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The competition between dislocation slip and twinning in tantalum single crystals has 

been investigated utilizing a crystal level twinning model and the results from gas gun 

recovery experiments conducted at peak normal stresses of 25 and 55 GPa. The recovered 

samples were characterized using electron back scattered diffraction, and the observed 

twining fractions were compared with the model. The experimental results show very low 

twin fractions in all orientations at 25 GPa; and that among (100), (110), (111), and (123) 

crystals the (110) crystals had the largest amount of twinning at 55GPa. The analysis 

shows that the general trends observed in the experimental data can be reproduced by the 

model when an orientation dependent dislocation evolution is used.  This analysis gives 

insight into the possible influence of the dislocation density and its evolution on the 

observed twinning behavior.  

 

I. Introduction 

     There have been a number of studies examining deformation twinning, and the review article 

by Christian and Mahajan
1
 is an excellent introduction to the topic. Many factors contribute to a 

material’s propensity to deform by twinning. Materials with tetragonal or orthorhombic 

symmetry are more likely to deform via twinning than cubic symmetry materials, due to 
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relatively few easily activated slip systems and geometric considerations. Twinning has also 

been generally observed in the regime of very low temperatures, where the dislocation mobility 

is low, or high deformation rates, as for example, shock loading, where the applied stress rate 

outpaces the plastic relaxation from dislocation nucleation and multiplication
2, 3

.  Tantalum is 

one of the materials with cubic crystal symmetry for which twinning has been observed 

experimentally, and studies have shown that both polycrystalline and single crystal Ta deformed 

at liquid He (4.2 Kelvin) temperatures twin under quasi-static loading conditions
4-6

. Under shock 

loading there have been a number of studies where material has been recovered for post shock 

characterization
7-11

.  The general experimental observation is that under shock loading, twinning 

in Ta single crystals begins between a normal compressive stress of 7 to 14 GPa, however 

studies on polycrystalline material have also shown that much lower shear stress magnitudes can 

drive twin formation in tantalum.
10, 12

  For single crystals, while there is evidence for an 

orientation dependence of the twinning  behavior
6, 9

, the exact nature of the dependence is still 

not fully understood.  

     In addition to the experimental observations, there have also been a number of constitutive 

models
7, 13, 14

 which have been developed specifically to describe the twinning behavior in Ta.  

Most of these models are designed to describe averaged polycrystalline behavior and take into 

account larger scale effects, such as the dependence on the grain size of the material.   

     In an effort to enhance the basic understanding of the competition between dislocation slip 

and twinning, a single crystal study has been conducted to try and avoid the complexities 

associated with the heterogeneous response of polycrystals. In this work, a crystal level twinning 

model has been developed and incorporated into a hydrodynamics code, and the simulation 

results are compared to experiments in which Ta single crystals have been shock loaded, 



recovered, and characterized using Electron Back Scattered Diffraction (EBSD). The crystal 

level twinning model provides a tool for assessing the impacts of various aspects of material 

physics in capturing the experimental observations and the underlying interaction between slip 

and twinning in tantalum.   

 

II. Experimental description 

     Tantalum single crystal samples where the (100), (110), (111), or (123) planes were aligned 

normal to the impact direction were tested in the 2-stage gas gun facility at Lawrence Livermore 

National Laboratory.  The samples were impacted at 800 m/s and 1580 m/s, which generated a 

peak normal stress of 25 and 55 GPa, respectively. Details of the experiment are presented 

elsewhere
15

.   

     After the samples were tested, the recovered samples were cut in half with a diamond saw, 

and the middle surfaces were metallographically polished and examined using EBSD. EBSD 

orientation mapping was carried out in a Philips XL30S FEG-SEM operating at 20 keV. All 

scans were performed at a magnification of 1,000X with a raster step size between 170 and 200 

nm. The probe beam was ≈ 5 nm in diameter, and given the sample inclination the probe 

dimensions would have been roughly elliptical (5 nm x 15 nm). For each sample, the EBSD scan 

size was approximately 25,000 m
2
. Since the scans were done at the higher magnification in an 

attempt to capture potentially small twins, it was difficult to generate enough scans to have 

statistical confidence in the area fraction of twins below a few percent. Therefore, fractions 

below this threshold are listed as less than 3%.    

