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ARTICLE INFO ABSTRACT

Keywords: This paper is concerned with experimental verification of a recently developed multi-scale simulation framework
Microstructures for plastic deformation of metallic materials from quasi-static to impact deformation conditions. The framework
Twinning is a visco-plastic self-consistent (VPSC) polycrystalline model embedded in an implicit finite element method

Crystal plasticity
Impact testing
Finite elements
Zirconium

(FE-VPSC) to provide a microstructure-sensitive constitutive response at each material point. Each material point
of the FEM model is a polycrystalline aggregate with crystallographic deformation mechanisms operating at the
single crystal scale with their evolving activity based on a dislocation density-based hardening law and texture.
Four beams and three cylinders machined in different orientations from a textured plate of high-purity zirconium
are tested quasi-statically in 4-point bending and at speeds of 100 m/s, 170 m/s and 243 m/s during Taylor
impact tests, respectively. The variation in dimensional changes resulting from different sample orientations in
the plate with respect to loading directions is measured for each sample. Moreover, texture and twinning
characterization is performed using electron backscattered diffraction (EBSD). The deformation processes and
underlying evolution of microstructure are successfully simulated using the FE-VPSC framework. In doing so, the
model parameters are optimized and validated across a broad range of strain rates and temperatures. Simulation
results in terms of geometrical changes and microstructural evolution are compared with the experimental
measurements. The model predicts anisotropic material flow resulting from the hard-to-deform crystallographic
directions, the development of gradients in texture and twinning through the geometries, tension-compression
asymmetry, as well as the extent of plasticity under impact.

1. Introduction

Alloys of zirconium (Zr) are important for a number of practical
applications in the nuclear industry, primarily due to their low ab-
sorption of neutrons as well as good corrosion resistance [1, 2]. High
purity Zr is used for fundamental understanding of the material beha-
vior. The deformation behavior of Zr is highly anisotropic and sensitive
to changes in temperature and strain-rate conditions [3]. Such behavior
is a consequence of its hexagonal close packed (HCP) crystal structure
governed by the activation of multiple slip and twinning modes. Acti-
vation of a deformation system/mode requires overcoming the critical
resolved shear stress (CRSS) of the system/mode. The activation de-
pends on temperature and strain-rate. The CRSS evolves with plastic
strain as the temperature and strain rate dependent dislocation density

evolves. As a result, predicting deformation behavior during shaping
and forming or in service requires knowledge of the crystallography, i.e.
slip/twinning and texture.

This work is concerned with mechanical behavior and micro-
structural evolution of high-purity Zr deforming plastically over a broad
range of strain rates at two temperatures (room and liquid nitrogen).
Several dynamic tests exist for testing material behavior across a range
of strain-rates. These tests include split Hopkinson pressure bar, Taylor
cylinder impact, flyer plate impact, and laser shock [4-9]. The first two
reach strain rates in the range of 10 /s - 10° /s, whereas the latter two
can attain strain-rates in excess of 10° /s. The split Hopkinson pressure
bar test allows for high strain-rate stress/strain curves to be obtained
and tested samples can be analyzed post-mortem. However, a stress-
strain curve cannot be obtained using the other three tests that only
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provide samples for post-mortem analysis. The Taylor impact test was
originally developed as a way to determine dynamic yielding of poly-
crystalline metals by propelling a cylindrical specimen at a rigid target
[10]. The tested material experiences a wide range of strain-rates and
strain levels, and a single sample can be used to validate constitutive
laws for a range of strain-rates and strains [11-13]. Metals of varying
crystal structures have been tested, such as Ta, Ti, and Zr [14-17], al-
lowing the development and validation of crystal plasticity models [18-
26]. To this end, the cross-sectional shape changes along the length of a
cylinder are measured. Moreover, the underlying microstructural evo-
lution can be characterized. As a result of the highly heterogeneous
deformation imposed by this test, substantial variations in micro-
structure are usually observed throughout a cylinder [17].

Material models are often fit using stress-strain data at a range of
strain-rates and/or temperatures measured using quasi-static mechan-
ical tests and split Hopkinson pressure bar tests. The predictive char-
acteristics of the models can then be extrapolated/evaluated by simu-
lating Taylor impact tests. For Taylor impact simulations of Ta, a finite
element (FE) model with constitutive laws based on continuum yield
surfaces was found to be sufficient for modeling the shape changes
during the test. The good predictions were associated with the high
symmetry body center-cubic (BCC) structure of Ta governing the rela-
tively isotropic material flow [14]. However, similar modeling ap-
proaches were not sufficient for materials with a lower symmetry HCP
structure such as Zr [11]. The evolution of texture and the specific
deformation mechanisms underlying plastic deformation, including
deformation twinning, need to be incorporated in the models. The
importance of considering these effects in a Taylor impact test was
recently discussed in a study on Ti, another HCP metal [27]. The work
predicted the geometric changes during the test by developing a spe-
cialized anisotropic yield surface that approximates the tension-com-
pression asymmetry and effects of texture and twinning [27]. Such
specialized continuum models rely on fitting of macroscopic data and
do not consider the deformation physics of crystallographic slip and
twinning. In contrast, crystal plasticity models take into account the
physics of deformation more explicitly. For several decades, such
models have been pursued to describe the behavior of metals by con-
sidering the microstructural features and the crystallography of de-
formation mechanisms. In these models, the strain-rate dependence in
the material response arises from stress driven activation of the fun-
damental deformation mechanisms that depend on the microstructural
evolution. As a result, these models improve predictive characteristics
of anisotropic material flow as well as facilitate better understanding of
the deformation behavior of polycrystals.

