are not included. 
Because of the small diameter of the flyer plate, the simula-
tion extends from the radial center of the Mo driver to just 
beyond its outer radius, 6.75 mm. This allows edge release 
to be simulated along one dimension. A mirror boundary 
is applied at the radial center of the Mo driver, while an 
outflow boundary is applied at a distance two mesh ele-
ments beyond its outer radius. The tamper is modeled with 
a 6.75 mm radius to match the Mo driver, and an infinite 
thickness extending beyond the downrange outflow bound-
ary condition. The flyer plate is modeled with a 5 mm radius 
and a thickness that matches the experimentally measured 
value. The sabot is modeled with a matching 5 mm radius 

Fig. 8   Extracted mean driver-tamper interface and shock front posi-
tions for shot 22–4-035. Time is shown with respect to the triggering 
diagnostic

Table 3   Mie-Grüneisen EOS 
models parameters applied to 
the simulated components

* Value for water is applied

Component Material ρ0 (g/cm3) C0 (mm/µs) S1 S2 γ0 CV (  J

g∗◦C
) Reference

Driver Mo 10.210 5.03 1.265 – 1.490 0.249 [33]
Tamper D2O 1.110 1.48 1.984 – 0.480 3.689 [14]
Tamper C8F18 1.770 0.86 1.886 – 0.480 3.689* [35]
Flyer Cu 8.930 3.94 1.489 – 1.990 0.393 [36]
Flyer Ta 16.654 3.39 1.220 0.050 1.600 0.138 [35]
Sabot Al6061-T6 2.703 5.22 1.370 – 1.970 0.922 [22]
Sabot PC 1.186 2.30 1.750  − 0.130 0.910 3.017 [35]

Table 4   EPPVM strength model parameters applied to the simulated 
components

Y* indicates that the Mo yield strength is varied in simulations.

Component Material Y (GPa) ν

Driver Mo Y* 0.29
Flyer Cu 0.47 0.36
Flyer Ta 0.75 0.33
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and an infinite thickness, extending beyond the uprange 
inflow boundary condition. An initial downrange-oriented 
velocity is applied to the sabot and flyer plate that matches 
the experimentally measured impact velocity, generating 
the shock compression event. A uniform mesh element 
length of 2.0 of 10.0 µm is applied depending on if simula-
tions are run for strength model calibration or uncertainty 
quantification, respectively, which will be discussed in 
Sects. "Dynamic Yield Strength Calibration" and "Uncer-
tainty Quantification".

All materials are modeled using a Mie-Grüneisen EOS 
and Elastic-Perfectly Plastic Von Mises Criterion (EPPVM) 
yield strength. The suitability of the EPPVM model to cap-
ture the average strength throughout the RMI growth and 
evolution event is being numerically verified and validated 
through a separate study that will be published in the near 
future [34]. The constitutive model parameters applied to the 
modeled components are presented in Tables 3 and 4. Melt 
temperatures are set to an effectively infinite value, 10 eV 
(115,767 °C), to ensure that thermal softening is not active 
for the EPPVM model. The sabot and tamper are modeled 
without strength models, as strength of the sabot has neg-
ligible effects on RMI evolution, and the liquid tamper is 
assumed to have negligible strength in comparison to the Mo 
metal. Fracture is assumed to not occur within the temporal 
region of interest and is not modeled.

Dynamic Yield Strength Calibration

The dynamic strength of Mo is determined by calibrat-
ing hydrocode simulations to the experimental radiograph 
data. The two calibrants investigated are the driver-tamper 
interfacial contour shape and jet length. The following 
subsections define the spatial and temporal frames of ref-
erence, temporal region of interest, and application of the 
contour calibration and jet length calibration processes.

Frame of Reference Determination

To directly compare experimental and simulated results, 
common spatial and temporal frames of reference must be 
defined. In this work, the spatial origin is defined as the 
radial center of the molybdenum-tamper interface, i.e., the 
central bubble. The temporal reference, t0, is defined as 
the time at which the shock wave reaches the mid-plane 
of the sinusoidal molybdenum-tamper interface. In the 
experimental data, this time is determined by tracking 
the average position of the shock front and driver-tamper 
interface along two wavelengths (2.00 mm), as described 
in the preceding section. In the simulated data, this refer-
ence time is defined by pressure arrival at the sinusoidal 

interface’s mid-plane, halfway between the sinewave’s 
peaks and valleys.

