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Abstract

Recent Taylor cylinder impact tests carried out for Ta single crystals showed strong 

variations in dimensional changes for different crystallographic directions aligned with 

the cylindrical axis. In order to capture the effect of crystallography on the deformation 

characteristics and final shapes of the impacted cylinders, a single crystal material 

subroutine is adapted and embedded in the solid mechanics/dynamics Finite Element 

solver Abaqus to simulate the aforementioned single crystal Ta Taylor impact 

experiments. Details of the coupled model implementation, and insights on the role 

played by single crystal anisotropic flow on the deformation behavior across a broad 

range of strain rates and temperatures for different single crystal orientations are 

presented and discussed. We demonstrate the predictive capability of the adopted 

crystal plasticity model to capture the significant role played by crystal orientation-
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induced anisotropy, as well as strain hardening and adiabatic heating, on the dynamic 

deformation response of crystalline materials. This re-emphasizes the need of 

microstructure-aware models to improve the accuracy of simulations for high-

consequence engineering design.  

Keywords: crystals; plasticity; Finite elements; anisotropic; impact
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1. Introduction

Microstructure-aware models, capable of predicting how the thermo-mechanical 

response of crystalline materials is affected by their intrinsic anisotropic and 

heterogeneous constitutive behavior, have been the subject of intensive research for 

many decades. Variations of thermo-mechanical behavior due to the underlying 

microstructure are expected under both quasi-static and dynamic deformation 

conditions. With the advent of exascale computing and novel machine-learning methods 

for materials science applications (e.g. [1]), the development and validation of these 

physics-based tools is critical to use material models with sensitivity to microstructure 

and its evolution for engineering analysis and material design (e.g. [2]).

In polycrystalline materials, the size, morphology, spatial and crystallographic 

orientation distributions and defect content of the single crystal grains that form the 

aggregate, as well as the evolution of these microstructural features with deformation, 

determine the macroscopic mechanical response. The heterogeneous and directional 

microscopic mechanical behavior of single crystalline grains and their local interactions 

manifest itself at macroscopic level. Capturing these effects by means of predictive and 

fully-extrapolable models is critical to enable and accelerate the in-silico discovery of 

materials with superior mechanical properties. Material models with microstructure 

sensitivity in quasistatic deformation regimes are of very practical relevance in, e.g., 

metal forming applications [3-5]. Under dynamic deformation conditions, understanding 

the effect of the underlying material’s microstructure is critical in the engineering design 

of metallic parts for high-consequence applications.   
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This paper is focused on the modelling—and the corresponding numerical 

implementation—of recent experiments of the mechanical behavior of single crystalline 

samples deformed under dynamic conditions. In this case, very pronounced anisotropic 

effects are expected because the deformed sample is a single crystal, compared with 

standard polycrystalline samples/parts, in which harder and softer crystal orientations 

tend to compensate each other as they deform collectively to accommodate the 

deformation imposed to the polycrystalline aggregate.

Models and numerical implementations to capture these effects under these conditions 

need to be finite elements (FE)-based and crystal plasticity (CP)-based, to predict the 

mechanical behavior of crystalline samples (using CP) with complex geometries and/or 

applied boundary conditions (using FE). To date, most applications of CPFE have 

targeted polycrystalline samples. For polycrystals, a popular CPFE approach [6-8] 

consists in the use of a single crystal plasticity constitutive law for every 

integration/material point, to solve the boundary-value problem using the FE method 

with intragranular mesh resolution. An alternative and more efficient approach to solve 

such problems relies on the use of multiscale formulations with polycrystal plasticity at 

the mesoscale [9-13], in which the single crystal and macroscopic scales are connected 

through an intermediate mesoscopic/polycrystal scale. The material’s behavior of the 

discretization points in the FE mesh is obtained from the homogenized response of a 

polycrystal with evolving microstructure at each integration/material point. At the 

mesoscale, the polycrystal’s mechanical response representing the behavior of each FE 

integration point, can be obtained using numerical homogenization, e.g., FE2 models 

[14], in which the micromechanical fields are fully resolved and averaged over a 
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polycrystalline unit cell. A more efficient alternative consists in the use of mean-

field/homogenization theories, in which the mesoscale response is obtained from a 

statistical representation of the polycrystalline microstructure, averaging single crystal 

behaviors based on certain localization assumptions such as the self-consistent (SC) or 

Taylor approaches [15-17].

In order to validate and calibrate models for materials deforming dynamically, the 

standard practice is the use of Taylor anvil experiments [18, 19]. In particular, CP 

material models for dynamic deformation conditions have been compared, validated 

and calibrated using Taylor anvil experiments performed on textured polycrystalline 

samples, which show different responses depending on the relative orientation of the 

main components of the crystallographic texture of the cylindrical sample with respect to 

the axis of the cylinder. The only way to capture these variations is to embed 

microstructure-aware material models with sensitivity to the polycrystal’s texture in 

mechanical boundary-value solvers with the ability to capture complex geometries and 

boundary conditions, like those corresponding to a Taylor anvil test. 