This work utilizes a recent finite element implementation of the
visco-plastic self-consistent (FE-VPSC) model to simulate the evolution
of texture, twinning, and geometry of high-purity Zr during compres-
sion, bending, and Taylor impact tests. Four beams and three cylinders
were machined from a textured plate of Zr along different directions
and quasi-statically tested in 4-point bending and in Taylor impact at
speeds of 100 m/s, 170 m/s and 243 m/s, respectively. We acknowl-
edge that the bending experiments were presented in an earlier work
[28]. The variation in dimensional changes resulting from different
sample orientations in the plate with respect to loading directions was
measured for each sample. The deformed geometry and texture evo-
lution per beam were used in the present work to evaluate predictive
characteristics of the modeling framework under quasi-static strain
rates. Likewise, deformed geometry, texture, and twinning character-
ization was performed using electron backscattered diffraction (EBSD)
for the impacted cylinders to facilitate model evaluation under impact
deformation. The deformation processes of compression, bending, and
impact along with the underlying evolution of microstructure were
successfully simulated using the FE-VPSC model. The predictive char-
acteristics of the model were evaluated from quasi-static to high strain-
rate to impact deformation conditions. In doing so, the model para-
meters are optimized and validated across a broad range of strain rates
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and temperatures. It is shown that the predictions and measurements of
texture, twin volume fraction, and geometry are in good agreement.
Although the model is primarily calibrated and validated using stress-
strain curves and microstructural data up to the strain-rates achieved in
the testing by Split-Hopkinson pressure bar, the extrapolated predic-
tions to much higher strain rates achieve good agreement with minimal
further adjustments of the material parameters. Hence, the thermally
activated dislocation density-based hardening model is valid at much
higher strain-rate fields induced by the impacts varying hetero-
geneously both spatially and temporarily. As a result, the dislocation
glide is likely to be thermally-activated even at the strain-rates in the
Taylor impact tests.

2. Modelling framework

The homogenized response of a polycrystalline aggregate can be
efficiently calculated using the VPSC model. In VPSC, the polycrystal-
line aggregate is represented by a set of single crystalline ellipsoidal
grains, each described by the shape and orientation of the ellipsoid,
orientation of the crystal lattice inside the ellipsoid, and volume frac-
tion. Each grain deforms by crystallographic slip and twinning.
Twinning is treated as pseudo-slip followed by a crystal lattice reor-
ientation of the twinned domain upon a critical amount of its activity/
fraction. The slip shear rate is given by the power-law relationship [29,
301]:

o [ le - m') ' W) ()
VU= e | sign(e™ m™)
TC

(€8]
where 7*® is the shear rate on system s in grain r, ¢ is the Cauchy
deviatoric stress in grain r, 72" is the slip resistance, %, is the reference
shear rate taken as unity, n is the power-law exponent (inverse of rate
sensitivity), and m*® is the symmetric part of Schmid tensor given by
05" @ n'” + n'® @ b*"), where, b*® is the Burgers vector and
n*? is the plane normal. The strain rate deviator in grain r is calculated
by summing the contributions from all slip systems:
8]5;) - E ms(r)}-,s(r)'

s (2)

Linearization of Eq. (2) gives:
S]E;) =MNg® 4 ‘(':0(’), 3)

where M® is local visco-plastic compliance and £*" is the back-extra-
polated strain rate in grain r. The linearized moduli, M® and £°,
depend on the selected linearization procedure [31]. The n-effective
formulation is used in the present work [32]. Each linearized grain is
assumed to be a visco-plastic ellipsoidal inhomogeneity within a
homogeneous medium that has the homogenized properties of the
linearized aggregate [31]. The homogenized effective behavior of the
linearized polycrystalline aggregate is:

£, =Moo’ + £°, 4

where ¢,, and o’ are the macroscopic strain rate and stress deviators, M
is the effective visco-plastic compliance, and £° is the effective back-
extrapolated term. The effective properties are calculated as volume
averages of the corresponding local properties weighted by the stress
concentration tensors, B” and b®:

M = <M<V)B(V)>’ (5)

£ = (MOp®) 4 £, ©)

where denotes volume average over the polycrystal. The self-consistent
equations Eq. (5)-(6) are solved iteratively using a fixed point method
[31].

In the present work, the strain-rate sensitivity of stress is primarily
accounted for through the functional dependence of slip resistance on
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strain rate, 7.(¢). The strain rate sensitivity of a polycrystalline material
is a consequence of two dislocation glide rate effects. First, the slip
resistance at a given constant dislocation density (i.e. constant struc-
ture) is rate dependent and, second, the evolution of the dislocation
density (i.e. evolving structure) is also rate dependent [33]. Since in the
present model the functional dependence of slip resistance with strain
rate and with rate sensitive dislocation density completely describes the
strain rate sensitivity of the material, the contribution to the overall
rate sensitivity coming from the power law (Eq. (1)) should be removed
or at least minimized. Removal of the power-law rate sensitivity is
achieved only for the limit of n approaching infinity (n — o). In this
case, the strain rate sensitivity of a material response will be solely
governed by the slip resistance 7. (¢ ). The analysis in the previous
work [19] showed that a strain-rate sensitivity introduced by n of ap-
proximately 400 (m = 0.0025, n=1/m) is sufficiently low and ac-
ceptable for the current application. A further increase of rate exponent
results in relatively insignificant improvements.