The spatial origin is defined as the central bubble loca-
tion in a Lagrangian format. By selecting the central bub-
ble, the comparison focuses solely on interfacial deforma-
tion and removes the equation of state effect of interfacial 

Fig. 9   Example of driver-tamper interfacial deformation (RMI evolu-
tion) using the central bubble as the dynamic spatial origin. Contours 
are colored by time, plotted at 0.010 µs intervals. Impact direction is 
shown as upwards

Fig. 10   Simulated jet length profile with labels for RMI growth, RMI 
arrest, and late time effects. The time axis is shown with respect to 
shock breakout, as discussed in Sect. "Frame of Reference Determi-
nation"
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translation. The radial-axis is defined as the absolute value 
of distance from the origin, mirroring the sinewave profile 
across the impact direction-axis. This is chosen to improve 
rotational alignment of the experimental contour, defining 
contour rotation as the value where the pre-shot sinusoi-
dal interface best aligns with itself, as previously described 
in Sect. "Rotational Alignment of Interface Contours". An 
example of simulated contour locations using this Lagran-
gian frame of reference is shown in Fig. 9 for shot 22–4-035.

Temporal Region of Interest for Model Calibration

Previous tamped RMI work has shown that the great-
est sensitivity to material strength occurs after the RMI 
growth arrests. In this work, the temporal region of inter-
est applied to model comparison is defined as the time 
period between RMI growth and the occurrence of late 
time effects caused by edge release, rarefaction, or shock 
reflections. This time period is visualized with a simulated 
jet length profile in Fig. 10.

Strength Calibration: Contour Comparison

The contour comparison method evaluates how well 
the computational model captures the experimentally 
observed deformation by quantitatively comparing the 

simulated driver-tamper interfacial contour to the experi-
mentally measured interfacial contour. For this process, 
CTH simulations are performed with a 2.0 µm uniform 
mesh size (500 elements/wavelength) generating a total 
of 212.8 million cells within each calculation. Experimen-
tally observed contours are extracted using the process in 
Sect. "Extraction of Driver-Tamper Interface Contours". 
Simulated interfacial contours are calculated using a set 
of 19 Lagrangian tracer points implemented at the driver-
tamper interface with equal spacing along the central half 
wavelength of the simulation, i.e., central bubble to nearest 
spike. Simulated contours are translated to the dynamic 
frame of reference described in Sect. "Frame of Reference 
Determination" by subtracting the coordinates of the cen-
tral bubble. To compare the simulated and experimental 
contours, the minimum Euclidean distance between each 
simulated point and the point cloud of experimental loca-
tions is calculated. The mean of these calculated distances 
is defined as the cost function for the contour calibration 
process. An example plot of mean contour distance vs. 
simulated yield strength is shown in Fig. 11 with overlaid 
plots of the experimental and simulated contour in Fig. 12. 
The minimum of a polynomial fit to the deviation distance 
curve defines the calibrated strength value for the experi-
ment. This process is repeated for each experiment, and 
contour comparison calibrated yield strength values are 
reported in (Table 5) as YContour.

Fig. 11   Calibration curve for the contour comparison method applied 
to Shot 22–4-035. The mean deviation distance is plotted as a func-
tion of simulated Mo yield strength

Fig. 12   Comparison of the simulated and experimental jet contours 
for frame 7 in Shot 22–4-035 overlaid on the experimental radio-
graph. The simulated yield strength in this figure is 1.225 GPa and 
mean contour deviation is 5.9 µm. Impact direction is shown as right-
wards
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Strength Calibration: Jet Length Comparison

The jet length comparison method follows a similar meth-
odology to that employed by Hudspeth and coworkers [13] 
and Olles and coworkers [14]. In this method, simulated jet 
lengths are extracted from the CTH simulations and com-
pared to the experimentally measured values. A plot of simu-
lated jet lengths vs. the experimentally measured values is 
shown in Fig. 13. The mean deviation in jet lengths across 
the temporal region of interest, as defined in Sect. "Temporal 

Region of Interest for Model Calibration", is calculated and 
used as the calibration cost function. Similar to the contour 
comparison method, the minimum of a polynomial fit to this 
mean deviation curve defines the calibrated strength value 
for the given experiment. Jet length calibrated yield strength 
values are reported in Table 5 as YJetLength.