In pioneering work, Maudlin and collaborators reported experiments and corresponding 

simulations for textured polycrystalline Ta [20, 21] and Zr [21] Taylor cylinders, which 

clearly showed texture-induced anisotropic effects. One of their main observations was 

the ovalization of the initially circular impact section of the cylinder (i.e., the cylinder’s 

foot), with the minor/major axes aligned with the macroscopic directions containing a 

majority of soft/hard crystal orientations under extension deformation, which is the 

deformation undergone by the cylindrical sections complementary to the compression in 
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the direction of the cylindrical axis. In both cases, the FE code EPIC [22] was used to 

simulate the experiments, with embedded anisotropic yield functions calibrated using 

the polycrystal Taylor full-constraints (FC) model for Ta, and the viscoplastic self-

consistent (VPSC) model for Zr. These yield function calibrations were based on the 

initial texture of the cylinders. In the case of hexagonal close-packed (hcp) Zr, in 

contrast with body-centered cubic (bcc) Ta, the more anisotropic plastic behavior of hcp 

single crystal required the use of the more sophisticated VPSC model, which allow 

grains to deform differently according to their directional plastic properties, as opposed 

to the simpler Taylor FC model that imposes the same plastic deformation to all grains. 

Maudlin et al.’s [20, 21] results showed acceptable predictions of the ovalization and 

final longitudinal cross-section of the Ta cylinder, even without updating the yield 

function due to texture evolution due to large plastic deformation as a result of the 

impact. On the other hand, in the case of Zr, the lack of the consideration of strong 

texture evolution deteriorated the agreement between experiments and simulations.  

Motivated by these observations, Tomé et al. [23] cut beams from the same textured Zr 

material to test and model their quasistatic behavior under 4-point bending. In this case, 

VPSC was, for the first time, directly embedded in FE (EPIC code [22]).

Later on, VPSC was directly embedded in Abaqus [10], and applied to quasistatic 

problems. The explicit version of this VPSC-based Abaqus implementation was further 

modified, including a better handling of different rate sensitivities, and used in [27, 28] to 

model microstructural effects on Taylor anvil impact tests measured in Ta and Zr [20, 

21]. The VPSC formulation was recently extended [11] into a generalized material 

model (GMM)/code, VPSC-GMM, that can be called by different boundary-value 



7

problem solvers, including high-performance parallel computing implementations. In 

[11], VPSC-GMM was embedded in a Lagrangian finite element hydrodynamics code to 

simulate [20] polycrystalline tantalum Taylor cylinder impact test, showing good 

agreement, and excellent numerical performance. In terms of parallel computing, linear 

scaling of the computational time with the number of threads was observed. In this 

work, VPSC-GMM is adapted to consider that each integration/material point in the FE 

mesh is a single crystal instead of a polycrystalline aggregate, eliminating the need of 

performing a SC homogenization in every material model call, but using most of the 

algorithmic and numerical advantages of the VPSC-GMM implementation. 

As mentioned above, compared with textured polycrystalline Taylor anvils, more 

pronounced anisotropy is expected if the cylinder is a single crystal. A single crystalline 

macroscopic sample can be regarded as the limit case of a polycrystalline sample with 

all the microscopic domains, in which a polycrystalline aggregate would otherwise be 

partitioned into, having the same crystallographic orientation. Until very recently, single 

crystal Taylor anvil experiments, in which the mechanical response is a function of 

which crystallographic orientation is aligned with the cylindrical axis, were not available.  

Groundbreaking experiments by Lim et al. [29] for single crystal tantalum Taylor anvils 

impacted along different crystallographic directions and at different impact velocities 

have shown the expected strong variations in dimensional changes and strain 

localization for different orientations, and provided modelers with a unique set of 

experimental data to compare with CP formulations in the dynamic deformation regime. 

Some of these features were recently reproduced by Nguyen et al. [30], including strain-

rate and temperature dependence of the slip resistance via a dislocation density-based 
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hardening model implemented by Luscher et al. [31] in the arbitrary Lagrangian-Eulerian 

(ALE) multiphysics hydrocode FLAG [32].

In this work, in order to capture the strong effect of crystallography on the deformation 

mechanisms and final shapes of the cylinders, a single crystal plasticity material model 

is adapted from VPSC-GMM and embedded in Abaqus explicit to simulate Lim et al’s 

[29] single-crystal Ta Taylor anvil experiments. In this way, all the constitutive features 

and flexibility offered by VPSC-GMM for embedding in different FE codes—including, in 

this case, Abaqus—become available to simulate single crystal experiments. Details of 

the crystal plasticity/Finite Element model implementation and insights on the role 

played by the single crystal anisotropy under dynamic deformation and adiabatic 

heating conditions across a broad range of strain-rate and temperatures are hereby 

presented and discussed.

The paper is structured as follows. In section 2 we recall Lim et al.’s [29] experiments. In 

section 3 we describe single crystal plasticity/FE coupling. In section 4 we present and 

discuss the adopted hardening law, including adiabatic heating, and the calibration 

using polycrystalline Ta high strain-rate experiments. In section 5 we compare Lim et 

al.’s experiments and coupled single-crystal/Abaqus simulations for different single 

crystal orientations, impact velocities, and adiabatic heating assumptions. Section 6 

provides conclusions and perspectives.

2. Lim et al.’s single crystal Ta Taylor Anvil experiments

Lim et al. conducted Taylor cylinder impact tests for single crystals Ta cylinders with 

, , , and  crystal orientations aligned with the cylindrical axis [29]. [100] [110]  [111] [149]
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The cylinders were machined to a diameter of 6.35 mm and a length of 38.1 mm. They 

were fired into a pneumatically-positioned AF1410 high strength steel impact anvil with 

a mirror finish under various velocities: 102.2 m/s, 137.4 m/s, and 150.6 m/s for , [100]

78.1 m/s, 101.7 m/s, and 137.5 m/s for , 78.3 m/s, 103.1 m/s, and 137.5 m/s for [110]

, and 77.8 m/s, 103.9 m/s, and 137.2 m/s for , for a total of 12 specimens. [111] [149]

The experiments were done at room temperature and vacuum conditions of around 10 

torr. The velocities were measured using four laser beams placed along the travelling 

path with the fourth laser beam at about 1 mm from the impact surface.