The VPSC algorithm relies on numerical solution of the constitutive
Eq. (2) for grain stress, o), in each grain and at every iteration and
trial strain increment. This set of equations becomes highly nonlinear
and stiff with an increase of rate exponent n beyond 50-100, leading to
convergence difficulties in the Newton-Raphson solver. Several alter-
native non-iterative schemes have been developed to circumvent this
issue [24, 34-39]. In addition, in previous work [19, 40] an alternative
scheme for reduction of power-law rate sensitivity, referred to as the k-
modification (k-mod) method, was proposed and applied within the FE
framework. The method is based on modifying the magnitude of the
true applied strain-rate, &,)”, before performing the VPSC homo-
genization. Increase of rate exponent beyond 50 does not appreciably
change the slip activity, and thus does not change the direction of strain
rate or stress. Therefore, any further increase of rate exponent will
mostly affect only the magnitude of the stress. In order to achieve the
same effect in terms of stress magnitudes, modification of the applied

strain rate is proposed. The modified strain-rate, £,,, is defined as:

£app .
. vp SOPD /i pat
E = gy 1 1o el

vp ref| (7)
where ¢, = 1 /s normalizes the applied strain-rate for consistency of
units. The inverse relationship is:

Lapp _ & e Je |k
£’ = Eplépliyl (8

Egs. (7) and (8) imply that £,y approaches unity as k increases. In
order to understand the effect of the proposed modification, consider

the case where the applied strain rate, &,)”, is scaled as A£,/*. From

L, .

Eq. (7), the strain-rate imposed to the VPSC is Ak+1£,,. Scaling of

macroscopic strain rate results in scaling of grain strain rates
L 1,

Ak+1g,, = Ae+1£D, where denotes the volume average. Consequently,

Vp El
1 1
from Egs. (1-2) it is clear that the stresses scale as Ak+ing’ = AG+ng’ ),

Therefore, the proposed modification of the applied strain rate does not
affect the directions of the local or macroscopic quantities, which are
defined by n. The proposed modification only affects the magnitudes of
the quantities, causing a decrease in rate sensitivity, m, with increase of
k, which is now defined as combination of both n and k: m=1/((k+1)
n).The k-mod method does not influence the computational time of the
VPSC solution procedure, which is only influenced by the power-law
exponent n. Moreover, k does not influence the relative activity of de-
formation systems. Based on previous work [19], for the simulations in
the present work we adopt k = 7 and n = 50, resulting in rate sensi-
tivity of m=1/(n(k+1)) = 1/400.
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After VPSC has converged, the shearing rates 7 have to be re-
scaled for l¢,,/ E'mflk, so that the total shear corresponds to the true, ap-
plied strain rate. Next, shear rates are used for calculation of the crystal
lattice rotation rates, W*®, in each grain, r:

W*(") =W + H(") _ WP(V), (9)

where W is an applied spin tensor, II” is an inclusion spin [31], and WP
@ is the plastic spin tensor given by:

wp(r) =05 z }-,s(r)(bs(r) ® ns(r) ) ® bx(’)).
s (10)

Standalone VPSC is used to simulate relatively simple, usually
monotonic, deformation processes such as simple tension, compression,
and shear. Since heterogeneous mechanical fields develop in more
complicated mechanical tests (e.g. beam bending or impact tests) and
during metal forming process [41-47], it is necessary to couple VPSC
with a FEM framework. The constitutive response at every material/
integration point is obtained through VPSC homogenization of a poly-
crystalline aggregate. The FE-VPSC coupling strategy used in this work
was first described in [48] and then advanced in terms of numerical
methods and efficiency in [18, 23]. The coupled model has been suc-
cessful in simulating bimetallic tube extrusion [26], bending [49],
rolling [21, 50], impact [18] and behavior of certain structural com-
ponents [51].

The FE-VPSC model utilizes the following rate constitutive equation
for total stress rate in the global frame [30, 52-56]:

&= <é\_(r)> 4 <W*(r)a.(r) _ a,(r)w*(r)> — <C(r)(£-. _ Iévp/éreflkéup»
+ (W*(")o.(") _ o.(’)w*(’)) (l 1)
where é\'(r) is the Jaumann stress rate and C™ is the elastic stiffness of

grain r. In Eq. (11), the Cauchy stress rate, &, is defined at every FEM
integration point as the volume average over all grains. In addition,
Eq. (7) has been substituted for the applied viscoplastic strain rate.
Integration of equation Eq. (11) using the Euler backward method leads
to the following expression for stress at the end of a time increment [19,
571:

Lk
£,

T
o't = ¢l ae - &,At | + (ARG AR),

Eref (1 2)
where C is the elastic self-consistent stiffness, Ae and At are strain and
time increments, and AR*™ is the increment in rotation calculated from
W, Eq. (12) is solved for évp using Newton's method [19]. In addition
to stress, the global FEM solver requires the Jacobian matrix at each
integration point [58]. For the above constitutive equation, the details
on the solution procedure and the semi-analytical Jacobian can be
found in [19].

The coupled model relies on a hardening law for the evolution of
slip resistances, 7., with plastic slip (y*), temperature (T) and strain-rate
(¢). A thermally-activated dislocation density-based hardening law is
used in the present work [59]. The resistances to twinning modes are
not functions of strain-rate and temperature directly but indirectly
based on slip-twin interactions. Grain re-orientation due to twinning is
modeled using the simplified composite grain (CG) model where twins
are treated as separate grains and not as part of the grain parent
composite [60]. A summary of the equation pertaining to the evolution
of slip and twin resistances is given in appendix A. The specific version
of the hardening law for Zr has been calibrated and validated in earlier
works [19, 61].
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Fig. 1. Pole figures representing the initial texture of the Zr plate after clock-rolling and annealing: (a) obtained experimentally by diffraction and (b) approximated

with 150 weighted crystal orientations for use in simulations.
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Fig. 2. Comparison of measured (solid lines) and VPSC simulated (dashed lines) true stress-true strain curves for Zr in compression at room temperature as a function
of strain rate along: (a) in-plane direction (IPC or y) and (b) through-thickness direction (TTC or z). The simulated results based on the measured texture with a full
set of crystal orientations and the corresponding texture represented with 150 weighted crystal orientations are nearly identical.