Loading State Determination

Tamped RMI experiments induce strain at relatively pre-
cise loading conditions, i.e., pressure, temperature, and 
strain rate. To determine the loading conditions associ-
ated with each calibrated yield strength, histograms of the 

Fig. 13   Comparison of experimentally measured jet lengths with sim-
ulated jet lengths of varied yield strength for 22–4-035. The experi-
mental data used for comparison with simulations is denoted as the 
‘Comparison Frames’ and plotted in blue

Table 5   Calibrated yield strengths per experiment

Drive and release stresses, �
Drive

 and �
Release

 , are calculated via impedance matching. Vel indicates impact velocity. Shots marked with asterisks 
do not show calibrated strength values because fracture may have occurred

SHOT ID Vel. (km/s) Impactor Tamping Fluid k�
0

YContour(GPa) YJetLength(GPa) �Drive(GPa) �Release(GPa)

22–4-024* 2.390 Cu C8F18 0.236 – – 70.04 14.52
22–4-025 1.049 Cu D2O 0.660 1.720 1.708 25.86 2.90
22–4-026 1.404 Cu C8F18 0.660 1.670 1.782 36.37 5.80
22–4-027 1.456 Cu D2O 0.660 1.446 1.652 37.98 4.81
22–4-028 1.854 Cu C8F18 0.660 1.484 1.598 50.93 9.33
22–4-029 2.277 Ta D2O 0.440 1.211 1.276 82.65 13.46
22–4-030 2.223 Ta C8F18 0.440 1.405 1.452 80.19 17.46
22–4-035 2.066 Ta D2O 0.440 1.234 1.282 73.17 11.47
22–4-036 2.326 Ta C8F18 0.440 1.311 1.329 84.91 18.56
23–2-006 0.769 Ta D2O 1.367 1.374 1.481 23.04 2.49
23–2-007 0.529 Ta D2O 1.367 1.491 1.262 15.32 1.47
23–1-005* 1.344 Cu D2O 1.367 – – 34.53 4.24
23–1-006* 1.459 Cu D2O 1.367 – – 38.08 4.83

Fig. 14   For loading state determination, tracers are placed throughout 
the Mo driver with approximately equal 25 µm spacing. In this fig-
ure, tracers are plotted as yellow squares. Impact direction is shown 
as upwards
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accumulated instantaneous strain vs. pressure, temperature, 
and strain rate are generated for each experiment. This meth-
odology is influenced and inspired by the recent Physical 
Regime Sensitivity work by Dyer [37], but uses a differ-
ent approach. The data for these histograms are generated 
through CTH simulations, in which a dense grid of Lagran-
gian tracers are placed in the Mo driver along the central 

wavelength, at depths ranging 0.025 to 0.975 mm. These 
tracers are placed with approximately equal 25 µm spacing, 
populating 41 tracers along the sinewave at 39 depths, total-
ing 1599 tracers. A visualization of these tracers applied to 
simulations of Shot 22–4-035 is shown in Fig. 14. These 
CTH simulations are almost identical to the strength cali-
bration simulations described in the preceding section, 
with the only difference being that the Mo yield strength 

Fig. 15   Histograms of accumulated incremental strain as a function of loading pressure, temperature, strain rate, and strain for shot 22–4-035



Journal of Dynamic Behavior of Materials	

is constrained to be between the jet length calibrated and 
contour calibrated values, with a uniform distribution.

To generate histograms of loading condition as a function 
of instantaneous strain, the instantaneous amount of strain at 
each tracer location is calculated as the product of the plastic 
strain rate and the time step. This instantaneous strain is then 
summed in bins of pressure, temperature, strain rate, strain, 
and relative density to produce histograms, an example is 
shown in Fig. 15. Histogram outliers are removed using a 
moving median algorithm. The peak (mode) and centroid 
(average) of each histogram are used to define the nominal 
loading conditions associated with the calibrated strength 
values. Drive stresses and release stresses are calculated 
via impedance matching and reported alongside calibrated 
yield strengths in Table 5. Loading states calculated using 
the strain-based histogram analysis are reported in Table 6. 
Note that all strain rates fall within a narrow range on a 
logarithmic scale and could be approximated as nominally 
105–106 /s. Plots of calibrated strengths as a function of 
loading pressure and temperature are shown in Fig. 16.

The loading states tabulated in Table 5 show that the 
temperature at which strain occurs is highly correlated with 
the drive stress, whereas the pressure at which strain occurs 
is highly correlated with the release stress. This result is 
expected and follows the trends described in the numeri-
cal study by Vogler & Hudspeth [20]. Future experiments 
that use higher energy radiography can explore higher shock 
pressures within the same shock temperature range by using 
higher shock impedance tampers.