The single crystal responses were significantly more anisotropic than polycrystalline 

specimens. The symmetric orientations, i.e., , , and , showed final [100] [110]  [111]

shapes with four-, two-, and three-fold symmetries, respectively, while the asymmetric [

 orientation showed no clear symmetry.  orientation also showed a three-fold 149] [111]

symmetrical fracture on the impact surface.  showed slight asymmetric sizes of the [110]

shoulders. The experiments revealed unique localized deformations for each orientation 

that are more pronounced at higher velocities. For example, the  orientation at [110]

101.7 m/s showed V-shaped shear bands and formation of shoulders along the major 

axis that became more pronounced at 137.5 m/s. Lim et al. [29] concluded that Schmid 

factors can be used to predict the main differences between deformed features, but also 

suggested the need of thermo-mechanical coupling, temperature, and strain-rate 

dependent constitutive models to more accurately predict the plastic anisotropy and 

strain localization.

3. Crystal Plasticity Implementation
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3.1 Modelling Framework

The pre-existing VPSC-GMM is an extended VPSC-based materials subroutine that can 

be easily called by different implicit and explicit boundary-value problem solvers [11]. 

VPSC-GMM provides updated stress and state variables, for given applied strain, 

rotation and time increments. In the case of very small strain increments, an 

extrapolation procedure provides an efficient linear extrapolation of stress. VPSC-GMM 

already contained all the necessary subroutines to deal with single crystalline behavior 

at each material point.  A constitutive equation for single crystal at material point in 

context of VUMAT closely following the well-established methodology [33] has been 

adopted, and its numerical implementation has been adapted from the VPSC-GMM 

framework to model Lim et al.’s [29] single crystalline Ta Taylor impact experiments .

Stress rate in a single crystalline material point, expressed in global frame, is given by 

[33]:

, (1)�	 = �	 + �� �
�	 �� �	 �
��

where  is the Jaumann stress rate rotating with the crystal lattice given by�	

, (2)�	 = �� :(�� �� ��vp)

where  is single crystalline elastic stiffness,  is applied strain rate at material point and �� ��

 is the viscoplastic strain rate. The viscoplastic strain rate is given by the power law ��vp

flow rule [34, 35]

, (3)��vp = ��0��
s( |�	 :�� s|

��sc )
n

�� ssgn(�	 :�� s)



11

where  is reference shear rate set to ,  is slip resistance or critical resolved ��0 1 s�� 1 ��sc

shear stress (CRSS) of slip system ,  is a stress exponent, set to 14, s n �� s = sym

 is symmetric part of Schmid tensor, and  and  are slip direction and plane (�!s �" �#s) �!s �#s

normal.  is the lattice spin given by:��

, (4)�� = �� m �� �� p

where  is applied material spin and  is plastic spin,  is shear rate on slip �� m �� p = ��
s��

s�$s ��s

system  and  is anti-symmetric part of Schmid tensor.s �$s = asym(�!s �" �#s)

In a VUMAT, all the quantities are provided in the local frame rotating with  �&= �' �
�' T

(Green-Naghdi corotational frame), where  is rigid body rotation obtained by polar �'

decomposition of deformation gradient. Jaumann stress rate in local Green-Naghdi 

corotational frame is given by

, (5)�	 GN= �	 GN+ (�� GN�� �&GN) �
�	 GN�� �	 GN�
(�� GN�� �&GN)

where  is Green-Naghdi stress rate and superscript  indicates quantities in local �	 GN

Green-Naghdi corotational frame. First recognizing that in Eq. (5)  according �	 GN= �	 GN

to [36], and then expressing and integrating  from Eq. (5) gives [37]�	 GN

, (6)�	 GN,t+ �-�,= ��GN:(�-��GN�� ��vp,GN,t+ �-�,�-�,) + �-�' GN�	 t,GN�-�' GNT

where Eq. (2) has been substituted and  is incremental rotation matrix calculated �-�' GN

from  (provided by Abaqus). In the original VPSC-GMM, Newton’s method for �� GN�� �&GN

solving of non-linear equation (6) for stress was already implemented. 
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At the beginning of each increment, rates from previous increment are used for explicit 

extrapolation of state variables (slip resistance and crystallographic orientations). Non-

linear equation (6) is solved every  increments, after accumulated von Mises strain n

increment becomes larger than a threshold value [11]. In the increments between the 

full solution, simplified linear solution of Eq. (6) is used. The threshold von Mises strain 

increment is automatically updated every time the full solution of Eq. (6) is calculated, 

based on the accuracy of linear stress extrapolation with respect to full solution of Eq. 

(6). Threshold von Mises strain increment belongs to the interval 0.0001 to 0.01. 