3. Results and discussion
3.1. Model calibration

The modeling framework is evaluated in the present work on a
comprehensive data set in terms of capturing geometrical changes and
microstructural evolution across strain rates and temperatures. The
texture of the high-purity, clock rolled and annealed Zr plate is shown
in Fig. 1. The in-plane 1 (IP1 =x) direction was the final rolling direc-
tion for the plate, while the in-plane 2 (IP2=y) is the direction per-
pendicular to IP1 within the plane of the plate. The remaining plate
direction is the through-thickness (TT = z) direction. As can be seen, the
Zr plate has a strong basal texture. We approximate the measured or-
ientation distribution function (ODF), defined by 1944 weighted crystal
orientations, with 150 weighted orientations.

The plasticity of Zr is carried out using the following slip modes:
prismatic {1100} < 1120>, pyramidal type I {1011} < 1123>, and basal
{0001} < 1120> [62-64]; and twinning modes: extension {1012} < 1011>
and {1121} < 1026> and contraction {1122} < 1123> and {1011} < 1012>
[65-67]. While the first extension and contraction twins activate in
large fractions, minor contents of the second extension and the second
contraction twins are also observed and thus are considered in the si-
mulations. These have been made available in the model for

completeness. The consideration of {1121} < 1026> twin results in a
minor difference between the present model and the one used in earlier
works [19, 61].

The variety of tests performed for Zr facilitate detailed character-
ization of model parameters and testing of the model performances.
Simple compression and tension tests are used to calibrate and validate
the model parameters under simple boundary conditions but for dif-
ferent strain rates and temperatures. This was done in our earlier works
[19, 61]. However, given the further optimization of material para-
meters performed in this work, the simulations are rerun for verifica-
tion. Given the starting texture, the in-plane and through thickness
compression tests are simulated at room temperature for strain rates
ranging from 0.001 /s to 3500 /s. The comparison with measurements
is shown on Fig. 2. Simple compression VPSC simulations were run
using both the full texture and the approximated texture to quantify the
difference in simulation results. The difference was approximately 3%.
In terms of additional validation of model parameters under simple
compression, Fig. 3 shows a comparison of calculated and measured
[68] local twin fractions for the central sample surface after simple
compression at liquid nitrogen temperature (i.e. 77 K) to a strain of 8.9
% under a strain rate of 103 s~ ', For further validation in terms of
capturing geometrical changes and microstructural evolution, the
quasi-static beam bending tests are used. Here, more complex
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Fig. 3. Comparison of calculated and EBSD measured [68] local twin
fractions for the %2 in y and %2 in z area, which is the central sample
surface (i.e. % in x) after simple compression to a strain of 8.9 % at 77
K and a strain rate of 10~ s~ . The initial sample was a cube with the
following dimensions: 7.8 mm along x (IP1), 8.8 mm along y (IP2),
and 6.8 mm along z (TT). 1/8 (i.e. ¥2in x, %2 in y, and % in z) FE
model is also shown. The compression simulation was performed with
a friction coefficient of u = 0.1.

Compression

Table. 1 deformation develops ranging from compression to tension across the
Slip system hardening law parameters for Zr. beam thickness. The Taylor impact tests are used to optimize and verify
Parameter Slip mode, a the model parameters in the high strain rate regimes. The strain-rate
{1100} < 1120> {1011} < 123> {0001} < T120> fields for the Taylor impact test can be orders of magnitude greater than
b%, m 3.231 x 107'° 6.0771 x 1071° 3.231 x 10710 the strain-rates achieved during the split Hopkinson pressure bar
¢, MPa T =A0 + Blog(%))exp(—%)(l + E lognormal(c, v)) testing. Therefore, the standalone VPSC model validation from the split
Hpe 01 017 01 Hopkinson pressure bar tests shown on Fig. 2 and underlying micro-
k&, m! 5.3 x 108 2.0 x 10° 9.7 x 108 structural evolution can be regarded only as a first-level validation.
& 0.002 0.005 0.002 Nevertheless, model validation using split Hopkinson pressure bar
D% MPa 700 1400 1400 testing data is commonly performed before simulating full-scale Taylor
q* 12log(1 + T/30) 0.1 12log(1 + T/30) impact tests. In particular, the earlier established parameters for twin-
ga’ MPa 336?1 35002 is/io ning are further optimized to extrapolate the predictive behavior of the
. 235 190 150 model to higher strain-rates, as will be described shortly. Tables 1 and 2
B 6900 36000 N/A present the complete list of hardening parameters for Zr. Additionally,
2 7.2 7.45 N/A the elastic constants used in calculating the elastic stiffness tensor are:
o 0.5 0.5 N/A Cy, = 143, 500 MPa, Cj; = 164, 900 MPa, C,, = 72, 500 MPa, and
Cj5 = 65, 400 MPa, C,, = 32, 100 MPa
Table. 2
Twin system hardening law parameters for Zr.
Parameter Twinning mode,
{1012} < 101> {1121} < 1026> {1122} < 1123> {1011} < 1012>
b m 6.33 x 107" 9.68 x 10~ 9.24 x 107" 3.0796 x 107"
s 0.167 0.6277 0.225 0.104
£, MPa 100 300 230 350
6o MPa 5 300 230 50
HPP, MPa/ i 0.135 0.1 0.1 0.1
cib N/A N/A 1300 — 100log(-%-) N/A
Eref
c* 100 N/A N/A
c# N/A N/A N/A

1300 — 10010g($)
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Fig. 4. Comparison of the measured (photographs) [28] and predicted (mesh consisting of the quadratic elements with reduced integration (C3D20R) along with the
external nodal coordinates) mid-cross-sectional geometries of the Zr beams deformed under quasi-static deformation conditions. The FE model on top shows axial
strain contours. The adopted frame is defined relative to the Zr plate as follows: x=1IP1, y=IP2 and z=TT.

