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Abstract 
 
The intent of this report is to document the status of our knowledge of the mechanical and 
damage behavior of Depleted Uranium(DU hereafter).  This report briefly summaries the 
motivation of the experimental and modeling research conducted at Los Alamos National 
Laboratory(LANL) on DU since the early 1980’s and thereafter the current experimental data 
quantifying the strength and damage behavior of DU as a function of a number of experimental 
variables including processing, strain rate, temperature, stress state, and shock prestraining.  The 
effect of shock prestraining on the structure-property response of DU is described and the effect 
on post-shock mechanical behavior of DU is discussed.  The constitutive experimental data 
utilized to support the derivation of two constitutive strength (plasticity) models, the Preston-
Tonks-Wallace (PTW) and Mechanical Threshold Stress (MTS) models, for both annealed and 
shock prestrained DU are detailed and the Taylor cylinder validation tests and finite-element-
modeling (FEM) utilized to validate these strength models is discussed.  The similarities and 
differences in the PTW and MTS model descriptions for DU are discussed for both the annealed 
and shock prestrained conditions.  Quasi-static tensile data as a function of triaxial constraint and 
spallation test data are described.  An appendix additionally briefly describes low-pressure 
equation-of-state data for DU utilized to support the spallation experiments.  The constitutive 
behavior of DU screw/bolt material is presented.  The response of DU subjected to dynamic 
tensile extrusion testing as a function of temperature is also described.  This integrated 
experimental technique is planned to provide an additional validation test in the future.  The 
damage data as a function of triaxiality, tensile and spallation data, is thereafter utilized to 
support derivation of the Tensile Plasticity (TEPLA) damage model and simulations for 
comparison to the DU spallation data are presented.  Finally, a discussion of future needs in the 
area of needed DU strength and damage research at LANL is presented to support the 
development of physically-based predictive strength and damage modeling capability. 
 



Section 1: Introduction and Historical Perspective 
 
The mechanical properties, microstructure development, constitutive behavior, and damage and 
failure response of depleted-uranium (hereafter DU), as a function of processing, have been the 
subject of long-term research at Los Alamos National Laboratory.  While it is neither readily 
feasible nor the intent and focus of this Level-2 milestone report to summarize the total state of 
knowledge of the mechanical and damage response of DU, some brief review of the important 
experimental variables examined within LANL prior to the specific content of this report is 
germane.  Interested readers are encouraged to seek background materials on the state of 
knowledge concerning the structure, constitutive behavior, and transformations in uranium and 
uranium alloys in some of the seminal reviews on this topic[1-5].  The basis of the archival 
understanding and modeling of the constitutive behavior of DU within LANL is based in part 
upon the body of research conducted by Phillip E. Armstrong during the 1960-1990’s time 
frame[6-9] and in the 1980-1990’s through the additional research conducted by a number of 
researchers within the Laboratory.  The state-variable-based constitutive MTS model for DU 
developed by this long-term laboratory effort was summarized in 1989[10].  Based upon 
specially-processed fine-grained isotropic DU rod material data of Phil Armstrong and Walter 
Wright[11], a constitutive description of DU, using the PTW model[12] was derived and 
published in 2003.   
 
Additional testing of fine-grained DU plate from Y12, termed SPY007, continued during the 
early and mid-1990’s, both to support programmatic needs to describe Y12 materials in detail, 
but also in response to the wide and poorly understood variability in mechanical behavior 
observed in the Y12 plate materials.  Questions surrounding the influence of processing, cast 
versus wrought, and chemistry, specifically carbon content, dominated these studies.  Figure 1 
illustrates the driving motivation in understanding the variability in Y12 wrought plate material 
showing the extensive spectrum of response in Y12 wrought plate as a function of processing 
and compressive loading direction.  The absolute differences in the mechanical behavior, let 
along the anisotropic behavior, of these three lots of wrought plate are so significant so as to 
make the derivation of a single constitutive model for DU impossible.  This wide variability in 
mechanical response during the mid-1990’s to 2003 drove refinement and selection of processing 
specifications for wrought DU plate to yield both “more” isotropic and reproducible absolute 
mechanical response, ie., yield strength and texture as part of the ADAPT program.  During the 
mid to late-1990’s additional interest in the effects of carbon content and the effect of processing, 
wrought versus cast, resulted in the inception of several studies aimed at quantifying the effects 
of both variables on DU mechanical behavior.  Figure 2 presents a summary of the differences in 
the mechanical behavior of DU as a function of processing route and carbon variations of ~<20 
ppm C, ~100 ppm C, and nominally 500 ppm C.   
 
The resurgence in research effort and mechanical property characterization was also in part 
initiated in the later-1990’s as questions were raised concerning the applicability of the 
Armstrong DU data, and its commensurate PTW model coefficients to the updated SPY007 plate 
stock being utilized at LANL to support programmatic efforts.   Figure 3 illustrates the 
significant difference between the isotropic Armstrong and Wright[11] rod material and the 
SPY007 plate stock of relevance to programmatic activities.  The large difference in the 
mechanical behavior noted led to increased microstructural and mechanical property 



characterization leading to the genesis of the volume of DU property data summarized in this 
report. 
 
 
 

 
Figure 1: Compressive true-stress true-strain mechanical response of three lots of wrought DU 
plate showing the wide variability in mechanical behavior between the three lots and the 
difference in the mechanical behavior between the through thickness (TT) and in-plane (IP) 
loading directions in these wrought plates. 
 



 
Figure 2: High-strain-rate mechanical behavior of DU as a function of carbon content for both 
wrought and cast material. 
 