 

 



 

III. Twinning Model 

     A crystal level twinning model has been developed in an effort to describe the orientation 

dependence seen in the experimental data. In this model, the dislocations are assumed to slip on 

the twelve {110} <111> slip systems, and twinning takes place on the twelve {211} <111> 

systems. For dislocation motion, the thermally activated portion has kinetics similar to the form 

found in the paper by Kothari et al. 
16

, and the drag regime is based on molecular dynamics and 

dislocation dynamics calculations presented elsewhere
17

. The shearing rate on a give slip system 

(whether in the parent grain or in a twin variant) can be decomposed into a thermally activated 

portion and a drag limited portion, with the combined shearing rate 
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     The thermal activation portion follows the form 
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where  is the temperature, h is the normalized dislocation density, and  is the resolved shear 

stress. Dependence on the resolved shear stress is similar to the MTS model
18

 and is modeled 

using 
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This form assumes that the Peierls barrier, p, is the dominant thermally activated obstacle to 

dislocation motion, and the hardening effects due to dislocations are largely athermal.  

     In the phonon drag regime, slip is described by 
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where Dr is the drag stress, and based on molecular dynamics results
17

, is taken to be 

independent of temperature in the range of interest.   

     The model tracks a distinct scalar dislocation density within the parent grain and each of the 

twin variants, with the interaction among the parent and twin variants following the formalism 

described in the paper by Barton et al.
19

. The relative dislocation density evolves in a Kocks-

Mecking form
20

 as 
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Under this evolution form, the term with k1 describes dislocation multiplication and the term 

with k2 describes strain rate dependent annihilation.  For a given strain rate, the dislocation 

density saturates at (k1/k2)
2
 and the parameters are calibrated to capture the results of multiscale 

simulations presented by Barton et al.
21

. The shear strain rate,  , used in equation 6 is the 

cumulative shear rate calculated from the shearing rates from all of the slip systems associated 

with the given constituent (parent or twin variant). This averaged shear rate is only used to 

calculate how the dislocation density evolves.  Therefore, orientation dependent behavior can 

still be captured through the orientation dependence of the shearing rates. Taken together, 

equations 4 and 6 result in the dislocation hardening being governed by a single scalar 

dislocation density within each constituent. While in principle a more generalized form could be 



developed to include the contributions from the density on each slip system, including latent 

hardening effects developed in other models
22

, for the purposes of this study, the averaged 

density appears sufficient to capture the overall behavior of the material. Further details and 

references related to a model with similar slip kinetics and hardening behavior are provided in 

another publication
23

.   

     The relative dislocation density is a unitless quantity  

          o

h                                       (7)                 

with  being the actual number density of dislocations and o  being a reference value.  For 

this work, o  has a value of 1 x 10
8
 /cm

2
, which is a common density for annealed single 

crystals. The parameters for the equations that describe the dislocation motion are provided in 

Table I.   

      The twinning kinetics follows a power law form as   
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 Where f(i) is the driving force (calculated from a projection of the stress and derivatives of the 

interaction energy described below), t is the threshold below which twins do not form, and g(i) is 

the resistance to twinning and is assumed to obey the relationship 
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     The resistance to twinning is dependent on the dislocation density of the constituent being 

swept by the twin boundary, , and the coefficient  controls the degree to which the 

dislocations serve as obstacles to twinning.  Given that the twins do not revert in the results 

shown here,  in equation 9 is always the relative dislocation density in the parent grain. 

Having the resistance term in the denominator of equation 8, implies that the dislocations serve 

as thermally activated barriers to twinning.  It should be noted that the twinning equations mainly 

represent the growth of the twins, and do not have features specific to nucleation kinetics.  

     The interaction energy among the parent and twin variants influences coexistence of mass 

fractions at a given material point and takes the form 
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where mp is the fraction of the parent grain, nc = 13 for one parent and 12 twin variants, and  
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The first term in equation 10, with coefficient C
rb

, penalizes the overall formation of twins and 

the second term, with coefficient C
ra

,
 
penalizes the coexistence of twins in accordance with the 

degree to which their habit planes intersect. As seen in equation 10, it becomes harder to twin as 

the twin fraction increases.   

     The parameters for the twinning portion of the model are shown in Table I. This overall 

model is distinct from many other models in that it tracks both twin fractions and the slip 

behavior in the twinned portion of the material. By tracking the slip and twinning, the 



relationship between the dislocation kinetics and its connection to twinning can be studied in 

more detail.  In addition, the functional forms and parameters for key features of the dislocation 

mechanics are motivated by sub-scale simulation results that are well suited to high strain rate 

behavior
21

.   