Cys = 35, 500 MPa [69].
3.2. Bending tests of Zr

Four-point beam bending tests were carried out on a setup/fixture
consisting of a pair of internal pins (center-to-center distances,
y = = 6.35 mm) displaced downwards from the top and a pair of
external pins (center-to-center distances, y = =+ 12.7 mm) fixed at the
bottom of the beam [28]. To facilitate bending, the upper pins moved 6
mm downward. The beams of Zr for the bending tests had an initial
square cross-section of 6.35 mm edge length and were 50.8 mm in
length along the plate in-plane 2 (IP2=y) direction. Two beams were
bent along TT=z and two along IP1=x; one beam per category was
bent at room temperature (RT) and another at liquid nitrogen (LN)
temperature. The two test configurations (designated as 0 and 90, re-
spectively) at two temperatures (RT and LN) facilitate evaluating the

model's capability to capture the effects of texture and temperature on
anisotropic material flow. After bending, the textures of the beams were
measured and the shapes of the beams were photographed. The bent
specimens were cut axially in the middle in order to photograph the
cross-sections. These photographs are used here to evaluate the accu-
racy of the FE-VPSC model for Zr. The data pertaining to the beams
with more details was presented in [28]. To simulate the bending
conditions, a 3D model was created in the Abaqus FEM software
package. A quarter model of the beam was meshed with C3D20R
structural elements with 20 X 5 x 3 discretization along length,
thickness, and half-width, respectively. Because of the orthotropic
symmetry of the Zr plate, symmetry boundary conditions were im-
posed. Consistent with experiments, the displacement was - 6 mm. The
Abaqus standard implicit FEM solver along with the FE-VPSC User
MATerial (UMAT) subroutine was utilized for the simulations. Every
integration point of the FEM model was a VPSC polycrystalline
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Fig. 5. Measured [28] versus predicted axial strain along the height of the beams. Shift of the neutral axis varies due to the anisotropic material flow amongst the

beams.

aggregate of 150 weighted orientations approximating the texture of
the Zr plate.

Fig. 4 shows the comparison between measured and predicted cross
sections after bending. The figure on top shows the example of the axial
strain distribution for the LNCO case, and all of the other configurations
look similar. In the cross-section images, external nodes are overlaid on
the photographs. As is evident, the FE-VPSC model captures the di-
mensional changes with great accuracy. The shape changes are pri-
marily a consequence of the anisotropy of the Zr plate due to texture.
When the TT (z) is along the loading direction, the deformed beams
develop typical wedge-shape cross sections. However, when the TT (z)
is perpendicular to the loading direction, the cross-sections of the
beams remain almost square. The latter is associated with the relative
difficulty to deform grains along the c-axis. Looking at Fig. 2, simple
compression tests show that the TT direction is stronger than the IP
directions for the Zr plate. Fig. 5 shows a comparison between mea-
sured and predicted shifts in the neutral axis of the beams. The shifts are
a consequence of the anisotropic material flow. Finally, Fig. 6 shows

predicted texture evolution after the bending. Comparison with ex-
perimental textures from [28] reveals good agreement. When the beam
is in compression axially in y, there are peaks in the pole figures due to
extension twinning. In particular, the twinning signatures in LNCO and
LNC90 are in the regions where many grains are in compression per-
pendicular to their c-axis flipping grain's c-axes from z towards the
compression direction, which is y.

3.3. Taylor impact cylinder tests of Zr

Due to large gradients in deformation conditions, the Taylor impact
cylinder test provides a wealth of spatially varying microstructural
data, along with the evolution of sample geometry, and is thus suitable
for evaluating material models. The post-deformation microstructural
changes in terms of texture and development of deformation twins can
be measured. The Zr cylinders for the impact tests in the present work
have diameters of 7.62 mm and lengths of 50.8 mm with the axis along
the plate in-plane 2 (IP2=y) direction. During the impact tests,
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Fig. 6. Pole figures predicted by FE-VPSC visualizing texture evolution after bending at the top (left column) and the bottom (right column) of the beams at their
axial mid locations. The adopted frame is defined relative to the Zr plate as follows: x=1IP1, y=IP2 and z=TT.

cylinders were shot at a rigid steel wall. After the impact, shapes of the
cylinders were measured and microstructures were characterized by
EBSD at different locations along the axial direction of the mid plane.
To simulate the impact test, a 3D model was created in the Abaqus FEM
software package as depicted in Fig. 7. Due to symmetry of the geo-
metry and initial microstructure, a quarter of the cylinder was simu-
lated and discretized into 405 C3D8 elements. A coarser mesh was used
close to the tail of the cylinder due to the small amount of deformation
in this region. The wall was simulated as a fixed rigid plane. Consistent
with experiments, 100 m/s, 170 m/s, and 243 m/s initial velocities
were applied to the cylinders. The Abaqus dynamic implicit FEM solver

along with the FE-VPSC User MATerial (UMAT) subroutine was utilized
for the simulations. Density of p = 6520 kg/m> for Zr was used to
model the inertia effects. Every integration point of the FEM model was
a VPSC polycrystalline aggregate of 150 weighted orientations ap-
proximating the texture of the Zr plate. FE-VPSC predictions of post-
impact geometry, texture, and twin volume fraction are compared with
the experimental measurements.