 
Figure 3: Comparison of DU data from Armstrong and Wright[11] – from isotropic bar stock 
material versus annealed rolled SPY007 plate material from Y12. 
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Section 2: Material Studied 
 
Depleted Uranium (SPY 007): 

The material used for this investigation was a depleted-uranium plate material (DU) obtained in 

6.25 mm-thick plate form.  The annealed DU possessed an equiaxed grain structure with an 

average grain size of 18 microns as seen in the electron-backscatter micrograph shown in Figure 

1a.  The analyzed chemical composition of this depleted uranium (wt. pct.) was: 14 ppm Al, 40 

ppm C, <10 ppm Ca, <10 ppm Fe, <2 ppm Mg, 4 ppm Mn, 11 ppm Ni, <10 ppm Si, and bal. U .  

The initial plate texture, quantified using orientation imaging microscopy (OIM), consisted of a 

strong [001] component in the plate through-thickness (TT) direction (max. 3.8 times random) 

with moderate texture asymmetries within the plane of the plate as seen in Figure 1b. 
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Figure 1: a) EBSD micrograph of the annealed DU material, and b) annealed texture. 

 
 
 
 
 
 



Section 3: Mechanical Behavior of DU as a function of Strain Rate and 
Temperature 

 

Shuh Rong Chen and G. T.  (Rusty) Gray III 
 

In the past two decades, the Dynamic Property Team in Materials Science and Technology 
Division has investigated the mechanical properties of various materials of interest to many 
DOE and DoD defense programs at Los Alamos National Laboratory.  We have measured 
the constitutive responses of these materials to quantify the strain-rate and temperature 
dependencies that are relevant to various applications.  We analyzed data to probe the 
deformation mechanisms and derived the material parameters to support several constitutive 
models that were developed based on physical understanding of the deformation processes.  
We also conducted small-scale integrated experiments to validate the applicability of these 
models and the accuracy of the set of parameters utilizing Taylor cylinder impact tests.  The 
Taylor test extended the strain rate accessed by one order of magnitude, 105s-1, beyond what 
our usually test matrix and experimental apparatus, i.e. the split-Hopkinson Pressure Bar, 
could provide.  The Taylor test also encompasses a wide range and gradient of plastic strains 
and stresses during impact, up to several 100’s of percent, as well as reaches higher 
temperature due to adiabatic heating at the high strain rates imposed. 

 
This document represents a compilation of what we currently know in terms of the 
mechanical properties for depleted uranium and the corresponding parameters for the PTW 
and the MTS constitutive models.  It represents our general understanding of the DU studied 
and what we believe is appropriate to represent the measured mechanical responses in the 
constitutive model based on the most complete set of mechanical property data and 
validation tests.  As can be seen from the figures that follow in this report, there remain many 
areas where our understandings of the mechanical responses of some aspects of DU 
constitutive behavior are limited and as such further study is necessary.  Depleted uranium 
exhibited significant difference in its mechanical response between the through-thickness and 
in-plane direction of plate material.  Currently we treat them independently and provide data 
and parameters for each direction.  Until complex defense application simulations embrace 
fully 3-D descriptions of the constitutive behavior of materials this appear likely to remain as 
such. 

 
The other important subject we are quantifying through research is the influence of explosive 
shock prestraining on the mechanical properties of DU and how we should model its effects 
on constitutive behavior.  The initial shock from HE changes the substructure of a material 
via defect generation and storage.  We have observed enhanced shock hardening, no 
enhanced shock hardening, and in some cases shock softening in material strength depending 
on the crystal structure of the material; i.e. no blanket approach to shock prestraining is 
appropriate; it is material specific.  It is planned that we will carefully design the experiments 
and investigate this issue in a systematic way as a function of a number of key materials and 
provide information to model the pre-shock effects in the future. 



 
The authors would like to emphasize that the figures and tables that follow in this document 
only provide you with some initial inputs for your calculations.  Since the PTW and the MTS 
models are far from perfect in capturing the complexities of the deformation response of DU 
for the range of possible starting microstructures, loading conditions, and the understanding 
of materials behavior continues to evolve, educated adjustment to the parameters are 
necessary and justified to address particular boundary conditions for many applications.   
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Extensive studies on processing effects on depleted uranium plate, according to specifications, 
was undertaken using several possible combinations of parameters.  Nine DU plates were cast, 
rolled, and then annealed for testing and comparison. The results are shown in Fig.5. The tenth 
plate shown as a red line to strains up to ~0.5 was the plate with complete data presented above. 
This study provides information on the variation of the mechanical properties of a given DU 
plate processed following a well-defined specification.  However, a newer DU plate recently 
studied used in an integrated test clearly demonstrated that the range of variation in strength can 
be significantly different from what is specified to process this material (Fig. 6). 
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Section 4: Tensile Response and Damage / Failure Response of DU 
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SECTION 5: Influence of Energetic-Driven “Taylor-Wave” Shock-wave 
Prestraining on the Structure/Property Response of Depleted Uranium 
 
G. T. (Rusty) Gray III, C.M. Cady, R.J. McCabe, R.S. Hixson, D.R. Korzekwa, and M.F. Lopez 
 
 
Abstract: The influence of shock prestraining, via direct energetic “Taylor-wave” (triangular 
wave) loading, on the post-shock structure/property behavior of depleted uranium (DU) was 
studied. Samples were shock prestrained within a “soft” shock recovery fixture composed of 
momemtum traps and a spall plate to assure 1-dimensional loading. The DU samples exhibit 
roughly a 30% increase in yield strength following shock prestraining to ~45 GPa.  The texture 
evolution in DU was quantified using electron-backscatter diffraction (EBSD).  Detailed 
quantification of the substructure evolution following shock prestraining revealed high volume 
fractions of {130}, ‘{172}’, and {112} deformation twins.  The volume fraction of {130} twins 
was found to be ~10x the volume fraction of ‘{172}’ and {112} twins.  Details of the twin 
system activation and volume fraction relative to the local Schmidt factor within grains are 
presented.  The influence of HE-driven shock prestraining on the structure/property response of 
DU is compared and contrasted to that seen in 304SS and 316SS subjected to “Taylor-wave” 
shock prestraining. 
 
