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a b s t r a c t
We present a polycrystal plasticity model based on a self-consistent homogenization capable of predicting the macroscopic mechanical response and texture evolution of a-uranium
over a wide range of temperatures and strain rates. The hardening of individual crystals is
based on the evolution of dislocation densities and includes effects of strain rate and temperature through thermally-activated recovery, dislocation substructure formation, and
slip-twin interactions. The model is validated on a comprehensive set of compression tests
performed on a clock-rolled a-uranium plate at temperatures ranging from 198 to 573 K
and strain rates ranging from 103 to 3600 s1. The model is able to reproduce the
stress–strain response and texture for all tests with a unique set of single-crystal hardening
parameters. We elucidate the role played by the slip and twinning mechanisms and their
interactions in large plastic deformation of a-uranium as a function of strain rate and
temperature.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Uranium and uranium alloys are nuclear material systems important for defense-related and energy applications including metallic nuclear fuels. These materials usually have low-symmetry crystal structures and exhibit complex deformation
behavior. During manufacturing and in service, these materials may be subject to high temperature and/or high strain rate
conditions. Predicting the material behavior and microstructure evolution during processing and service requires material
models that account for temperature and strain rate effects. The accuracy of such models is particularly important for nuclear materials where operating conditions and material hazards may limit the ability to perform experiments to evaluate
the material behavior.
The room-temperature allotrope of uranium metal, a-uranium (a-U), is stable up to 940 K and has an orthorhombic crystal structure. Due to its low-symmetry crystal structure, the deformation behavior of a-U single crystal exhibits strong
anisotropy. Polycrystalline aggregates of a-U are also highly anisotropic due to pronounced texture (non-random distribution of crystallographic orientations) introduced by thermo-mechanical processing. a-U deforms by a wide variety of plastic
deformation mechanisms with considerably different activation stresses, and these activation stresses evolve differently
with deformation making the evolution of macroscopic hardening also highly anisotropic. Studies of the deformation mechanisms of single-crystal a-U and the mechanical response of a-U aggregates date back over 50 years (Anderson and Bishop,
1962; Cahn, 1951, 1953; Daniel et al., 1971; Fisher and McSkimin, 1958). The dislocation glide and deformation twinning
modes accommodating plastic strains were identiﬁed and their relative strengths were measured for single crystals. It
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was established that the easiest slip mode in a-uranium is (010)[100] (Daniel et al., 1971; Yoo, 1968). The (001)[100] slip
mode was found to become the predominant slip mode at elevated temperatures (Daniel et al., 1971; Yoo, 1968). It is impor slip mode also operates, but
tant to note that both slip modes contain only one independent slip system. The 1=2f110gh110i

requires a higher driving force than the primary ð010Þ½100 slip mode (Daniel et al., 1971). The 1=2f112gh021i
slip mode offers the additional degree of freedom necessary to accommodate plastic strain in the [001] direction and, thus, to accommodate an arbitrary plastic strain. In addition to slip, these studies reported the occurrence of deformation twinning in a-U. The
 twin mode (Cahn, 1951, 1953; Daniel et al., 1971). The
most prominent deformation twin was found to be the f130gh310i
 twin mode and its reciprocal twin, f112gh372i,