 

IV. Results and Discussion 

     The EBSD results for the 25 GPa shot show very little twinning in all orientations, while the 

55 GPa shot shows extensive twinning, particularly for the (110) crystal, as seen in Figure 1.  

The twin fractions for each orientation, summarized in Table II, were determined by summing 

the number of pixels that were within 5 degrees of the twin misorientation (60 degrees), and 

dividing by the total number of pixels in the scan.  The corresponding (100) pole figures at 25 

GPa, Figure 2, show very few peaks, indicative of only a few twin systems operating.  At 55 

GPa, the pole figures show large amounts of streaking, a sign of extensive deformation and 

rotation, and many more peaks caused by the activity of more twin systems.  

     The (110) oriented crystal shows no twinning at 25 GPa, yet shows the most twinning, nearly 

25%,  at 55 GPa, while the (001) shows very little twinning under both conditions. The (111) and 

(123) orientation both show little twinning at 25 GPa, and 5-6 % at 55 GPa.  While in principle 

EBSD has submicron resolution, it is possible that there are twins that are smaller than the EBSD 

resolution limit. TEM results from a previous study
15

 for the (100) 55 GPa sample show twins 

that are only tens of nm in width, and hundreds of nanometers in length. Due to the spacing of 

the twins observed, it is estimated that any missed twin fractions are on the order of a few 

percent of the total area.  



     In an effort to understand the observed experimental trends, the crystal level twinning model 

described above has been incorporated into a 3-D hydrodynamics code, and simulations of the 

plate impact experiments have been conducted.  Since the EBSD scans are taken from the middle 

of the sample, periodic lateral boundary conditions are used. A montonic-Q
24

 is used so that the 

viscosity of the material model is dominant over the artificial viscosity in the plastic portion of 

the wave structure. For the twinning portion of the model, many of the parameters are difficult to 

measure experimentally; therefore the parameters reported have large uncertainties associated 

with them. Given these unknowns, the main value of this study is to see where the model is most 

sensitive in reproducing the trends observed in the experiments.  

     Previous studies have shown that there is a competition between dislocation slip and 

twinning
2, 3, 25, 26

, and many models account for this with a critical stress, where twinning is 

initiated once the local stress reaches a critical value
7, 14

. The main limitation with such a model 

is that there is an inherent assumption that changes in the dislocation density do not affect the 

driving force required for twinning. Studies on polycrystalline material, however, have shown 

that twinning can be suppressed with prestrain
2, 3

, indicating a strong dependence on the initial 

dislocation density.  Using the model described in the previous section, a parameter study was 

conducted to evaluate which parameters most strongly influence the amount of twinning 

produced. Specifically, the role of the initial dislocation density, as well as the evolution of the 

dislocation density, through the dislocation multiplication rate, was studied.  

 

A. Dislocation density 

     As shown in Table III, as the initial dislocation density, 
0=t

h , is increased in the simulation 

of the 55 GPa shot, the amount of twinning decreases, from nearly 30% to 1-6%. This 



observation is consistent with other experimental data that suggests twinning can be completely 

suppressed by pre-staining at low strain rates from a few percent to tens of percent depending on 

the deformation conditions
1-3, 25, 26

.  In Figure 3a, the simulated wave profile of the 55 GPa shot, 

using the parameters in Table I, are shown for a material point taken at the middle of the 

simulated sample. It is seen that in the (100) orientation, the longitudinal wave increases 

monotonically then begins to level off before slightly increasing again after about 0.35 s.  Also 

plotted are the distinct contributions to the effective strain from twinning versus dislocation slip 

at the same material point. The second rise in the longitudinal wave corresponds to an increase in 

the strain accommodated by the dislocations, which is delayed in time, and is consistent with the 

time dependence of dislocation motion and dislocation multiplication. For the (110) orientiation, 

Figure 3b, the strain due to twinning is significantly lower than in the (100) case, and the model 

predicts that eventually (after 0.3 s) the strain due to dislocation slip will be higher than for 

twinning. This orientation also shows a drop in the particle velocity, which results from the 

complex interplay among the kinetics. At early times, twinning is the dominant plastic 

deformation mechanism and can be characterized as a rapid onset that has a tendency to saturate 

once the deformation can be accommodated by dislocation slip. Under certain conditions, the 

kinetic interactions are such that the wave can separate to have two distinct rises, with material 

plastically relaxing in between. Since the particle velocity is governed by the derivative of the 

normal stress with respect to volume, a drop in particle velocity represents a relaxation in the 

deviatoric stress, which can launch rarefaction waves that partially unload the shock wave. The 

pullback feature in the particle velocity can be viewed as a superposition of these effects, and has 

been reported in other studies on shocked Ta
27

.   