 
1. INTRODUCTION 
 
Physically-based predictive modeling to support large-scale computer simulations of the high-
strain-rate, large-strain plasticity, damage evolution, failure, and fragmentation of materials 
subjected to explosively-driven impulses, requires an understanding of how shock-wave 
loading affects material response.  Over the past five decades, significant insight has been 
gained concerning the shock hardening and spallation response of materials subjected to shock-
loading using “square-topped” shock profiles achieved via flyer-plate loading from either a gas 
gun or energetic drive[1, 2].   However, considerably less systematic quantitative information 
is known concerning the effect of direct, in-contact, high explosive (HE)-driven “Taylor-wave” 
or triangular-wave loading profile shock loading[3-5] on post-shock substructure evolution and 
mechanical behavior. This loading results in different prestraining and spallation on metals and 
alloys. Development of predictive capability for HE-driven shocks, therefore, requires the 
derivation and validation of advanced constitutive models that include the quantitative effect of 
shockwave profile shape on the substructure evolution and post-shock mechanical behavior of 
materials.  Understanding the effect of the short pulse-duration, i.e., the time at the peak 
Hugoniot state which is known to strongly affect substructure evolution during shock 
hardening using square-wave loading[6], afforded by direct “Taylor-wave” energetic shock 
loading on substructure evolution remains a challenging endeavor.  This is particularly 
complicated in materials whose plastic accommodation is derived from both dislocations and 
deformation twinning since extensive deformation twinning during shock-wave loading has 
been linked to kinematic processes on shock hardening, i.e., Bauschinger effect[7, 8].      
 Quantifying the physical properties of materials during the very rapid loading rate and 
short time interval during the actual passage of a shock wave through a material remains 
scientifically challenging.  Research programs which couple both real-time and post-mortem 



experimental measurements have demonstrated the greatest progress towards elucidating the 
operative shock processes occurring in ductile materials subjected to shockwave deformation 
and to support the development of physically-based model[1, 5].  In this paper the influence of 
direct energetic “Taylor-wave” shock prestraining on the substructure evolution and post-shock 
mechanical behavior of depleted uranium (DU) is presented.  Quantitative analysis of the types 
and volume fractions of the deformation twins formed are presented.  
 
 
2. EXPERIMENTAL TECHNIQUES 
 
The material used for this investigation was a depleted-uranium plate material (DU) in 6.25 mm-
thick plate form.  The annealed DU possessed an equiaxed grain structure with an average grain 
size of 18 microns.  The analyzed chemical composition of this depleted uranium (wt. pct.) was: 
14 ppm Al, 40 ppm C, <10 ppm Ca, <10 ppm Fe, <2  ppm Mg, 4 ppm Mn, 11 ppm Ni, <10 ppm 
Si, and bal. U .  The initial plate texture, quantified using orientation imaging microscopy (OIM), 
consisted of a strong [001] component in the plate through-thickness (TT) direction (max. 3.8 
times random) with moderate texture asymmetries within the plane of the plate. 
 Shock recovery experiments were performed using direct-HE drive to impose a “Taylor-
wave” triangular-shaped loading pulse to the DU samples.  Depleted uranium samples were 
subjected to a HE-driven “Taylor-wave” pulse loading using a picture-frame shock recovery 
fixture[2] placed in contact with a 3-mm thick polymer buffer and explosively loaded by a 25.4-
mm (1”) thick piece of PBX 9501 driven by a 304.8-mm diameter (12”) explosive (TNT/PBX 
9501) plane-wave lens.  The picture-frame recovery assembly was placed on top of a piece of 
12.7-mm thick plywood in direct contact with ~600 liters of water.  The central portions of the 
picture frame assembly components were fabricated from DU while the surrounding momentum-
trapping rails, spall plate, and anvil were each fabricated from 304 SS.  The loading history 
achieved in the DU is dictated by the detonation kinetics of the PBX 9501 and the impedance 
match into the DU target governed by the equation-of-state of the DU and PBX 9501 explosive.  
The peak pressure of the “Taylor wave” imposed on the DU sample is calculated to be nominally 
45 GPa. 
 Quantification of the mechanical response of the DU in the annealed starting condition 
and following the “Taylor-wave” shock prestraining was accomplished by conducting 
compression tests on samples as a function of temperature and strain rate.  Compression tests 
were conducted using an Instron! screw-driven mechanical-test machine at an initial strain rate 
of 10-3 s-1 and using a split-Hopkinson Pressure Bar(SHPB) at a strain rate of ~2000 sec-1.   
Cylindrical right-regular compression samples 5-mm in diameter by 5-mm long were used; the 
test samples were lubricated using moly-disilicide grease. Compression samples were sectioned 
from the shock-recovered disc parallel to the shock loading direction.  For each set of testing 
conditions, at least two duplicate tests were performed to verify results.  Specimens for optical 
metallography and electron backscatter diffraction (EBSD)[9] were sectioned from the annealed 
DU starting material and the shock-recovered samples and prepared with techniques discussed 
elsewhere[10].  Automated EBSD scans were performed at 25 kV in an FEI XL30 ESEM 
equipped with TSL data acquisition software.  Regions were orientation mapped with step sizes 
ranging from 0.1 to 1 !m in a hexagonal grid.  For the as-annealed sample, a 1 !m step size 
provided adequate grain detail.  The OIM maps for the shocked material shown used a 0.2 !m 
step size.  Twin boundaries were classified with the TSL-OIM Analysis 4 software using a 



misorientation of 180º ± 5º about either K1 or "1 depending on whether the twin was Type I or 
Type II, with either working for the {130} compound twin.  This method of twin identification is 
equivalent to the more common method of EBSD twin identification that defines a twin 
boundary based on a “minimum rotation” about the direction common to both parent and twin 
orientations necessary to bring the matrix and twin orientations into coincidence”[11].  
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Substructure Evolution  
 