Linearized solution of Eq. (6) is obtained by performing first order Taylor expansion of 

Eq. (3) around �	 GN,t

, (7)��vp,GN,t= �. GN,t:�	 GN,t+ ��0GN,t

where

, (8)�. GN,t= n��0��
s( |�	 GN,t:�� s,GN,t|

��s,t
c

)
n �� 1

1

��s,t
c
�� s,GN,t�/ �� s,GN,t

, (9)��0GN,t= (1 �� n)��0��
s( |�	 GN,t:�� s,GN,t|

��sc )
n

sign(�	 GN,t:�� s,GN)�� s,GN,t

are linearized viscoplastic compliance and back-extrapolated strain rate, respectively 

[38]. Next, the linearized relation at current time increment is obtained by extrapolating 

 and  as�. GN,t ��0GN,t

, (10)�. GN,t+ �-�,= �. GN,t+ �. GN,t�-�,

, (11)��0GN,t+ �-�,= ��0GN,t+ ��0GN,t�-�,
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where  and  are obtained by finite difference approximation [11]. Substituting �. GN,t ��0GN,t

linearized relation at current time increment  ��vp,GN,t+ �-�,= �. GN,t+ �-�,:�	 GN,t+ �-�,+ ��0GN,t+ �-�,

into Eq. (6) and solving for stress gives a linear extrapolation equation [11]:

. (12)�	 GN,t+ �-�,= [�1+ ��GN:�. GN,t+ �-�,] �� 1:[��GN���-��GN�� ��GN:��0GN,t+ �-�,�-�,+ �-�' GN�
�	 t,GN�
�-�' GNT]

3.2 Modified Extended Voce-hardening

The model employs an extended Voce hardening law that evolves the CRSS stress with 

accumulated shear strain in each single crystalline material point [39]:

. (13)��c = ��0 + (��1 + �21�3)(1 �� exp( �� �3|�20
��1|))

Where , , , and  are the initial critical resolved shear stress (CRSS), the ��0 �20 �21 (��0 + ��1)

initial hardening rate, the asymptotic hardening rate, and the back-extrapolated value of 

the CRSS as a function of   , i.e., the accumulated shear calculated by �3= ��
s�6��

s

summing all shear activities, , in each slip system. As the same parameters are �6��s

applied to all systems and the same equation is calculated for each material point, the 

superscript  is omitted in Eq. (13). The rate of change of the CRSS due to shear is s

determined by taking the derivative of Eq. (13):

. (14)
d��c
�7�3= [�21 + (|�20

��1|��1 �� �21)exp( �� �3|�20
��1|) + |�20

��1|�21�3exp( �� �3|�20
��1|)]

Additionally, latent hardening is considered by coupling the CRSS increase through the 

coefficients, , that represent the increased resistance of propagating slip on a system hss�9

 due to dislocations on other systems, , while self-hardening, , is set to 1:s s' hss
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. (15)�6��s = ( �7��
�7�3

��
s�9
hss�9�6��s')

For the Ta simulations, the model considers 24 slip systems in the <111> and {110}

<111> slip modes where the same Voce parameters are applied to both.{112}

The model updates the CRSS at the end of the current simulation time increment, ��t + �6�,

with the CRSS, , and the overall change, , at the beginning of the current , ��t �6��t

increment:

. (16)��t + �6�,= ��t + �6��t

At the first increment, In Eq. (16), we have , where  is originally ��t(n = 1) = ��0 + �6��t(n = 1) ��0

a constant.  expresses time in terms of integer increment number, while  is the t(n) n(t)

inverse relationship. At any time increment, we can collect the  terms from all �6��

increments and express Eq. (16) in terms of :��0

. (17)��t(n) + �6�,= ��0 + �� n(t)
i = 1�6��

i

Then, thermal effects are introduced by defining a temperature-dependent relationship 

for  [40]:��0

. (18)��t + �-�,
0 = Aexp( ��

1
B(Tt + �-�, �� Tref))

Where  is the reference temperature set to room temperature, , such that Tref 298 K

parameter  equals the initial CRSS at room temperature when the current temperature A

 equals , and parameter  is the temperature coefficient. Both slip modes are Tt + �-�, Tref B
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given the same parameters, therefore the initial CRSS is uniform across all slip 

systems. The current temperature is updated by [41]:

, (19)Tt + �6�,= Tt + �6Tt = Tt + �B
�6Wpl,t

�ECt
p

where  is the plastic work increment calculated with the stress, , and �6Wpl,t = �	 t:��vp,t �	 t

the viscoplastic strain rate,  at the beginning of the current increment. Parameter  is ��vp,t �B

the thermomechanical conversion factor (or Taylor-Quinney coefficient) for Ta set to 0.5 

for the  orientation and 0.9 for other orientations [42].  is the density and  is a [100] �E Ct
p

temperature-dependent heat capacity, updated using the temperature at the beginning 

of the current increment:

. (20)Ct
p = A0 + A1Tt + A2/ (Tt)2

Here, , , and  are fitting constants [43]. A0 = 145.5
J

kgK A1 = 0.009544
J

kgK2 A2 = �� 68900
JK
kg

Lastly, we substitute Eqs. (18-20) into Eq. (17) for a final form of the hardening model:

.  (21)��t(n) + �6�,= Aexp( ��
1
B[(Tt + �B

�6Wpl,t

�E(A0 + A1Tt + A2/ (Tt)2)) �� Tref]) + �� n(t)
i = 1�6��

i

We conclude this section by providing further distinction between the present model and 

the recent work of Nguyen et al. [30] used to simulate the same series of experiments 

by Lim et al. [29]. The constitutive equation in Nguyen et al. is written in terms of the 

second Piola-Kirchhoff stress and the strain rate, in the intermediate configuration. On 

the other hand, in the present model we write the constitutive equation in terms of the 

Cauchy stress and the strain rate, in the current configuration, which is more in line with 

a VUMAT, where Cauchy stress is the main variable to be updated. In addition, in our 