Mesh Sensitivity Effects on Strength Calibration

To evaluate the effect of mesh size on the strength calibra-
tion process, simulations are performed at 10 mesh ele-
ment sizes ranging from 2 to 26 µm, with equal spacing. 
Yield strength is varied from 0.80 to 1.60 GPa in 0.10 GPa 

increments. The calibrated yield strengths for each method-
ology are plotted in Fig. 17 as a function of mesh size.

Figure 17 show the effects of mesh size on calibrated 
yield strengths for the jet length and contour calibration 
methods. Generally, the jet length comparison method has 
a larger sensitivity to mesh size than the contour compari-
son method, meaning the contour comparison method could 
yield more realistic results at coarser mesh resolutions than 
the jet length comparison method. From these plots, it can 
be seen that the calibrated yield strengths using 2 µm mesh 
element length (500 elements/wavelength) are within 1% 
of the asymptotic values. This suggests that the 2 µm mesh 
element length used for strength calibration simulations in 
this work is appropriate.

Comparison of EPP Model Fits to Steinberg–
Guinan‑Lund Model

Model parameters for the SGL model and a modified version 
of the SGL model have been previously calibrated for Mo 
and reported in Steinberg, [21] and Alexander et al., [23]. 
The model form described by Steinberg [21] is available in 
CTH, and can thus be directly compared to the experimental 
data. For this comparison, one simulation is performed for 
each experiment using the SGL model described in Stein-
berg [21] and the same geometry and mesh used in the EPP 
simulations. To directly compare the SGL model to the 
experimental data and best fit EPP models, jet lengths for 
each are plotted in Fig. 18.

The jet length profiles plotted in Fig. 18 show that the 
SGL model reported in [21] consistently underpredicts jet 
lengths and thus overpredicts material strength at the loading 
states of the tamped RMI experiments. The SGL model can 
provide a better fit to the experimental data by modifying its 
fitting parameters; however, the SGL model has many fitting 
parameters and thus the process of iteratively modifying the 

Table 6   Loading states for each experiment, extracted via histograms of summed incremental strain

The subscripts Peak and Centroid are descriptive of whether the value is extracted from the peak or centroid of the strain-based histogram

SHOT ID Vel. (km/s) PPeak(GPa) PCentroid(GPa) TPeak(C) TCentroid(C) 𝜖̇Peak log10(/s) 𝜖̇Centroid log10(/s) �Peak �Centroid RDPeak RDCentroid

22–4-025 1.049 3.57 8.18 111 117 5.73 5.74 0.023 0.077 1.012 1.029
22–4-026 1.404 5.78 12.07 169 175 5.83 5.86 0.013 0.105 1.018 1.042
22–4-027 1.456 5.10 10.68 169 191 5.98 5.90 0.048 0.142 1.016 1.037
22–4-028 1.854 8.67 15.76 262 281 6.03 5.95 0.068 0.177 1.028 1.055
22–4-029 2.277 13.92 20.99 564 573 6.18 6.07 0.148 0.239 1.042 1.066
22–4-030 2.223 16.80 24.84 553 545 6.18 6.02 0.063 0.183 1.054 1.078
22–4-035 2.066 11.65 18.77 460 466 6.23 6.05 0.103 0.218 1.035 1.060
22–4-036 2.326 18.57 26.44 611 602 6.18 6.03 0.083 0.206 1.058 1.082
23–2-006 0.769 2.42 6.63 100 159 5.88 5.87 0.023 0.207 1.007 1.023
23–2-007 0.529 1.93 4.78 65 86 5.73 5.67 0.018 0.094 1.014 1.017
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SGL parameters to fit the full series of experiments would 
be cumbersome. This motivates our use of the EPP model 
to find the average yield strength and average loading state 
of the Mo in each experiment.

Uncertainty Quantification

Uncertainty in Calibrated Yield Strength

To evaluate the uncertainty in calibrated yield strength 
values, 1000 simulation iterations are performed for each 
experiment varying the impact velocity, sinewave geometry 

Fig. 16   Calibrated yield strengths as a function of the pressures and temperatures extracted using the strain-based histogram method
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(wavelength and amplitude), Mie-Grüneisen EOS param-
eters for the Mo and tamping fluid (D2O or C8F18), and Mo 
yield strength. These simulations are performed by inter-
facing CTH with the Sandia code Dakota, using Dakota to 
populate values each for each uncertain parameter. In this 
format, maximum/minimum bounds are applied to each 
parameter and values are selected randomly using Latin 
hypercube sampling within uniform uncertainty distribu-
tions. Impact velocity bounds are defined by the slowest and 
fastest velocities recorded using the DCS barrel-mounted 
optical beam breaks. Sinewave wavelengths are varied 
within 5 µm of the nominal value, approximating the wire 
EDM machine precision. Sinewave amplitudes are varied by 
the sinewave misfit error, �SM , listed in Table 7