The substructure of the shock prestrained DU was examined optically and the types and volume 
fractions of the deformation twins were quantified using EBSD scans.  Twin volume fractions 
were measured with the OIM Analysis 4 software that calculates the parent versus daughter 
portion of a twinned grain based on a majority rule criterion.  The majority rule criterion assigns 
the largest orientation fraction of a twinned grain as parent, and this criterion was found to 
provide high quality identification of the deformation twins formed in the shocked DU. 
 Figure 1a shows an EBSD image of the annealed DU material illustrating the equiaxed 
grain structure of the DU material studied and the absence of twins in the starting material. The 
color IPF (inverse pole figure) legend is a standard IPF that displays the actual orientation of the 
through thickness direction using a standard uranium orientation triangle.  The images for the 
shock-prestrained DU samples were taken from a depth of about 4.1 mm from the shock impact 
surface, which is at approximately 75% of the plate thickness. The shocked microstructure was 
quantified using a 0.2 µm EBSD step size. Figure 1b shows the distribution of twins formed in 
the shock prestrained DU while Figure 2a identifies the three twins activated; {130}, {172}, and 
{112}.  
 Most of the regions where the TT sample direction is at a high angle to [001] are either 
‘{172}’ or {112} twins. {130} twinning results in a 69° rotation of material about the [001] axis.  
This change in orientation does not result in a considerable change in the overall texture as the 
initial texture has a strong [001] component near the shock direction, and the rotation is about 
this direction.  Notice that many of the {130} twins have a similar TT orientation to their parent. 
 In this area, the projected thickness of {130} twins and fraction of grains twinned seems 
to correlate with the Schmid Factor in each grain; grains oriented with the maximum critical 
resolved shear stresses relative to the “nominal” shock loading direction.    Twins not 
intersecting a grain boundary in the section are lenticular. Again the trend in twin thicknesses 
and fraction of grain twinned with Schmid Factor is observed. 
 Almost all grains in the preshocked sample displayed some {130} twins. Based on a 
1mm OIM step size, the volume fraction of twins across the thru-thickness of the shock 
prestrained sample was quantified.  The volume fraction of {130} twins was found to vary from 
around 16% down to 8% across the sample TT, while the volume fractions of ‘{172}’ and {112} 
twins were both reasonably consistent at around 2% across the sample.  The volume fraction of 
{130} twins is a lower limit as very fine {130} twins, below the resolution of the current EBSD 
scan, were indicated. 
  
3.2 Mechanical Behavior 
 



The influence of temperature and strain rate on the mechanical behavior of annealed DU is 
presented in Figure 3a.  Increasing the strain rate and/or decreasing the temperature of 
deformation is seen to influence the flow stress and work-hardening behavior of DU. Increasing 
the strain rate from 0.001 to 0.1/sec at 22°C is seen to result in a modest increase in yield 
strength and virtually no influence on the rate of strain hardening; i.e., the stress-strain curves are 
parallel after yielding.  This type of constitutive response is consistent with the mechanical 
behavior of many body-centered-cubic, hexagonal, and lower-crystal-symmetry metals and 
alloys whose mechanical behavior is principally controlled by a strong Peierls stress[12].   
Changing the temperature of deformation from +100 to -75°C in DU at a strain rate of 0.01/sec is 
seen to affect modest changes, ~150 MPa, to the yielding while more significantly increasing the 
rate of work hardening with decreasing temperature; 500 MPa at a strain of 0.2.   

   

    
 
FIGURE 1.  Electron-back-scatter diffraction micrographs of the (a) starting annealed DU, (b) 
shock prestrained DU.  
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FIGURE 2.  Electron-back-scatter diffraction micrographs showing (a) identification of the 
specific types of deformation twins activated in the shock prestrained DU and (b) the 
correlation of the specific twins activated relative to the “nominal” Schmidt factor for each 
grain orientation; the shear stress in the grain assuming the “nominal” 1-dimentisonal applied 
shock loading direction. 
 
The increase in strain hardening rate in DU with decreasing temperature is seen to correlate 
microstructurally with an increased propensity of deformation twinning.  The increase in the 
flow stress and increased twinning propensity of DU due to increasing strain rate / decreased 
temperature is consistent with the previous study mechanical behavior and substructure evolution 
in DU by Armstrong et al.[13].   
 The influence of strain rate and temperature on the constitutive response of the shock-
prestrained DU is presented in Figure 3b.  Through comparison of Figures 3a and 3b it is readily 
apparent that shock prestraining has increased the flow strength of DU compared to the annealed 
condition. The quasi-static compressive yield strength of DU is seen to increase by nominally 
200 MPa due to shock prestraining.  Further, shock hardening is seen to significantly increase the 
temperature dependence of the constitutive response of DU. Decreasing the temperature of 
loading at a strain rate of 0.01/sec from 22 to -75°C in the shock-prestrained material is seen to 
increase the yield strength from 800 to 1000 MPa.   The increase in the flow stress, for loading at 
a strain rate of 0.01/sec, for the shock-prestrained DU at a true strain of 0.2 for temperatures of 
+100 to -75°C is 1000 to 1600 MPa, respectively.  The stress-strain response measured at -75°C 
at 0.01/sec and that at 20°C when loaded dynamically at 2000/sec are additionally seen to be 
essentially identical suggesting similar suppression of thermal activation  
 The shock hardening observed is believed to significantly affected by the extensive 
deformation twinning in DU. Comparison of the quasi-static reload yield strength of the shock-
restrained DU to the flow stress of the annealed material following ~28% plastic strain, 
nominally equivalent to the shock transient strain, supports a substantial Bauschinger influence 
on shock hardening in DU consistent with previous wave profile analysis[14].  However, 
distortion of the twins suggests significant dislocation activity after formation of the twins 
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consistent with plastic deformation[13, 15].  Future studies will focus on quantification of both 
the influence of shock-wave loading pulse shape and the Bauschinger effect on shock hardening 
in DU.  
 