16

model we use an extrapolation method that increases the speed of calculation. Nguyen 

et al.’s crystal plasticity model is based on dislocation densities, where the plastic 

velocity gradient is calculated using Orowan’s equation. On the other hand, we use the 

power law viscoplastic equation with a modified Voce hardening law. Our model is 

simpler, but more empirical than Nguyen et al.’s. The extended Voce hardening law also 

has fewer fitting parameters in comparison to Nguyen et al.’s model, which was 

calibrated using a two-step Bayesian statistical approach. In conclusion, our Abaqus 

model is simpler, while its predictions are comparable to those of Nguyen et al. 

implemented in the more specialized hydrocode FLAG. The predictions of our model 

indicate that it is sufficient to accurately describe only the most important features of the 

dynamic behavior (i.e. rate sensitivity and thermal softening), and slip activity in order to 

correctly reproduce the main experimental features.

4. Model Calibration

The calibration of the Voce hardening and temperature softening parameters was done 

using high strain rate polycrystalline Ta data from literature by Lee et al. [44], and the 

polycrystal code VPSC, including the corresponding hardening/softening expressions. 

Commercially-pure annealed Ta rolled plates with an average grain size of 45 µm were 

subjected to split-Hopkinson compression pressure tests at 298 K. The extrapolated use 

of Voce hardening parameters obtained from polycrystalline data to run our single 

crystal simulations is justified by the annealed condition and relatively large grain size of 

the polycrystalline material, which mitigates the effect of initial dislocation density and 

grain boundaries in the polycrystalline specimens, in comparison with the single crystal 
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Ta samples. A Ta rolled texture that is comparable to the texture presented in the 

literature was used for the simulations. The pole figures showing the texture of the 

material are provided in figure 1. The adiabatic high strain rate response is shown in 

figure 2a as the solid blue curve showing the effect of temperature softening with 

decreasing stress. To determine the degree of the softening, Lee et al. conducted 

quasi-isothermal high strain rate tests and used a shorter striker bar to compress the 

specimen by a smaller strain increment. Three tests were completed to reach a total 

strain of 0.6 with the specimen cooled to room temperature between the tests. The 

combined response is shown in figure 2a as the solid red curve. The calibrated 

hardening parameters are shown in table 1 and the adiabatic and isothermal VPSC 

simulations are the blue and red dashed curves respectively. Also shown in figure 2a 

are the quasi-static isothermal compressive stress-strain experimental curves at room 

temperature by Chen et al. [43] and their corresponding simulated curves using the 

same set of hardening parameters.

Figure 1: Equal area projection pole figures showing initial texture of rolled polycrystal Ta 

plate. The measured data is represented using 100 weighted orientations for simulations 

based on the methodology presented in [45].
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Figure 2: (a) Comparison of measured and simulated true stress-true strain response of 

polycrystalline Ta as a function of strain rates highlighting the effect of softening due to 

temperature increase in the adiabatic process versus in the isothermal process. The 

adiabatic sample was deformed at room temperature and measured temperature 

increase of up to 300 K while the isothermal sample remained at room temperature. High 

strain rate curves are from [44], while the quasi-static curves are from [43]. (b) Measured 

versus simulated  and  single crystal true stress-true strain under dynamic [100] [110]

compression. Experimental curves are the high strain rate split Hopkinson bar tests from 

[42]. The polycrystal isothermal curve from (a) is shown in (b) for reference. 

Table 1: Voce hardening and temperature-dependent softening parameters adjusted for 

single crystal Ta for both  and  slip modes.{110} {112}

�M0 (�N�O�P) �M1 (�N�O�P) �Q0 (�N�O�P) �Q1 (�N�O�P) �R�S�S�9 �T (�N�O�P) �U (�V)

115 50 120 5 1.2 115 273
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Predicted single crystalline high strain rate compression data curves and corresponding 

CP simulations using the same hardening parameters as those used for the 

polycrystalline Ta simulations are shown in figure 2b. The dynamic compression tests 

were reported by Rittel et al. [42] on a 19.05 mm diameter Kolsky bar at room 

temperature. The polycrystalline isothermal high strain rate compression curve is also 

shown for reference. Each single crystal orientation is given by set of Euler angles listed 

in table 2. The  single crystals exhibit a slightly higher initial yields relative to the [100]

polycrystal, while the  orientations are softer. The oscillations in the plastic region [110]

of the experimental curves are due to the dynamic effects during the impact. While the 

simulated single crystal curves do not match quantitively with the experimental 

measurements, the relative strength and hardening trends are in reasonable 

agreement. Therefore, we regard the improved hardening formulation as able to capture 

strain-rate, temperature, and crystallography dependence for the mechanical responses 

of Ta. However, we expect the magnitudes of stress in the single crystal impact 

simulations to not be predicted with high accuracy.

Table 2: Bunge-Euler angles of the 4 single crystals and the imperfect  single crystal [110]

used in the simulations.