The Mie-Grüneisen EOS parameters �0 , C0, S, and CV 
are varied by 1, 2, 2, and 5%, respectively, for both the Mo 
and tamping fluids. The Mie-Grüneisen �0 value is varied 
by 5% for Mo and 20% for both tamping fluids. Lastly, the 
Mo yield strength is allowed to vary ± 0.5 GPa about the 
best fit strength value for the specific experiment. To reduce 
computational overhead, uncertainty quantification simula-
tions are performed with a uniform mesh element length of 
10 µm, 100 elements/wavelength and 8.6 million cells per 
simulation, matching the resolution of tamped RMI sensi-
tivity studies performed by Vogler and Hudspeth [20]. All 
uncertainty simulations use the same boundary conditions 
applied during the strength calibration process.

The outputs of these 1000 uncertainty quantification 
simulations are plotted in Fig. 19 and used to evaluate 
the calibrated yield strength uncertainty range for each 
experiment. To determine the mean curve, a moving cen-
troid is calculated using 0.050 GPa yield strength bins, 
accounting for approximately 50 data points per bin. Devi-
ation distances from each individual point to this centroid 
curve are calculated, then histograms of these point-to-
centroid deviation distances are used to define the stand-
ard deviation of the centroid curve. Standard deviations 
are calculated asymmetrically for the positive and nega-
tive deviations. These standard deviations are defined as 
the 68.27% confidence interval of histograms within 0.05 
GPa yield strength bin sizes. Note that this calculation is 
similar to the edge reproduction uncertainty calculation in 
Sect. "UncertaintyQuantification for Radiography: Edge 
Reproduction". Figure 19 shows an example plot of the 
1000 uncertainty quantification iteration outputs, centroid 
curves, and standard deviations for Shot 22–4-035.

Uncertainty in calibrated yield strength is defined as 
the range of yield strengths within an allowable maximum 
deviation of contour or jet length, �max,j,c . This maximum 
deviation is defined by a combination of the edge repro-
duction uncertainty, �ERU , sinewave misfit, �SM , standard 
deviations of the centroid curve at the best fit strength, �j,c , 
and the remaining deviation at the best fit yield strength, 
�min,j,c , i.e.,

where the subscripts j and c are used to indicate whether 
the value is calculated for the jet length calibration or con-
tour calibration methods, respectively. Uncertainty in yield 
strength is thus defined by the range of strength values where 
the lower standard deviation curve, centroid- �j,c, is less than 
the �max value, as is graphically shown in Fig. 19. This uncer-
tainty range is calculated for each experiment and reported 
in Table 7.

Discussion

Generally, the Mo dynamic yield strength decreases as the 
drive stress increases, as shown by the negative trends in 
Fig. 16. To better understand this trend, a plot of calibrated 
yield strengths vs. pressure ( PPeak ) and temperature ( TPeak ) is 
shown in Fig. 20. From this plot the compensating effects of 
thermal softening and pressure hardening can be observed. 
The two liquid tampers used in this work push the Mo 
through different trajectories of pressure and temperature 

�max,j,c = �min,j,c + �j,c + RSSj,c,

RSS =

√

�
2
ERU

+ �
2
SM

+ �
2
min,(j,c)

,

Fig. 17   Best fit yield strength as a function of mesh size for both the 
contour comparison and jet length comparison methods
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space, as the datapoints for the C8F18 tamper are at consist-
ently higher pressures than the D2O tamper at similar tem-
peratures. Comparing experiments 22–4-028 and 22–4-035, 
a significant decrease in yield strength occurs as the nomi-
nal temperatures increase from 250 to 448 C for nominal 
pressures near 10 GPa. Comparing experiments 22–4-029 

and 22–4-030, a small increase in yield strength occurs as 
the nominal pressures increase from 12.3 to 16.8 GPa for 
nominal temperatures near 550 C. Generally, the collection 
of data in this study suggest that thermal softening has a 
larger effect than pressure hardening on Mo dynamic yield 
strength within the physical regimes accessible via tamped 

Fig. 18   Comparison of the SGL and best fit EPP models to the 
experimental jet lengths. Experimental data is shown as black scatter 
points, the best fit EPP model is shown in cyan, and the SGL model 