 
       
FIGURE 3.  Compressive true-stress true-strain mechanical behavior of depleted uranium as a 
function of temperature and strain rate for a) annealed DU and, b) the DU material following 
HE-driven “Taylor wave” shock prestraining to ~45 GPa. 
 
 
4. SUMMARY AND CONCLUSIONS 
 
The current study of the effect of “Taylor-wave” energetic-driven shock prestraining on the 
structure/property behavior of depleted uranium (DU) reveals that:  
 

1) He-driven “Taylor-wave” shock prestraining of DU to ~45 GPa is found to lead to 
significant increases in the defect density, in particular deformation twinning, and 
commensurate mechanical response of DU. 

2) Energetic-driven shock prestraining of DU is seen to result in the formation of a 
significant volume fraction, 8-16%, of {130} deformation twins and a modest volume 
fraction, 2%, of ‘{172}’ and {112} deformation twins. 

3)  Shock hardening in DU affords a significant increase in the post-shock mechanical 
behavior of DU;  

4) Automated EBSD techniques can provide insight into the details of microstructural 
evolution during shock hardening of metals and alloys.  This spatially-resolved data, 
which provides statistically appropriate information on deformation mechanisms and 
quantification of their relative activity, volume fractions, as a function of shock 
hardening and orientation is required to the development and validation of predictive 
material models. 
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Appendix 2: Low Pressure Equation of State Data for DU 
 
In support of the planned detailed spallation studies on DU, a series of low peak pressure EOS 
experiments were conducted by WX-9 (Darcie Koller) on annealed SPY007 plate material to 
augment the Marsh EOS compendium.  These experiments were conducted to provide the basis 
for a more refined EOS for DU at low peak pressures.  The experimental procedures and the 
results of all these tests were detailed in the 2007 APS Topical Conference listed for reference.  
Table I presents the detailed specifications of the low-pressure EOS shots conducted. 
 
Table I: Recent low pressure DU Hugoniot data. The measured HEL for the DU studied was 1.4 
GPa, for material possessing an initial density, $0= 19.03 g/cm3, C0= 2.46 mm/µs, and s=1.569.  
 
 

Shot CL 

mm/µµs 

Cs 

mm/µµs 
$$0 

g/cm
3 

$$1 

g/cm
3 

P2 

GPa 
Us2 

mm/µµs 

Up2 

mm/µµs 
$$2 

g/cm
3 

56-06-37 3.426 2.089 19.0396 19.1516 9.7563 2.7372 0.1808 20.34 
56-07-01 3.499 2.164 19.055 19.1422 2.7605 2.5519 0.0481 19.4122 
56-07-02 3.503 2.162 19.06 19.1767 4.0208 2.6527 0.0729 19.5594 
56-07-14 3.497 2.15 18.954 19.0703 15.1826 2.894 0.2712 20.8748 
56-07-15 3.500 2.15 19.028 19.1446 12.5288 2.8165 0.2278 20.6615 
 
Comparison of this data from WX-9 (Darcie Koller) in comparison to the Marsh Compendium is 
presented in Figures 1 and 2.  Consistent with the indications of a Bauschinger contribution to 
the shock-loading response of DU, as detailed and discussed in Section 5, the wave profiles for 
the DU a quasi-elastic release wave shape instead of a classic elastic-plastic “notch” on release 
from the Hugoniot stress and are discussed in the APS Conference reference cited.  A plot of the 
low-pressure wave profiles is presented in Figure 3. 
 
Reference: 
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Figure 1: Plot of Us – Up Hugoniot Data for Depleted Uranium; Marsh Compendium and the new 
Koller Data and Us  fitting. 
 

 
Figure 2: Plot of P – V Hugoniot Data for Depleted Uranium 
 
 



 
Figure 3: VISAR wave profiles from low pressure DU Hugoniot experiments showing non-ideal 
quasi-elastic release wave shapes consistent with a Bauschinger effect operative in DU. 



Section 7: Dynamic Sphere Extrusion Response of DU as a Function of 
Temperature 
 
Experimental: 

 
Dynamic Extrusion Test: 

DU bullets with approximate dimensions are shown in Fig. 1a were machined from plate 

at the machine shop in MST-6.  The specimens were machined with the long axis of the bullet 

perpendicular to the normal of the plate for the DU bullet samples.  

The schematic of the experimental set-up is shown in Fig. 1b.  Dynamic tensile extrusion 

tests were conducted in a modified 7.62 mm diameter Taylor cylinder facility in MST-8 [1].  

Bullets were accelerated in an He-gas launcher at speeds in the 300-600m/s range and 

temperatures of 25-250°C, into a high strength steel extrusion die (A2 or S7 tool steel with a 

Rockwell Hardness of 56 and 54, respectively) designed with an entrance diameter of 7.62mm 

and an exit diameter of 2.79mm (area reduction of 63%). In all cases tested here, some portion of 

each specimen was not fully extruded and remained in the die. Fully extruded pieces were soft 

recovered. The in-situ extrusion process was captured using high speed photography [1,2].  All 

recovered pieces from each shot were weighed and compared to the starting bullet weight to 

ensure no segments were lost during recovery. 