Single Crystal 

orientations
�W1 �X �W2

[100] 0 0 0

[110] 0 45 0

[111] 0 54.74 45.0
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[149] 0 24.61 345.96

misaligned 

[110]
2.0 47.0 2.0

5. Abaqus Model and Simulation Results

An Abaqus VUMAT implementation following the framework described in section 3.1, 

with constitutive behavior for single crystal Ta described in section 3.2 and calibrated in 

section 4 was used to simulate Lim et al.’s Taylor cylinder impacts. Typically, Taylor 

impact simulations [24, 27, 46] are modeled with quarter symmetry models since 

polycrystalline materials may exhibit statistical sample symmetries, but considering any 

symmetry would be inadequate for the  and  single crystals. Therefore, we [111] [149]

employed a full cylindrical Taylor impact model with 11648 C3D8R hexahedral (brick) 

elements, as shown in figure 3. The number of elements is selected after performing a 

mesh sensitivity study where the formation of shear bands and strain fields of the [110] 

model at 137.5 m/s are used to evaluate the mesh convergence. It is noted that shape 

and thickness of the shear band do not change significantly with element size. Friction 

between the impact surface and the cylinder is neglected as the anvil was polished to a 

mirror finish to minimize the friction effects.
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Figure 3: Finite element model setup consisted of a cylinder meshed with 11648 C3D8R 

brick elements and a rigid wall for the Taylor impact test simulations. v indicates the 

applied velocity.

We explore three cases pertaining to the hardening/softening of the Ta single crystal: 1) 

no hardening; 2) Voce hardening only, with parameters from table 1; 3) Voce hardening 

and adiabatic heating softening effects, with strain-hardening and temperature-

dependent softening parameters from table 1. For the 4 orientations, 3 velocities, and 3 

hardening/softening cases, a total of 36 simulations were completed for this study. 

Cases 1 and 2 are for comparison with case 3 only (see Tables 3 and 4). All deformed 

anvil figures presented below correspond to case 3. The Taylor impact simulation times 

are less than 10 minutes for all orientations and loading conditions using 32 Intel Xeon 

E5-2695 2.1 GHz processors in parallel.

The supplementary information provided by Lim et al. [29] detailed the dimensions of 

the Taylor cylinders. The experimental and simulated deformed cylinder lengths are 

given in table 3. Graphical comparisons of the projectile lengths and strain field contours 
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are shown in figure 4. The color scale is set to the 0-1 strain range for all figures with 

any value exceeding 1 is set to gray. The same color scale is also used for other figures 

in this section. The highest strain value of 1.694 is from the  orientation at 137.5 [111]

m/s. Center longitudinal cross sections of the model results are used to reveal the strain 

field inside the cylinders and provide a proper comparison for the deformed lengths. As 

expected, cases 1 and 2 correspond to the softest and hardest results, respectively. 

The percent errors of case 3 results versus the measured values are also presented in 

Table 3. The errors are calculated by taking the absolute difference between measured 

and simulated deformed lengths then normalized by the measured deformed lengths.

The deformed cylinder side profiles in Figure 4 match closely with the experiment 

photographs. Table 3 also shows that most of the simulated deformed projectile lengths 

are within 2% error of the samples. And the  orientation’s deformed lengths are [110]

shorter than . We observed the  orientation to be an exception where the [100] [110]

 simulations in all 3 cases have a percent error greater than 2%. A possible [110]

explanation of the inconsistency could be that the  sample had a misaligned  [110] [110]

single crystal that would still be within specifications. To explore this, we compare the 

 deformed sample (Figure 5a) at 137.5 m/s versus a simulation using a perfect [110]

 orientation (Figure 5b) and a simulation using a misaligned  orientation [110] [110]

(Figure 5c). The misaligned orientation was created by adding 2° to each Euler angle, 

as shown in table 2, thus creating an orientation that slightly deviates from . The [110]

perfect orientation simulation shows symmetrical shoulders and strain fields on the 

cylinder body while the misaligned orientation shows asymmetrical shoulders like those 

observed on the measured sample as well as asymmetrical strain fields. With the 
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misalignment, the predicted cylinder lengths are slightly improved by about 0.02 mm. 

While investigated independently, similar observation was also made by Nguyen et al. 

[30] where they proposed a misalignment of 1°.

Additionally, Figure 6 provides close-up 3D views of the deformation features near the 

impact surface/foot where strain localization takes place. For  and  [110] [111]

orientations, the strain localizations labeled on the experimental figures can be matched 

directly to the features on the simulated cylinders. Evidently, the deformation features of 

the simulations agree reasonably well with the experiments. The  sample [111]

orientation at 137.5 m/s shows significant warping at and near the impact surface, while 

in the simulations this warping is not as drastic. This is likely because no attempt was 

made to simulate the fracture of the material. Under this approximation, the material 

was able to form larger lumps and have more space to deflect as mass was conserved 

during the simulation.

For the  orientation, the simulated deformed cylinder shows 4 symmetrical ridges [100]

above the impact foot and matches with the 4 ridges observed on the photograph of the 

measured cylinder. The V-shaped shear bands labeled on the experiment photograph is 

not clearly visible on the Abaqus model but strain field contours at the locations of the 

labeled regions have a similar V-shape. For the  orientation, the model is rotated [149]

slightly off from the provided axes for better shading to show the distorted mesh 

boundaries near the tip of the arrows. The curvatures match with the location and 

direction of the labeled strain localizations on the experimental sample.
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Additionally, the temperature increases in shear bands with highest strain localizations 

range from approximately 200 K to 350 K for each of the orientations at highest impact 

velocity. Similarly, Nguyen et al. [30] simulated temperature increase of approximately 

300 K inside the most pronounced shear bands.

Figure 4: Photographs of measured and FEM simulations (2-D longitudinal cross 

sections through the center of the specimen) of Taylor impact specimens after their 

impact showing reduction in length at three velocities for each single crystal orientation: 

(a) , (b) , (c) , and (d) . Red dashed lines indicate the initial [100] [110] [111] [149]

dimensions. 