f172gh312i
were also frequently observed (Cahn, 1951, 1953; Crocker 1965;
Daniel et al., 1971). Illustrations of a-U crystal structure and slip and twinning system geometries can be found in McCabe
et al. (2010).
Early attempts at modeling and characterization of crystallographic texture in a-U sample took place in the 1950s (Calnan
and Clews, 1952; Mitchell and Rowland, 1954). More recent attempts to model texture evolution during rolling of a-U were
reported in the early 1990s (Lebensohn and Tomé, 1994; Rollett, 1991) using the relative strength of the deformation modes
reported in Daniel et al. (1971). The advent of new experimental characterization techniques such as electron backscattered
diffraction (EBSD) (Knezevic et al., 2012; McCabe et al., 2010; McCabe and Teter, 2006) and neutron diffraction (Brown et al.,
2009; Choi and Staker, 1996), together with the development of new modeling techniques (Knezevic et al., 2012; McCabe
et al., 2010), have created new interest in performing detailed studies aimed at understanding the basic behavior of uranium.
Recently, we presented a comprehensive quantitative analysis focused on the room temperature quasi-static mechanical response and concomitant texture evolution of a-U with initial clock-rolled, straight rolled, and swaged textures (Knezevic
et al., 2012). The insight obtained from these extensive experimental data sets were incorporated in a multi-scale hardening
law based on dislocation densities which was implemented in the visco-plastic self-consistent (VPSC) model to predict the
anisotropic stress–strain response and texture evolution of a-U (Knezevic et al., 2012; McCabe et al., 2010). Comparison of
simulations and experiments allowed for inference of basic information concerning the various slip and twin mechanisms,
their interactions, and their role on strain hardening and texture evolution. It was found that the initial texture plays a signiﬁcant role in determining the level of plastic anisotropy, and deformation twinning plays a major role in anisotropic strain
hardening behavior, tension–compression asymmetry and texture evolution in a-U (Knezevic et al., 2012; McCabe et al.,
2010). Hence, it was evident that the accurate modeling of this complex material system requires a crystal-plasticity theoretical framework that accounts for microstructure evolution, rather than a continuum approach.
In this paper, we extend the hardening law based on dislocation densities and report the ﬁrst microstructure-based model
which includes strain-rate and temperature effects on deformation behavior of uranium. The enhanced predictive capabilities of this model will allow us to tackle simulations of complex forming operations of a-U. We calibrate and validate our
model against new experimental data. Our model takes advantage of previous studies of strain-rate and temperature dependence of low-symmetry metals such as zirconium (Beyerlein and Tomé, 2008; Song and Gray, 1995a), titanium (Gray, 1997),
magnesium (Barnett, 2001; Basinski, 1960), and beryllium (Brown et al., 2012). For those materials, twinning also plays a
major role in deformation and studies have conﬁrmed that increases in strain rate and decreases in temperature increase
activity of deformation twinning through suppression of thermally-activated dislocation glide processes. Prior to the present
study, the inﬂuence of temperature and strain rate on the mechanical behavior of uranium has received much less attention:
a systematic investigation of the inﬂuence of temperature on the critical resolved shear stress for all four slip modes on single crystals of a-U was reported in Daniel et al. (1971) and some theoretical calculations of Peierls–Nabarro stress for (010)
and (001) edge dislocations as a function of temperature were given in Yoo (1968).
We begin by presenting a large set of mechanical testing data performed on samples machined from an annealed clockrolled plate of a-U. The mechanical tests were performed at temperatures ranging from 198 to 573 K and under strain rates
ranging from 10-3 to 3600 s1. Subsequently, we discuss the hardening law implemented in VPSC, with an emphasis on details necessary for understanding the deformation mechanisms at various deformation conditions. Then, we calibrate and
validate the model against the comprehensive set of rate and temperature-sensitive mechanical data. We show that the
model is able to reproduce the stress–strain response for all tests with a unique set of single-crystal hardening parameters.
These predictions allow us to elucidate the role played by the deformation mechanisms and their interactions in large plastic
deformation and texture evolution of a-U as a function of strain rate and temperature. Strong shifts in the relative contribution of active deformation modes are observed when different deformation conditions are applied and these results will
be discussed in detail.