Fig. 8 shows the evolution of equivalent plastic strain rate fields
during impact for each cylinder. The selected states of the cylinders are
presented at identical times, except the last state, which is the simu-
lation time at the end of deformation. After this end of deformation
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time, the cylinder starts bouncing back. It is seen that strain-rate and
» I deformation increase with increasing impact velocity with the former
Rigid plate y fiist : | reaching values of up to 160,000 s~ !. The deformation is highly het-
. ‘ Wi ’ [T erogeneous and the highest strain occurs at the foot region of the cy-
’ | ‘ [ linders. At the impact velocities of 170 and 243 m/s, there is necking in
e | J ‘ Ny the area close to foot, which was also observed in earlier works [27].
! LTy ! ‘ ! T ’ ! 4 » The neck is caused by localized tensile loading which is due to the in-
| T \ AT 1 | teraction of propagating forward and reflected elastic waves. Ad-
S TN ditionally, the figure shows equivalent plastic strain (PEEQ) contours
l N after the impact revealing the strain levels in the three cylinders.
B The deformed shape and microstructure were measured for the
tested cylinders. The post-impact shapes were digitized using the pro-
i‘ cedure from [11], and are compared with the FE-VPSC predictions in
4 Figs. 9 and 10. As expected, the deformed shapes and extent of plasti-
city vary among the three tests due to the variation of imposed velo-

Cylinder  velo™ 2

i L cities, with plastic distortions increasing with the impact velocity. The
mal texture and twinning cause the anisotropy of plastic flow. Conse-

Np AN quently, initially circular cross-section constant along the cylinder axis
\P becomes elliptical with varying semi-axes along the cylinder axis after
L f\\ the impact (Figs. 9 and 10). The plastic distortions can be further

J quantified as the ratio between radial strains in the minor and major
Fig. 7. v FEM model consisting of 405 continuum 3D eight-nodal (C3D8) axes directions (R-value). The R-value slightly decreases with the im-
elements for simulating the Taylor cylinder impact tests. Translucent color re- pact velocity. The deformed regions at lower strain levels display higher

presents the original shape of the cylinder, while the opaque color is the quarter R-values (e.g. tail of the 100 m/s cylinder). Generally, the simulated
model used for the simulations. cylinder shapes achieve reasonably good agreement with the

b
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Fig. 8. Equivalent plastic strain-rate fields over the cylinders during their impacts at times indicated in the figure: (a) 100 m/s, (b) 170 m/s, and (c) 243 m/s. (d)
Equivalent plastic strain fields after the impact with the largest values indicated per cylinder. Note that the equivalent plastic strain rate scales for the three cylinders
are different and divided so the number are round.



E. Vasiley, et al. International Journal of Impact Engineering 144 (2020) 103655

a g 6 6
* Experiment * Experiment * Experiment
£ o ; € e 105 E ’ =05
€55 Simulation €55 Simulation €55 —Simulation
g 04 _ Q 04 . & |04 _
< £
-8 038 £ 5 03& E 5 03 £
= 2 = R @
o s ©° 0.2 8 o ©
12}
= 1™ 2 0.1 E] loq ®
T 4- T 4 ° 1
© © T 4
x 0 o 0 X ‘o
35 35
0 10 20 30 40 50 a_ ik & 5 e W %0 10 20 0 40 s0
Distance from impact, mm Distance from impact, mm Distance from impact, mm
b 12 12 e
* Experiment * Experiment * Experiment
10 —Simulation 10 —Simulation 10 —Simulation
(0] () 8 o) 8
= = =
g S 6 S 6
o x % .. x 4 .
) W A ‘ 2 dise @ e 5
0 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Distance from impact, mm Distance from impact, mm Distance from impact, mm

Fig. 9. Plots comparing measured and predicted geometrical changes in terms of (a) radius (major in x and minor in z) along with the major and minor radial strain
and (b) R-ratio, which is the ratio between the major and minor radial strains. The plots are after the impacts at 100 m/s (on the left), 170 m/s (middle) and 243 m/s
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Fig. 10. Comparison of measured and predicted cross-section at the foot region after the impacts at 100 m/s, 170 m/s, and 243 m/s. The initial cross-section is also
shown to illustrate the level of deformation from the tail to the foot.
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Fig. 11. Plots comparing estimates in measured and predicted evolution of twin volume fraction after the impacts at 100 (on the left), 170 m/s (middle) and 243 m/s

(on the right).

measurements. For the 243 m/s cylinder, the distortion in the simulated
geometry is slightly over predicted relative to the experimental mea-
surements. This is associated with slightly over predicting twinning as
seen in Fig. 11.

We now turn our attention to microstructural evolution under the
impact. To this end, appendix B shows a number of inverse pole figure
(IPF) maps measured by EBSD at different locations along the axis of
the post-impact specimens used for calculation of the twin volume
fractions. Due to high deformation in the foot region, quantitative
analysis of measured microstructure is challenging. The foot region
appears profusely twinned with abundance of primary tensile
{1012} < 1011> twins, presence of secondary compression
{1122} < 1123> twin, and even traces of tertiary twins. Away from the
foot, most of the twins are {1012} < 1011> tensile twins. While de-
formation twinning was characterized by EBSD using small higher re-
solution scans, texture evolution was characterized using larger EBSD
scans. Twin volume fractions were determined in the EBSD analysis
software using the boundary length fraction method and the twinned
material area fraction method. Since grains in the foot region appear to
be nearly fully consumed by deformation twins, the method based on
boundary length fractions in the microstructure is not accurate.
Alternatively, the volume fraction of twinned material can be ap-
proximated as the volume fraction of material with c-axis close to the
compression direction. Thus, the twin fractions were also estimated
assuming that twins reorient texture toward the loading direction using
the texture data from the large scans [70, 71]. A misorientation cutoff
of 40-45° between the loading direction and c-axis was used to identify
the volume fraction twins. However, both methods are regarded as
lower bounds as it is also necessary to account for secondary twins,
since the primary twins may also twin. Neither of the twin volume
fraction calculation methods predicts that the foot regions for 170 /s
and 243 /s cylinders are 100% twinned, as the maps suggest. Conse-
quently, the estimated twin volume fractions at and near the foot region
are crude approximations. On the other hand, the estimated twin vo-
lume fractions away from the foot are much more reliable. Full twin-
ning would accommodate approximately 10% of the plastic strain in Zr.