 

Characterization: 

 Post mortem characterization of recovered specimens consisted of optical metallography 

(OM) and scanning electron microscopy (SEM).  SEM was performed on as-recovered segments 

of the DU using an FEI Inspect SEM.   OM was performed on cross-sectioned specimens ground 

to an 800grit finish and then electro-polished and etched. 



 
Figure 5.1: (a) Geometry of the DU bullets and (b) geometry of the extrusion die 

 

DU Dynamic Tensile Extrusion Results: 

High-Speed Photography: 

Representative high-speed photography results of six different experiments are shown in Fig. 

2.  In particular, Fig. 2a and b show DU baseline material fired at a velocity of approximately 

470m/s at 25°C.  From these images it is apparent, that unlike previous experiments on Ta and 

Cu [1,2], the extrusion process in these experiments is dominated by shear failure occurring 

following modest plastic straining.  Arrows in these images highlight these specific failures.  

This failure process produced fragments that were soft recovered but difficult to reassemble in 

extrusion order, therefore final extrusion lengths were not measured for these specimens.  

In Figs. 2b, the role of temperature on the shear failure process is shown.  DU exhibited an 

increase in overall plastic straining at elevated temperatures but fracture remained dominated by 

shear damage processes as shown in Fig. 2b. 



           
 

Figure 2: (a) DU at 25°C and 470m/s, (b) DU at 200°C and 425m/s 

 

Optical Metallography: 

 To identify the cause for the difference in extrusion responses of the DU, optical 

metallography was performed on select specimens.  Specifically, the gradient in deformation in 

the pieces caught in the die were of interest. Multiple regions were seen in the recovered 

fragments that can be described as follows: region 1 contains undeformed grains, region 2 has 

elongated grains, region 3 contains elongated and twinned grains, region 4 has severely 

elongated and twinned grains, and region 5 is so heavily worked that the microstructure is 

difficult to resolve.  This gradient in deformation is likely evidence of the difference in the role 

of shear as a function of radial distance from the outer edge to the centerline of the specimen.  

Near the outer edge, the microstructure is sheared against the die and more severely deformed 

than material some radial distance toward the centerline.  

 Some of the DU specimens displayed significant recrystallization adjacent to the fracture 

surfaces.  In Fig. 3, a representative microstructure is given showing the recrystallization 

microstructure very near the fracture surface in one fracment.   This recrystallization suggests 

significant temperature rise due to less work dissipated through plastic processes such as slip as 

well as the low thermal conductivity in DU.  Elevated temperatures due to shear banding are 

believed to have led to the formation of the larger recrystallized grains. 

 



 
Figure 3: DU tested at 541m/s and 25°C showing significant recrystallization in regions of failed 

and incipient shear bands 

 

Discussion: 

 Both high-speed photography and SEM characterization reveal that there is a change in 

deformation and failure process for DU as a function of temperature during dynamic extrusion.  

Shear failure dominates the lower temperature extrusion processes and tensile necking, which 

terminates in fracture, dominates the high temperature responses.  Interestingly, the difference in 

specimens displaying these two types of behavior is the development of an elongated but not 

heavily twinned microstructure. 

 Furthermore, for specimens that lack a region 2 microstructure, deformation was 

dominated by twinning and these same specimens had an extrusion response dominated by shear 

failure.  This suggests that twinning, which can reduce effective glide distances for slip, 

promotes localization of plastic flow, adiabatic shear band formation, and subsequently shear-

dominated failures during dynamic extrusion.  The observation of more incipient shear bands in 

specimens lacking a region 2 microstructure, further supports this notion. 

 For conditions examined in this study, the activation of enhanced slip, and therefore 

significantly increased plasticity, was not observed for DU.   Clearly 200°C was seen to 

significantly increase the dynamic ductility in Ta.  Further testing of Ta at yet higher 

temperatures as well as post-mortem microstructural examination will be conducted to elucidate 

the deformation and damage mechanisms responsible for this behavior.   In addition, finite-

element-modeling (FEM) of some of the Ta extrusion experiments will be pursued. 

  



 

Conclusions: 

 DU dynamic extrusion experiments revealed that while in all cases these materials failed 

in a ductile manner under the combined shock, shear, tensile loading conditions of extrusion, the 

manner in which the material failed was sensitive to processing and testing temperature.  For the 

temperatures examined in this study (25-250°C), a transition between twin-dominated and 

enhanced-slip deformation, was not observed in DU.   
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Section 8: Constitutive Modeling of Annealed and Shock Prestrained DU and 
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 The frame work and detailed description of the mechanical threshold stress (MTS) model is 
given elsewhere[1-5].  A summary of the MTS model is presented here to provide an overview 
and map all equations used in the model with physical constants.  Plastic deformation is known 
to be controlled by the thermally activated interactions of dislocations with obstacles.  In the 
MTS model the current structure of a material is represented by an internal state variable, the 
mechanical threshold ( )[6], which is defined as the flow stress at 0K.  The mechanical 
threshold is separated into athermal and thermal components, 
 
  (1) 
 
where the athermal component  characterizes the rate independent interactions of dislocations 
with long-range barriers such as grain boundaries, dispersoids, or second phases.  The thermal 
component  characterizes the rate dependent interactions of dislocations with short range 
obstacles (forest dislocations, interstitial, solutes, Peierls barrier, etc.) that can be overcome with 
the assistance of thermal activation.  The summation of the contributions from different obstacles 
doesn't need to be linear[2].  The flow stress of a constant structure at a given deformation 
condition can be expressed in terms of the mechanical threshold as: 
 

 , (2) 

 
where the athermal component is a function of temperature only through the shear modulus, and 
the factor S specifies the ratio between the applied stress and the mechanical threshold stress.  
This factor is smaller than 1 for thermally activated controlled glide because the contribution of 
the thermal activation energy reduces the stress required to force a dislocation past an obstacle.   
 