2. Material and experiments
The material discussed here is clock-rolled a-U plate. The processing route was described earlier (Knezevic et al., 2012;
McCabe et al., 2010). Samples were machined from the plate and annealed at 820 K for 2 h before testing. The microstructure
and texture of the material before testing are shown in Fig. 1. The orientation map shows equiaxed twin-free grains with an
average grain size of about 15 lm. The processing route of the starting material induced an orthotropic texture, which allows
us to show only one quarter of the pole ﬁgures. The pole ﬁgures reveal that the material has a strong (001) texture component in the through-thickness (TT3) direction, tilted towards the in-plane 2 (IP2) direction. The (010) and (100) components
tend to concentrate away from the (TT3) direction with the peak intensity for (010) being in the in-plane 1 (IP1) direction
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Fig. 1. EBSD orientation map and pole ﬁgures showing initial microstructure and texture in the as-annealed sample of clock-rolled uranium. The colors in
the map indicate the crystal direction parallel to the TT3 direction (unit triangle at the bottom). In the corner of the map we illustrate the inverse pole ﬁgure
for the TT3 direction. The IPF triangle has the crystal reference frame deﬁned as [100] to the right, [010] upward, and [001] in the center. The IP1 and IP2
directions are indicated by the 1 and 2 on the pole ﬁgures.

and the peak intensity for (100) being at about 60° from the TT3 direction towards IP2. Here, IP1 is the direction parallel to
the ﬁnal rolling direction and IP2 is the direction transverse to the ﬁnal rolling direction.
2.1. Mechanical testing at room temperature under quasi-static loading
Compression samples were machined as right circular cylinders in the IP1, IP2 and TT3 directions, with either 5 or
6.35 mm diameters. The samples are grouped and presented according to the macroscopic deformation mode to be imposed
using the following conventions: IPC1, IPC2, and TTC3. Constant velocity compression tests were performed at nominal
strain rates of 101, 102, and 103 s1 at room temperature using a screw-driven Instron. Polished tungsten carbide platens
were used to load the compression samples lubricated with molybdenum disulﬁde grease to reduce frictional effects. The
raw data was collected in the form of load–displacement curves and was corrected for machine compliance before computing the true stress-true strain curves.
2.2. Mechanical testing at various temperatures and strain rates
The mechanical responses of the uranium plates were measured in compression using solid-cylindrical samples 5 mm in
diameter by 5 mm long, lubricated with molybdenum disulﬁde grease. Compression samples were machined from the plates
in both the TT3 and IP2 longitudinal orientations. Quasi-static compression tests were conducted at several temperatures
under strain rates of 103 and 101 s1. A hot stage with heated platens was designed to probe the temperature sensitivity
of the material. Dynamic tests at strain rates of 2000–4000 s1 were conducted at room temperature utilizing a Split-Hopkinson Pressure Bar (Chen and Kocks, 1991; Follansbee, 1985).
2.3. Mechanical testing results
The measured compressive stress–strain response of a-U as a function of strain rate and temperature is shown in Fig. 2.
We ﬁnd that the yield and ﬂow stresses of a-U are sensitive to changes in temperature and strain rate. There is signiﬁcant
anisotropy between compression in the TT and IP directions. Despite small differences in the initial texture with respect to
the IP1 and IP2 directions, the compressive response along these two directions at room temperature and under quasi-static
strain rate is similar. For this reason, we test the temperature and high strain-rate effects along the IP2 and TT directions.
We ﬁrst examine the quasi-static response at different temperatures. The anisotropy between the TT and IP compressed
samples is most pronounced at 198 K, but still present even at 573 K. The work hardening rate at 198 K for the IP compressed
samples is signiﬁcantly higher than that of the TT compressed sample. The increasing work hardening rate of the IP curve is
typical of deformation twinning activity (Knezevic et al., 2012), as will be supported with the microstructure data in the results section. The TT response exhibits a classical decreasing hardening rate throughout, which is a sign that the plastic
deformation is dominated by slip. The decrease of the hardening rate during the TT compression is more pronounced with
increasing temperature due to the thermal activation of dislocation slip. The strain-hardening rates for IP and TT compression are similar at 573 K, where thermally-activated processes become easier.
We now turn our attention to the room temperature response under different strain rate conditions. The work hardening
rate during IP compression is higher at high strain-rate conditions especially in the early portion of the stress strain curve
relative to the quasi-static loading conditions. We hypothesize that the increase in the hardening rate under higher
strain-rate relative to quasi-static conditions is due to a combination of more difﬁcult thermally-activated slip and stronger
slip-twin interactions, as will be discussed in the next section. The macroscopic initial yield stress appears insensitive to the
rate of deformation in the IP compression direction. Both the macroscopic initial yield stress and the initial macroscopic
hardening rate appear to increase with the rate of deformation for TT compression. We associate these increases with the
sensitivity of dislocation slip to the rate of plastic deformation. We note that most of the deformation in the TT compression
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Fig. 2. Measured stress–strain response in compression on annealed samples of a-uranium along the directions and at the temperate and strain rate
indicated in the plots.