Fig. 11 compares measured and predicted twin volume fractions.
The accumulated twin volume fraction is the highest at the foot region
with a dip slightly away from the foot. The drop arises due to localized
tensile deformation conditions caused by the interaction between

11

forward and reflected elastic waves. In dynamic loading, forward and
reflected elastic waves encounter each other and cause tensile de-
formation after they pass by one another. Only the 243 m/s cylinder is
plastically deformed along the entire length with some twins even in
the tail region. The twin volume fractions along the axis of the cylinders
after the impact are predicted with good accuracy. These predictions
are based the optimized model parameters. Some optimization was
necessary because peaks associated with secondary twinning appeared
too pronounced in the texture simulations under high strain-rates of
over 100,000 /s. While secondary twinning is experimentally observed,
the simulations were over predicting the volume fractions. In order to
improve these simulations, secondary twinning needed to be sup-
pressed. To this end, the maximum allowed secondary twin volume
fraction was set to 0.1.

Figs. 12-14 show pole figures at different locations along the axial
direction of the cylinder after impact for 100 m/s, 170 m/s, and 243 m/
s velocities. Higher impact velocity causes larger deformation due to
larger inertial forces which can be seen from the evolution of texture
and microstructure. As is evident, texture at the foot is sharp and almost
completely reoriented primarily by {1012} < 1011> extension twinning.
The texture plots suggest that the 170 m/s and 243 m/s cylinders are
nearly 100% twinned at the foot. The basal planes reorient such that the
crystallographic c-axes aligns with the impact direction, while the
prismatic planes form some radial spread. Away from the foot, texture
evolution is less dramatic and driven by a combination of slip and
twinning. Overall, the model achieves good agreement.

4. Summary and conclusions

Simulations of microstructure and geometry for anisotropic metals
with an HCP lattice are challenging, especially under high strain-rate
loading conditions. This work utilized a multi-scale model linking
crystallography of thermally activated dislocation glide and twinning
(~nm), the grain-level plasticity (um), the VPSC polycrystalline
homogenization (mm), and the macro-level plasticity in the FEM (m) to
study the mechanical behavior and microstructural evolution of Zr as a
function of strain rate. The model treats the strain-rate sensitivity of a
material as a consequence of dislocation glide i.e. the evolution of the
slip resistance due to microstructural evolution with a realistic value of
the visco-plastic power-law exponent governing the constant structure
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the foot.
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strain-rate sensitivity. The standalone VPSC model is first verified to volume fractions after the impacts are used to slightly refine the model
reproduce the stress-strain response measured from quasi static to split parameters to achieve good predictions across a broad range of strain
Hopkinson pressure bar deformation conditions in simple compression. rates. In summary, the FE-VPSC model captures with good accuracy the
Subsequently, the FE-VPSC model is verified by simulating the spatial evolution of anisotropic material flow as a consequence of micro-
variation of deformation twinning under simple compression. Finally, structural evolution and hard-to-deform crystallographic directions
the FE-VPSC model is used to simulate the dimensional changes and along with the development of gradients in texture and twinning
microstructure evolution in 4-point bending and Taylor impact cylinder through the geometries. Importantly, the impact predictions based on
tests. Comparisons with experiments show that the model successfully the dislocation density-based hardening law and underlying thermally
predicts both the deformed shapes of four beams under quasi-static 4- activated glide suggest that the dislocation glide remains thermally
point bending deformation and the deformed shapes of three cylinders activated at the strain-rates in the Taylor impact tests.

after their impact at speeds of 100 m/s, 170 m/s and 243 m/s. For the
beams, the model further achieves good agreement between the cal-
culated and experimental axial strains along the bending direction at
the axial center of the beams. A good agreement is also achieved be-
tween the predicted and measured spatial variation in texture and
twinning upon the impact for three cylinders. It is observed and pre-
dicted that slip and especially twinning form peak texture components
aligning the crystallographic c-axes and the compression direction
(cylinder axis). As the standalone VPSC model was primarily adjusted Acknowledgements
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Appendix A

This appendix presents the main equations pertaining to the dislocation density-based hardening law used to evolve resistances to slip and twin
modes. The slip system resistances evolve based on:

Tcs = TOD( + T(iHP + z'jS'or + Tgeb' (Al)
The right hand side of Eq. (A1) consists of several terms. The initial value of slip resistances per mode is:

£

5= Ao{l + B“log[ ))exp(—%)(l + E“lognormal(c”, v%)),

Eref (Az)

where A% B and C” are fitting constants. The variables are temperature, T and strain-rate, ¢, which is an effective norm of the applied strain-rate i.e.
€= \"“‘ % |£l. Furthermore, E® is also a fitting constant with the lognormal terms, 0 and 17, for capturing the saturation at high temperatures. The
barrier contribution to the resistance is:
[p*