For simplicity, an empirical equation[7] was used to fit the data to incorporate the temperature 
dependence of “µ” in the form of: 
 

  (3) 

 
where µ0, D and T0 are fitting constants. 
 
In the thermally activated glide regime the interaction kinetics for short range obstacles are 
described by an Arrhenius expression of the form: 
 

 . (4) 

 



The free energy (#G) is a function of stress and a phenomenological relation was chosen[6]: 
 

 . (5) 

 
g0 in units of µb3 is the normalized activation energy for the dislocations to overcome the 
obstacles.  It is also an indication of the sensitivity of overcoming this obstacle to changes in 
temperature and strain rate.  p and q are parameters with the ranges 0<p!1 and 1!q!2.  They 
detail the glide resistance profile in the higher and lower activation energy regions, 
respectively[27].  Upon rearrangement, we have the following relation between the applied stress 
( ) and the mechanical threshold stress ( ) at a constant structure: 
 

 . (6) 

 
For single-phase materials with cubic crystal structures, the thermal component ( ) consists of 
the linear summation of a term describing the thermal portion of the yield stress ( ) 
and a term describing the evolution of the dislocation structure  as a function of temperature, 
strain rate and strain.  Equation (2) can be written as: 
 

 . (7) 

 
The second term on the right hand side of the equation describes the rate dependent portion of 
the yield stress mainly due to intrinsic barriers such as the strong Peierls stress in bcc materials at 
low temperatures or at high strain rates.  It is further assumed that this term doesn't evolve after 
yielding.  The mechanical threshold,  in equation (7), evolves with strain due to dislocation 
accumulation (work hardening) and annihilation (recovery).  This structure evolution 

 is written[8]: 
 
 , (8) 
 
where  is the hardening due to dislocation accumulation and  is the dynamic recovery rate.  
The physical understanding of the work hardening behavior of polycrystals is still inadequate to 
unify this complex process and represent it entirely by physically-based parameters.  A simple 
form that was based on Voce law with modification to capture mechanical response at large 
strains was found to provide a robust fit to hardening behavior in most metals when dynamic 
recovery is the controlling deformation mechanism: 
 



  (9) 

 
where $ approaching one represents a linear variation of strain hardening rate with stress (Voce 
law).  The saturation threshold stress (  is the saturation stress when Voce law 
holds) is a function of temperature and strain rate.  The concept of saturation is a limiting factor 
in this model.  The material may or may not reach saturation within the strain range of interest.  
The constant $ describes the degree of deviation from the Voce law, it is found that a fitted value 
of 1, 1.5, 2, 2.5, or 3 captures the hardening behavior of most materials reasonably well.  There is 
no benefit of using for example 1.665 or 2.789 for $ since the strain hardening plot, which is a 
first-order differential curve of the stress/strain data, is very noisy in general, therefore the 
determination of $ as well as  is not precise.  Kocks[9] has proposed a description for  that 
has the same form as that proposed by Haasen[10] for the beginning of dynamic recovery which 
in turn was based on calculations by Schoeck and Seeger[11] of the stress dependence of the 
activation energy for cross slip in fcc metals.  The relation is written: 
 

 , (10) 

 
where , , and  are constants. 
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Uranium-depleted (through-thickness): MTS Model Fit 
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Uranium-depleted (in-plane): MTS Model Fit)
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Description of the PTW model: 
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(Note: There is no practical difference when p>4.  An integer of p=2, 3, or 4 captures the 
hardening behavior for most materials satisfactorily. p<2 (indicating material reaches 
saturation stress early) is not recommended since it introduces large error at strain >0.3) 
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(Note: The strain rate where the PTW model dictates a transition from thermally-activated 
dislocation glide mechanism to dislocation motion governed by phono drag mechanism depends 
on the value of y2 and % in equations 20 and 21.  Those values were derived by analyzing the 
strong shock data according to P.T.W.  From mathematical point of view, the transition can 
occur as early as at 103/s or as late as at 109/s using the values of y2 and % listed in the PTW 
paper.  Based on extensive validations of materials parameters of constitutive model(s) using the 
Taylor cylinder impact test (104/s-105/s), the thermally activated dislocation glide remains as the 
controlling deformation mechanism for strain rates <105/s). 
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Note: The top two PTW calculations (no data associated with them) show that the stress level 
can increase quickly at higher strain rates.  It also means that if the parameters (y2 and beta) for 
the drag regime are not correct, the error in calculations can be significant. 
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 Section 9: Mechanical Behavior of DU Screws/Bolts 
 
Material: 
 
The starting material used in DU screws / bolts is high purity DU metal that was cast into a large 
rolling billet (< 100 ppm C).  The billet was hot rolled into ~1 inch plate, sawed into 1 inch 
square strips, machine turned to ~0.8125 inch dia. round rod.   The rods were then vacuum 
annealed for 17 hours.  Thereafter the rods were swaged into ~3/8 inch diameter rod stock.  
Typically, the swaging passes utilized ~10% area reduction per pass with one intermediate 
anneal after about the first 50% cold work.  The intent was to leave ~55% cold work in the final 
bar product.  The rod stock was then radiographed and tensile (not compression) tested, and last 
of all, the stock was machined into screws / bolts.  Even very old DU screws / bolts were made 
using the same processing processes, however the % cold work may have been more variable 
and less controlled in the earlier screws/bolts. 
 