is accommodated by dislocation slip, which is a thermally-activated process. These processes are more difﬁcult to activate if
strain rate increases or if temperature decreases, and are likely responsible for the increase of the macroscopic initial yield
stress and work hardening in the TT compressed samples. Generally, thermally-activated processes become prevalent after
some amount of straining. It is seen that the work hardening rate of the TT compressed sample under a high strain rate tends
to saturate faster than under quasi-static conditions.
The inﬂuence of the deformation mechanisms and their interactions on the mechanical response of a-U will be interpreted using the polycrystal plasticity model presented in the next sections.

3. Modeling framework
To model the mechanical behavior of polycrystalline a-U, we use a mean-ﬁeld, self-consistent model based on the solution of the deformation of an ellipsoidal inclusion embedded in a homogenous effective medium, both exhibiting an anisotropic response. The inclusion is taken to be an individual grain, while the homogenous medium represents the
polycrystalline aggregate. A detailed description of the visco-plastic self-consistent (VPSC) model used in this study can
be found elsewhere (Lebensohn and Tomé, 1993; Lebensohn et al., 2007). Because the VPSC scheme captures the relative
directional anisotropy of inclusion and medium, it is particularly appropriate for modeling highly anisotropic crystals, such
as a-U. The temperature and rate-dependent single-crystal dislocation-density-based hardening law was reported earlier in
Beyerlein and Tomé (2008), Knezevic et al. (2012) and McCabe et al. (2010). The law links the threshold stresses for slip and
twin activation, with the current dislocation density in each of the slip modes. The underlying equations of the hardening
law are presented below with an emphasis on the modiﬁcations needed to capture the temperature and strain rate effects
on the mechanical response of a-U.
The plastic deformation in each grain occurs via the activation of slip and twin systems. The corresponding slip or twin
shear strain rate, c_ s on a given system, s, is related to the stress in the grain (inclusion) using the power-law relation:

 1

ss m
c_ s ¼ c_ 0  s  signðss Þ:
sc

ð1Þ

Here, c_ 0 , m, ss, are a reference shear rate, rate sensitivity parameter, and resolved shear stress in the system, respectively.
ssc is the threshold stress for activating the slip or twin system, and its dependence with temperature, rate and dislocation
density is the focus of this work. The twin propagation is treated as a pseudo-slip mechanism, as originally proposed in Van
Houtte (1978). The propagation i.e. evolution of twin volume fraction is obtained by time integration of the ratio of the shear
R
 and f172gh312i
 twins have twinning
rate on a twin system s and the inherent twinning shear c_ s =ctw dt ¼ f s . The f130gh310i
shears of 0.299 and 0.227, respectively. Consistent with experimental evidence and our earlier studies, the following slip
 and 1=2f112gh021i

 and f172gh312i
 are considmodes (010)[100], (001)[100], 1=2f110gh110i
and twin modes f130gh310i
ered as potential systems for accommodating the imposed plastic strain. The parameter m is taken to be m = 0.05 for slip and
twinning, and does not represent the rate sensitivity of the system. Rather, the rate dependence is accounted for explicitly by
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the functional form of ssc . Computationally, we eliminate the rate sensitivity that is introduced via m by setting the reference
shear rate c_ 0 , equal to the norm of the macroscopic strain rate = c_ 0 ¼ jje_ jj. If r0kl is the stress that induces a rate e_ ij in the grain
when e_ is applied, the relation between these magnitudes is given by the rate equation