[21] is shown in red. Shot names are shown as plot titles, and experi-
ment 23–2-007 is omitted to reduce plot size

Table 7   Uncertainty values per 
experiment: edge reproduction 
uncertainty, �ERU , sinewave 
misfit uncertainty, �SM , 
minimum of uncertainty 
centroid, �min,C or �min,J , 
uncertainty in calibrated yield 
strength,  �YContour or �YJetLength

Shot ID Frames 
in ROI

�ERU(µm) �SM(µm) �min,C(µm) �min,J(µm) �YContour(± GPa) �YJetLength
(± GPa)

22–4-025 6 2.23 2.13 1.54 5.52 0.25 0.21
22–4-026 4 2.92 1.48 2.18 2.71 0.24 0.14
22–4-027 6 2.84 2.43 3.74 3.97 0.16 0.12
22–4-028 5 3.02 1.58 4.82 4.94 0.17 0.12
22–4-029 2 2.21 1.89 11.50 11.03 0.24 0.17
22–4-030 3 2.52 1.05 2.88 6.12 0.16 0.16
22–4-035 3 2.19 1.04 6.21 8.29 0.18 0.16
22–4-036 2 2.59 2.97 4.59 7.30 0.21 0.18
23–2-006 5 2.93 11.17 7.31 6.27 0.24 0.11
23–2-007 5 2.60 1.23 2.45 8.90 0.23 0.14
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Fig. 19   Visualization of the uncertainty analysis applied to yield 
strengths calibrated via a contour comparison or b jet length compar-
ison. Example data are shown for 1000 simulation iterations of Shot 

22–4-035, varying the input values described in Sect. "Uncertainty in 
Calibrated Yield Strength"

Fig. 20   Dynamic yield strengths of Mo as a function of both temperature and pressure during strain. Yield strengths shown are calibrated using 
jet lengths. Pressures and temperatures are the peak values in Table 6. a Overhead projection with shot numbers labeled. b Isometric view
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RMI. To further explore the competing behavior of thermal 
softening and pressure hardening in the ultrahigh strain rate 
regime, a denser tamping fluid could be used to strain the 
Mo at a higher pressure and similar temperature to previous 
experiments.

The decreasing strength trend suggests that Mo exhibits 
significant thermal softening under dynamic loading condi-
tions. This thermal softening behavior is also observed in the 
quasistatic-to-intermediate strain rate characterization work 
performed by Briggs and Campbell [38], and described by 
Steinberg in [21]. If thermal softening is the primary rea-
son for the observed strength decrease in the present work, 
then the current work suggests that physical mechanisms 
governing thermal softening at ambient pressure and qua-
sistatic strain rate conditions persist to strain rates in the 
106 /s regime. Although these trends in strength vs. load-
ing state strongly suggest thermal softening as the reason 
for the observed decrease in Mo dynamic yield strength vs. 
increasing drive stress, the trend could be caused by strain 
localization or strain softening. Further investigations would 
be needed to fully distinguish between the effects of thermal 
softening and strain localization.

Conclusion

This study utilizes and improves upon the tamped RMI 
method to evaluate the dynamic yield strength of Mo 
at 3–18 GPa pressures, 50–600 C temperatures, and 
4.5 × 105–1.1 × 106 /s strain rates. This study provides mul-
tiple improvements to the tamped RMI method, including 
a dynamic yield strength calibration cost function based 
on RMI contour shape, the quantification and tabulation 
of loading states where strain occurs, a robust uncertainty 
quantification method, and the use of variable density liquid 
tampers. The contour calibration cost function described in 
this work can be applied to RMI experiments that do not 
use sinewave geometries, allowing the use of easier to fab-
ricate geometries in future tamped RMI experiments, such 
as drilled cavities or milled channels. The tabulation of yield 
strengths vs. loading conditions presented in this work can 
be used to fit or develop complex dynamic strength models. 
The methodologies described in this work can be applied 
to any future tamped RMI experiments to tabulate strength 
versus loading state information. These methods may also 
be applicable to other instability experiments, such as RTI 
and untamped RMI.

The Mo yield strength values calibrated in this work 
range 1.2–1.8 GPa, with strength generally decreasing as the 
drive stress increases. These strength vs. loading state data 
strongly suggest that this trend is caused by thermal soften-
ing, meaning that Mo thermal softens in the shock regime 

at moderate shock stresses. This suggests that simulations of 
Mo under shock compression loading and significant shear 
must appropriately capture thermal softening to accurately 
predict Mo performance.
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