     Regarding the dislocation evolution, the assumption is that the dislocation density is 

increasing due to multiplication from existing sources, as opposed to the homogenous nucleation 

of dislocations. Utilizing molecular dynamics (MD) simulations, Rudd et al. showed that in Ta, 

homogenous nucleation is expected to occur at normal stresses above 62 GPa under laser driven 

conditions, which is a higher normal stress and strain rate than observed in these experiments
28

. 

     When another simulation is performed with the initial dislocation density increased by a 

factor of 100, which would correspond to a heavily deformed initial condition of the sample, the 

results for both orientations, Figures 3c and 3d, show a sharp increase in the particle velocity in 

the first rise, before leveling off with no additional rises. In this case, the simulation shows that 

the strain is being mainly accommodated by dislocation slip, since the dislocation density is 

sufficiently high. In examining equations 2 and 4, the strain rates due to slip are a strong function 

of the dislocation density, therefore, these results are consistent with the theory that if there are 

enough dislocations to accommodate the strain rate seen, and thereby prevent overshoot in the 

deviatoric stress magnitude, then twinning will be suppressed.  

 

B. Dislocation multiplication rate 

     The dislocation multiplication rate can also have a large effect on the amount of twinning 

predicted. For these simulations the initial dislocation density is fixed at h =1, which is consistent 

with TEM observations of the initial dislocation density of annealed bcc single crystals.
29

 The 

simulation results, Tables IV and V, show that for a given orientation, as the multiplication rate 

increases, the corresponding twin fraction decreases. The effect is similar to the increase in the 

initial dislocation density, where the multiplication rate is sufficient to create enough dislocations 

to accommodate the straining at the relevant rates. In these results however, for a given 



multiplication rate, the orientation dependence appears to be inconsistent with the trends 

observed experimentally. Mainly, the (100) orientation appears to have the largest twin fraction.  

 Unlike the initial dislocation density however, which is basically the same for all of the 

orientations, the multiplication rate can depend on the orientation. Single crystal experiments on 

(100), (110) and (111) single crystals show that the strain hardening rate is markedly different for 

each orientation, 
30, 31

 where the (100) orientation shows the higher strain hardening rate, (110) 

has the lowest rate, and the (111) orientation is somewhere between the two. Given that strain 

hardening can be attributed to the interaction of dislocations, there is generally a direct 

correlation between the strain hardening rate and the dislocation multiplication rate. Using a 

dislocation dynamics code, Bulatov et al., found that the multiplication rate from the (100) 

orientation is an order of magnitude higher than for the (110) orientation
32

. They attribute the 

difference to special dislocation junctions that form in the (100) case that act as sources which 

increase the multiplication rate, and also show an increase in the hardening.  

     Based on these cases the multiplication rate, k1, was varied based on the orientation, where 

the (110) orientation had the lowest rate, approximately 150, the (100) orientation had the 

highest rate about 8000, and the (111) and (123) orientations were set at approximately 800.  It 

should be noted that the annihilation rate k2, is also changed such that the ratio of k1 to k2 

squared is consistent with the saturation density from the LLNL Ta multiscale model
21

.  Using 

these parameters for k1 and k2, the experimental trends are reproduced, shown as the highlighted 

values in Tables IV and V, where the (110) orientation shows a considerably larger amount of 

twinning than the other orientations under a 55 GPa normal stress loading. While the amount of 

twinning in the (100) orientation is higher than experimentally observed, it is possible that there 

are fine scale twins that are missed in the ESBD analysis.  The implication from these results is 



that the multiplication rate plays a prominent role in determining whether a given orientation, or 

grain, will twin.  