Figures 1-4 present the tensile stress-strain behavior the DU bolt material as a function of 
temperature from -54, -21, 0, and 75°C for tensile testing at strain rates of 0.001/sec and 1/sec. 
Figure 5 presents compression data for a specific lot of DU bolt material as a function of 
temperature and strain rate.  The difference in shape in the stress-strain curves evident between 
compression and tensile loading is consistent with differences in the activation of dislocation slip 
and deformation twinning.  The concave-down shape to the tensile curves is consistent with 
plasticity principally dominated by dislocation glide in contrast to the initially concave-upward 
stress-strain curves that are classically an indication of the early activation of deformation 
twinning in addition to dislocation slip.  Crystallographic texture effects are well known to be the 
cause of such pronounced alterations in the flow-stress response of DU as a function of loading 
stress-state and textural loading orientation.[Reference 1]. 
 
References: 
 
[1] X;0;)X'#<)GGGF)J114#()h%A"%5)+-)O#&%'"#(,)h%,%#'6.=)ECR@CI=)A+(;)LC=)22;)CUN9KRK;)cG1A"&%3)
h%A"%5dw)^V"8.9D&'#"19h#&%)!%-+'$#&"+1F)O%6.#1"6#()Y%.#A"+')#13)!%-+'$#&"+1)
D4>,&'46&4'%,)G1346%3_)
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Figure 1: Tensile Stress-Strain Response of DU bolts tested at -54°C at 0.001/sec and 1/sec 
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Figure 2: Tensile Stress-Strain Response of DU bolts tested at -21°C at 0.001/sec and 1/sec 
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Figure 3: Tensile Stress-Strain Response of DU bolts tested at -0°C at 0.001/sec and 1/sec 
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Figure 4: Tensile Stress-Strain Response of DU bolts tested at -75°C at 0.001/sec and 1/sec 
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Figure 5: Compressive Stress-Strain Response of DU bolts (lot # 1147) as a function of 
temperature and strain rate. 



 
Section 10: Modeling of Damage and Failure in Depleted Uranium  
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The large deformation, damage and failure process for many polycrystalline metallic 
materials is inherently ductile in nature.  In general this means that the material will choose four 
specific physics mechanisms for accommodation of the imposed deformation – solid-solid phase 
transformation, large deformation plasticity, shear localization or adiabatic shear banding, and 
cavitation.  This discussion at present restricts itself to the materials and physics in this class of 
behavior.  At present, materials models to represent this damage process contain the elements of 
pore initiation or nucleation, pore growth, pore coalescence, and ultimate failure.  The nucleation 
process is believed to depend heavily on microstructural based heterogeneities and the spatial 
distribution of defects.  These include grain boundaries, impurity inclusions, intersection of twin 
planes, and dislocation sub-cells.  The statistical spatial distribution of inherent (grain 
boundaries, inclusions, initial dislocations) or deformation induced heterogeneities (twinning, 
dislocation subcell) are believed to act in combination with the spatial and temporal intensity of 
loading to determine which of the weakest or most strongly loaded defect sites will initiate a 
pore.  A nucleated field of pores will then competitively grow in size until they become large 
enough such that the deformation field surrounding individual pores begins to overlap with 
neighboring pores – at which time the process of damage coalescence begins.  The coalescence 
phase is when the established pore field begins to join and when localization or adiabatic shear 
banding facilitates this process.  Of course, ultimate failure will occur when the coalescence 
process brings about a percolated region of damage.  For dynamic and shock loading conditions, 
these events occur within very small length and time spans and so velocities and accelerations 
are very large.  Therefore, in addition to spatial effects, local inertial effects must also be 
accounted for in materials of moderate to high density.  This process is extremely complex, 
statistical and inherently loading path/rate dependent and so we need new tools to be able to 
understand the three-dimensional link between the defect structure / microstructure and detailed 
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Section 11: Summary and Path Forward 
 
Summary 
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2013-2015 Future DU Strategy for LANL’s DU Program 
 
Although LANL’s need to model the response of Depleted Uranium(DU) remains clear, both the 
experimental and modeling communities have only very limited experience due to loss of staff 
and the focus on other materials for several years.  This discussion of future plans in 
investigating DU behavior follows the goal of developing and validating predictive strength and 
damage models applicable to a broad range of loading conditions.  Independent of drivers, the 
scientific understanding of this material is very much needed to support programmatic 
imperatives. 
 

Shock-reshock experiments – Shock-deep release and then reshock experimental results are 
needed to quantify the constitutive behavior of DU during shock loading.  Comparison of 
shock-reshock data with additional shock recovery experiments (detailed below) are needed 
to both validate shock recovery data and facilitate quantification of the Baushinger effect and 
its influence on post-shock constitutive response and damage evolution. 
 
HE Spallation Experiments – Spallation testing of DU subjected to direct HE drive under 
both 1-D triangle-wave (plane-wave lens drive), and sweeping detonation wave loading are 
needed to quantify the effect of shockwave profile on spallation in DU and validate current 
DU damage models. 
 
Sweeping-Detonation Wave Shock-Prestraining Experiments  - Oblique HE driven shock 
wave experiments on DU to quantify the effect of shock obliquity on shock-induced 
hardening of DU as a function of several peak shock stresses.  Thereafter, quantification of 
the post-shock mechanical and damage behavior will be used to validate the MTS and PTW 
constitutive models and TEPLA damage model: 

a) strength as a function of strain rate and temperature, 
b)  shear response using “top-hat” and dynamic tensile extrusion on shock prestrained 

DU, 
c) damage behavior via tensile samples( smooth and notched) 

 



Microstructure Surrogate Development – invest in a processing – structure – property 
investigation in the development of an HEU surrogate for use in constitutive and shock / 
damage studies as detailed above. 

 
Microinertia --- New Physics Needed to Support TEPLA Modeling --- invest in parallel 
incipient spallation experiments on Aluminum and Tantalum to probe the effects of micro-
inertia effects on damage nucleation and growth during spallation 
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