Table 3: Projectile lengths after simulations for the 3 hardening cases (case 1: no 

hardening; case 2: Voce hardening; case 3: Voce hardening and adiabatic heating 
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softening), compared with measured values (Exp.). The simulated lengths are taken from 

the deformed distance of the center nodes on the projectile mesh.

Orientation Velocity (m/s) Exp. (mm) Case 1 Case 2 Case 3

%error 

(Exp. vs. 

case 3)

102.2 33.4 32.2 33.0 32.8 1.80

[100] 137.4 30.3 28.6 30.0 29.7 1.98

150.6 30.1 27.2 28.8 28.5 5.32

78.1 34.2 34.6 34.9 34.9 2.05

[110] 101.7 31.8 32.7 33.3 33.1 4.09

137.5 28.5 29.4 30.5 30.1 5.61

78.3 37.0 35.6 35.9 35.8 3.24

[111] 103.1 34.2 34.0 34.6 34.5 0.88

137.5 31.8 31.5 32.6 32.1 0.94

77.8 34.6 34.5 34.9 34.7 0.29

[149] 103.9 33.1 32.2 32.9 32.7 1.21

137.2 29.3 28.9 30.2 29.7 1.37
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Figure 5: Comparison between (a) experimentally deformed and simulated (b) perfectly 

oriented  single crystal and (c) imperfectly oriented  single crystal revealing the [110] [110]

asymmetrical features on the imperfect specimen. The introduced misalignment was 2 

degrees for each of the Bunge-Euler angles for the imperfect crystal. 
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Figure 6: 3D views of experimental photographs and FEM simulated meshes for single 

crystal specimens after deformation near the foot: (a)  single crystal at 150.6 m/s, [100]

(b)  single crystal at 137.5 m/s, (c)  single crystal at 137.5 m/s, (d)  [110] [111] [149]

single crystal at 137.2 m/s. (b) and (c) matches the labeled strain localizations from the 

experiment figures with those observed on simulated cylinders. (a) proposes matching 

strain localizations on the simulated cylinder based on the strain field contours. The 

strain localizations in (d) is more difficult to display while maintaining the same 

orientation of the samples but can be seen from the distorted mesh boundaries near the 

tips of the arrows. The provided frame pertains to the FE meshes, while the 

experimental photographs in a, b, and c may be slightly misaligned with the frame and d 

is approximately 90° rotated around z.

The experimental and simulated deformed foot dimensions are given in table 4. 

Comparisons of the foot profiles and strain contours are shown in figure 7. Lim et al. 
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[29] provided major and minor axes measurements for each orientation and impact 

velocity. However, it was unclear how major and minor axes were selected for the  [111]

orientation since it had a three-fold symmetry and fractured regions. Therefore, we 

selected the dimensions visualized by dashed lines in figure 7 as comparison 

measurements between the simulations and the experiment. An average of the 

dimensions is used for  and  orientations where multiple measurements were [100] [111]

provided. The major axis dimensions are used for the  and  orientations. The [110] [149]

experimental values for  foot profile dimensions are measured using the provided [111]

scale and an image processing software.

Figure 7 compares the experimental and simulated deformed foot profiles of the 

cylinders at each impact velocity. The figures are adjusted to the scale shown. The 

white dashed circle represents the undeformed cylinder end. The overall size and shape 

of all the simulations agree well with the experimental cylinder profiles at all velocities 

for all the orientations. The measured foot profile of the  cylinder at 150.6 m/s [100]

impact speed showed 8 distinct corners. While the simulated cylinder has 4 distinct 

corners. Although the 4 diagonal corners are not visible, they align with regions of very 

highly localized strains colored as gray, showing 8 total corners with the most amount of 

deformation. Additionally, curvature in the z-direction can be observed on the edges of 

the [100] experimental samples’ foot profiles after 137.4 m/s and 150.6 m/s impact 

velocities. In comparison, the simulated cylinder has the impact foot remain fully flat 

relative to the impact surface. Similarly, the results of Nguyen et al. [30] also did not 

model the curvature but the 8 corners on the  cylinder at 150.6 m/s can be [100]

observed.
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The magnitudes of the foot profile measurements are close to experimental 

measurements. Considering the error values are relatively inflated due to the small 

magnitude of the experimental values, the percent errors of the foot profile dimensions 

given in Table 4 show reasonable agreement. The measured four-, two-, and three-fold 

symmetries for , , and  orientations, respectively, can be observed on [100] [110] [111]

the simulations in terms of both the deformed shapes and the strain fields. The model 

also predicts slip activities that showed 8, 4, and 6 equally active systems for the three-, 

two-, and four-fold symmetries of , , and  orientations, respectively, [100] [110] [111]

while the  orientation had only one dominantly active system. This result agrees [149]

with Lim et al.’s [29] analysis that drew similar connections between the symmetries and 

the Schmid factors. The fracture on the  impact surface is not directly comparable [111]

since the adopted constitutive behavior does not currently model fracture. In this regard, 

Figure 8 presents a separate comparison of the sample and the simulation showing the 

three-fold symmetrical concentration of highly localized strain similar to the sample. It is 

evident that if the FE model is refined by adding a fracture criterion driven by strain, the 

right symmetry of the fractured regions near the foot can be reproduced. Additionally, 

Abaqus explicit offers an option for element deletion when cumulative damage 

parameter exceeds a critical value. Cumulative damage parameter is a function of 

stress triaxiality, strain rate, and temperature, all of which can be informed by the 

VUMAT. Previous work by Teng et al. [47] demonstrated this method for studying the 

failure of Taylor cylinders.
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Figure 7: Measured and simulated foot shapes for the four single crystal orientations: 

(a) , (b) , (c) , and (d)  after their impact at three velocities. The [100] [110] [111] [149]

dashed circles indicate the initial dimension of the specimens before their impact. The 

numbers near the dashed lines are the dimensions compared in table 4. For multiple 

lengths labels, the average of the values is used. The strain fields are set between 0 to 

1 for all simulated contours. Areas exceeding 1 are in gray. The max strain value of 

1.694 shown in the legend is the highest strain from  single crystal at 137.5 m/s.[111]
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Table 4: Measured (as labeled in figure 7) and simulated lengths of the edges on the foot 

profile for the 3 hardening cases. For multiple lengths labels, the average of the values is 

provided. 