Top = K (T)HP® ““di s

g (A3)
where b is the Burgers vector magnitude, d, is the grain size evolving to a mean-free-path measure with twins present in the grain,
uX(T) = 40.06 — 0.022T [GPa] is the temperature dependent shear modulus, and HP® is a Hall-Petch-like fitting parameter. The initial structure
(Appendix B) consists of equiaxed grains with an average size of 25 pm. If a grain twins, the 7; ;, term becomes 77, which is defined per system, s, as

s pEs_pps0 - “‘b—a s _ =P, . i i i
TP = e _psol (T)HP V%’ where d,,;, = i@ is @ measure of mean free path for slip system s [59, 60]. Twin system which created the

twin in the parent grain accommodated the most shear strain of all twin systems and is identified as the predominant-twin-system (PTS), a is the

angle between the given slip plane and the PTS plane and, finally, d. = is the distance between twin lamellae. The distance is estimated as the

d&’
nlamellus
ratio of the average grain size, d,, and a nominal number of lamellae per grain, n'@elas The value of n™ = 5 is used for Zr. The barrier factor,

fp[s 7fpts.0

. ts, O ts, max . s e . . . .
ot pio? includes constants f* © and f representing the minimum, i.e. the nucleation volume fraction of 0.02, and the maximum volume
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fraction that a PTS can take in a grain, respectively. The maximum volume fraction, f** ™, is calibrated to be 0.95 for primary twins and 0.1 for
secondary twins. Upon nucleation, the growth of twins is accomplished by transferring the volume fraction from the parent grain to the twin as a

t
result of shearing on the given twinning system, t, i.e. Af' = %, where Ayt is the shear increment, S is the characteristic shear, and Af is the

increment in volume fraction. The s dislocation densities in the twin are inherited from the parent grain. The forest p)for and debris pgep terms evolve
with corresponding dislocation populations using:

Thl&, T) = bUND) | D, 2% 05,6 T,
’ R (a4)

1
Toop(& T) = kgouu“(T)b” 101 (&> T)log] —
e b* & T)

(A5)

The dislocation density evolves as a result of the competition between rate of dislocation generation and rate of dislocation removal due to
dynamic recovery. Forest dislocation evolution is given by:

30’ 30’ 30’ _
“for _ gen, for _ rem, for — kS /p;or _ k;(é, T)P;m,v

ay* ay* oy* 1y (A6)
Certain fraction of removed forest dislocations is transformed into debris:
90°
d — aba rem, for d s .
Hieb q Y, Hieb ays | 4 | (A7)

In these equations, k;’ is a fitting coefficient governing the rate of dislocation generation, while k; is temperature and rate sensitive dislocation
removal coefficient calculated as:
kls s Doc(boc)3gaﬂoc

S — -
kz— ‘—Z’Tsat_

\/ . (X—l)ss’( T ) D*(b™)® — leog(%)

ba/;,ta’

(A8)

" is a matrix consisting of

dislocation interaction coefficients, and D® is the drag stress. In order to minimize the number of fitting constants, only the diagonal terms of y* are
set to typical values of 0.81 [72].
The twin resistance is:

In Eq. (A8), k is the Boltzmann constant, é, is a reference strain rate taken to be 10° /s, g% is an activation energy, x

t t
=1+ T+ Ty (A9)

The right hand side of Eq. (A9) consists of an initial friction term ¢ (independent on temperature and strain rate), a barrier term T4 p> and a term
coupling the twin resistance and hardening due to slip. The first term is:

2 P J

T(f = Tfrop + (Tﬁit - Tfrop)exp[_ o’

sat (A].O)

with %, andrfmp are the critical nucleation and propagation stresses. The second and the third terms are:
— Hpf
0,HP — ~ 7

J4e (A11)
B _ apyf, o o s
Ty = C*bPu“(T)b%p; ,
slip ZS: “for ( Al 2)

where b? is the Burgers vector magnitude and CG** is the coupling matrix in function of strain-rate. In closing, we indicate that the twin reorientation
due to secondary twinning is also modeled. To this end, secondary twins can nucleate when a primary twin fraction per grain reaches a volume
fraction of 0.8. Upon nucleation of secondary twins, their propagation from the volume of primary twins is modeled in the same way as the primary
twins from parent grains.
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Appendix B

This appendix shows IPF maps in Fig. B1, Fig. B2, and Fig. B3 for the three cylinders after deformation.

Fig. B1. Inverse pole figure (IPF) maps, measured at the following distances from the foot: (a) 0.1 mm, (b) 2 mm, (c) 8 mm, (d) 14 mm, (e) tail, showing
microstructural evolution in the Zr cylinder after its impact carried out at 100 m/s. The colors in the maps depict the orientation of the z (TT) sample axis relative to
the local lattice frame, according to the standard IPF triangle. The triangle and the sample axis are the same as in Fig. B2. The micron-bar in the maps is 30 pm.
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Fig. B2. Inverse pole figure (IPF) maps, measured along the axis of the cylinder with 1 mm spacing in between, showing microstructural evolution in the Zr cylinder
after its impact carried out at 170 m/s. Numbers in the upper, left corner represents a distance from the foot. The colors in the maps depict the orientation of the z
(TT) sample axis relative to the local lattice frame, according to the standard IPF triangle. The micron-bar in the maps is 30 um.
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Fig. B2. (continued)
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Fig. B3. Inverse pole figure (IPF) maps, measured at the following distances from the foot: (a) 0.3 mm, (b) 5 mm, (¢) 18 mm, (d) 31 mm, (e) tail, showing
microstructural evolution in the Zr cylinder after its impact carried out at 243 m/s. The colors in the maps depict the orientation of the z (TT) sample axis relative to
the local lattice frame, according to the standard IPF triangle. The triangle and the sample axis are the same as in Fig. B2. The micron-bar in the maps is 30 pm.
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