     While similar trends appear in the experimental characterization and the model results, there 

are still some discrepancies that imply that the models are missing relevant aspects of the 

physics. One source of improvement could include results from MD simulations to guide the 

development of twinning kinetic equations that incorporate both nucleation and growth
33

. Since 

it appears that the dislocation evolution is important to twinning, it would be expected that the 

results would be sensitive to the nucleation and growth kinetics of the twining as well.  Another 

source of improvement could be to develop a model to resolve the individual twin domain 

formation instead of relying on the interaction energy model and homogenization over twin 

fractions.  It should also be noted that the interactions between the twinning and dislocation 

evolution is expected to be strain rate dependent, and that for lower strain rates different aspects 

of the material response may be dominant, although the interaction between slip and twinning is 

likely to still be complex.  

 

V. Conclusions 

     A crystal level model has been created which tracks the deformation contribution from the 

individual dislocation and twinning systems. This model has been incorporated into a 

hydrodynamic code that is used to simulate gas gun experiments on differently oriented single 

crystals. The experimental trends in the orientation dependence of the twinning fraction are 

captured with the model when an orientation dependence on the dislocation multiplication rate is 

invoked. The (110) oriented sample was found to have a substantially larger fraction of twins at 

55 GPa, in comparison to the other orientations, and the model captured this trend when the 



multiplication rate of the (110) crystal is an order of magnitude less than the (100) orientation.  

This dependence is consistent with other studies on the strain hardening and multiplication rates 

in Ta single crystals.  
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Tables and Figures 

Table I. Model parameters   

Parameter Value Name Equation Reference(s) 

/3bg  
barM

K
23034.4  activation energy parameter 3 

16
 

p  0.28  MTS curve shape parameter 3 
16

 

q  1.34  MTS curve shape parameter 3 
16

 

p  PaM400  Peierls stress 3 
16

 

wo
  1s102 7

 ref. thermally activated slip rate 2 
16

 

ro
  1s101 3

 ref. drag limited slip rate 5 
34

 

rD  barM0.02  reference drag stress 5  

o  K300  reference temperature 5  

1k  160 D.D. production constant 6  

2ok  10 D.D. production constant 6  

og  PaM0  slip resistance constant 4  

s  PaM49  slip resistance constant 4  

11c  PaG260.2  elastic moduli  
16, 35

 

12c  PaG154.5  elastic moduli  
16, 35

 

44c  PaG82.6  elastic moduli  
16, 35

 

vc  
Kk

k
0.1455

g

J
 heat capacity  

36
 

o  
3c

g
16.6

m
 reference density  

36
 

S  1.2  EOS  
37

 

o  1.67  EOS  
37

 

a  0.42  EOS  
37

 

t  PaM300  twin threshold 8 
7
 

o  PaM400  twin resistance constant 8, 9  

 PaM80  twin resistance constant 8, 9  

r  0.1  twin rate sensitivity 8  

o  s/25.1  reference twinning rate 8  

C
ra PaM300  twin penalty constant 10,11  

C
rb PaM700  twin penalty constant 10  

 



Table II. Twin fractions measured from EBSD scans.  

Normal Stress (100) (110) (111) (123) 

25 GPa <3% <3% <3% <3% 

55 GPa <3% 25% 6% 5% 

 

 

Table III. Effect of initial dislocation density on the twin fraction for the 55 GPa simulation 

Initial relative dislocation 

density (h) 

(100) (110) 

1 29% 29% 

100 7% 1% 

 

 

Table IV. Simulation results of the twin fraction for the 25GPa simulation 

Multiplication rate, k1 (100) (110) (111) (123) 

150 6.6%  2.1% 1% 2.9% 

800 1.9% 0.1% 0.1% 0.5% 

8000 0% 0% 0% 0% 

 

 

Table V. Simulation results of the twin fraction for the 55GPa simulation 

Multiplication rate, k1 (100) (110) (111) (123) 

150 24.7% 23.4% 24.3% 24.5% 

800 15.2% 1.1% 0.8% 1.9% 

8000 7.1% 0.7% 0.2% 1.4% 

 

 



 

Figure 1- EBSD orientation map results for the 25 and 55 GPa case for each orientation
15

. The (110) 

orientation shows extensive twinning at 55 GPa.  

 

 

 

 

 

 
Figure 2- (100) pole figures for 25 GPa and 55 GPa cases

15
. The additional spots indicate activity on twin 

systems.  
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Figure 3 – Simulated longitudinal particle velocity and fractional strain plots for the (100) and (110) 

orientations using different initial dislocations densities, h, a) (100) orientation for h=1, b) (110) 

orientation for h=1, c) (100) orientation for h =100, d) (110) orientation for h=100. 
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