Orientation Velocity (m/s) Exp. (mm) Case 1 Case 2 Case 3

% error 

(Exp. vs. 

case 3)

102.2 8.3 10.5 8.5 9.1 9.64

[100] 137.4 13.1 13.1 10.1 11.3 13.74

150.6 14.0 14.1 10.8 12.3 12.14

78.1 9.4 9.9 8.9 9.4 0.00

[110] 101.7 10.9 11.1 9.8 10.4 4.59

137.5 14.1 13.5 11.0 12.8 9.22

78.3 4.1 4.1 3.6 3.8 7.32

[111] 103.1 5.0 4.9 3.9 4.8 4.00

137.5 7.7 6.5 4.5 6.9 10.39

77.8 8.4 9.4 8.2 8.6 2.38

[149] 103.9 10.7 11.1 9.1 10.2 4.67

137.2 13.9 13.5 10.7 12.8 7.91
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Figure 8: Comparison between measured and simulated foot profile for  cylinder [111]

after the impact at 137.5 m/s revealing the regions of strain localization.

In closing, we show in Figure 9 the evolution of equivalent plastic strain rate fields (a 

variable named PEEQR in Abaqus) during the impact of the  orientation single [100]

crystal at 150.6 m/s. The five specific frames are chosen to show the progress of the 

compressive wave that propagates from the impact surface at initial contact with the 

anvil to the middle of the cylinder upon separation from the anvil. As the wave 

propagates, the cylinder deforms plastically. The color code for the strain rate fields in 

each frame are unified to range from 0 to 12,000 for consistency between the frames, 

while revealing the strain rates at the later time steps. The maximum strain rate 

recorded in the cylinder is 59,739 s-1 during the initial impact. Figure 10 shows the 

equivalent plastic strain rate fields at the achieved peak strain rate for each orientation 

and velocity during initial impact. The maximum strain rates increase as the impact 

velocities increase. Interestingly, at a similar impact velocity of 137 m/s,  and  [110] [100]

have the highest strain rates of about 49,000 s-1 while  has the lowest strain rate at [111]

29,700 s-1. At the moment of impact, the strain rate fields of all orientations are 



33

symmetrical with the  orientation beginning to show asymmetrical patterns. The [149]

strain rate field of  orientation also matches the V-shaped shear band formation [110]

observed on the deformed samples.

Figure 9: Equivalent plastic strain-rate (PEEQR) fields over the  cylinder at 150.6 [100]

m/s impact simulation at times indicated in the figure. The projectile model is cut along y-

axis to reveal the center. The color scale is adjusted to better visualize the strain rate 
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wave in the sequence of five frames. The highest value shown is the maximum simulated 

strain rate and occurred in the second frame at 6e-6 s.

Figure 10: PEEQR fields at the simulation time where the highest strain-rate is observed 

for impact cylinders with (a)  orientation, (b)  orientation, (c)  orientation, [100] [110] [111]

and (d)  orientation at their respective impact velocities. The highest value is the [149]

value at the top of their respective color code.

6. Summary and Conclusions

In this work, we developed and validated a model and its numerical implementation in 

Abaqus for single crystals under dynamic deformation conditions, and applied it to 

predict the extreme plastic anisotropy and shape variations revealed by available Ta 
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single crystal Taylor anvil experiments impacted with different crystallographic 

orientations aligned with the cylindrical axis.

Temperature-dependent CRSS’s expressions were adopted to supplement the Voce 

hardening model and enable capturing softening during adiabatic dynamic compression. 

A single crystal constitutive equation for each FE integration point was adapted from the 

polycrystalline VPSC-GMM framework, inheriting all the constitutive and numerical 

advantages of the latter.

Comparison of experimental and simulated geometries upon the impact revealed that 

the deformation features are predicted reasonably well for 3 impact velocities for each 

of the 4 orientations. In particular, the model captured the 4-fold, 2-fold, and 3-fold 

symmetrical features for , , and  orientations and no symmetry for  [100] [110] [111] [149]

orientation. Moreover, the calculated strain rates show slower deformation of  [111]

orientation, which experienced the smallest contraction upon the impact. These results 

demonstrated the predictive capability of the adopted crystal plasticity model, with all its 

constitutive and numerical elements, to capture the significant role played by crystal 

orientation-induced anisotropy, as well as strain hardening and adiabatic heating, on the 

dynamic deformation response of crystalline materials. This re-emphasizes the need of 

microstructure-aware models to improve the accuracy of simulations for high-

consequence engineering design.  
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Highlights

Crystal Plasticity captures effect of crystal orientation of Ta Taylor cylinders

Strong variations in final shapes predicted with crystal plasticity finite elements

Calibrated strain hardening and adiabatic heating constitutive laws were required

Results emphasize the need of microstructure-aware models for engineering design