 X s Sskl r0kl m
Sij
;
s
1

e_ ij ¼ e_ 

ð2Þ

sc

s

where the sum runs over all slip and twin systems and Sskl is the Schmid tensor associated with slip or twinning system s. If a
rate ke_ is applied, the rate e_ ij in the grain is given by

 s 0 m
 X
S r
e_ ij ¼ ke_  Ssij kl s kl ;
1

ð3Þ

sc

s

where the stress r0kl is the same, provided that the threshold stress ssc does not change with rate.
All slip systems or twin variants within one mode a (or family) in a grain are assumed to exhibit the same resistance. The
evolution of the resistance for each slip and twinning modes is based on individual strain rate and temperature dependencies
and on their interactions.
For slip, the resistance is expressed as a sum of an initial slip resistance sa0 (Peirls, precipitates, initial debris), a forest dislocation interaction stress safor , and a dislocation substructure interaction stress sasub , i.e.

sac ðe_ ; TÞ ¼ sa0 ðTÞ þ safor ðe_ ; TÞ þ sasub ðe_ ; TÞ:

ð4Þ

The initial slip resistances sa0 ðTÞ for all four slip modes were shown to decay exponentially with temperature for uranium
(Daniel et al., 1971; Yoo, 1968). Such exponential-decay expressions were also used for other low-symmetry metals including magnesium, zirconium, and beryllium (Beyerlein and Tomé, 2008; Flynn et al., 1961). Therefore, we adopt the following
form of the equation for the initial slip resistance per slip mode:



sa0 ðTÞ ¼ Aa exp 


T  T ref
;
a
B

ð5Þ

where Aa and Ba are constants, whereas T and Tref are the current and reference temperatures, respectively. The latter is taken
as the room temperature. The evolution of safor and sasub is governed by the evolution of the forest qafor and substructure qsub
dislocation densities. The effect of forest dislocation density is given by a modiﬁed Taylor law relationship:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

safor ¼ ba la ðTÞ vaa0 qafor0 ;

ð6Þ

0

where vaa is a dislocation interaction matrix. Unlike earlier work, where we used a scalar v parameter and only the dislocation density of the corresponding slip mode in the Taylor relationship, here we couple the dislocation densities of all modes
0
via the interaction matrix vaa . This is particularly important for uranium because this material features slip modes containing
only one slip system. The inﬂuence of interactions between different modes is reﬂected by the off-diagonal components of the
0
matrix vaa . The magnitude of the v parameter was reported to be in the range 0.05–2.6 and dependent on crystal structure,
temperature, strain rate and alloying (Lavrentev, 1980). An analysis of earlier studies shows there is no complete agreement as
to whether the parameter increases or decreases with temperature and strain rate. For this reason and for simplicity, we
decided to treat the parameter as independent on temperature and strain rate. Dislocation dynamics simulations show that
the contribution to hardening by dislocations stored within substructures can be given as (Madec et al., 2002)
a a

a

ssub ¼ ksub b l

pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðTÞ qsub log

b

!
1
a pﬃﬃﬃﬃﬃﬃﬃﬃﬃ :

ð7Þ

qsub

Here, ksub = 0.086 is an empirical parameter that recovers the Taylor law for low substructure dislocation densities (Madec
et al., 2002). We note that Eq. (7) takes into account the latent hardening effects between slip systems implicitly through the
substructure dislocations arising from the effects of imperfect recovery on all slip systems within the grain, rather than by
including those dislocations in Eq. (6).
The evolution of the stored forest density qafor is governed by competition between the rate of storage and the rate of dynamic recovery:

@ qafor
@ ca

¼

@ qagen;for
@ ca



@ qarem;for
@ ca

a

¼ k1

a

qﬃﬃﬃﬃﬃﬃﬃﬃ

qafor  ka2 ðe_ ; TÞqafor ;

ð8Þ
a

where k1 is a rate-insensitive coefﬁcient for dislocation storage by statistical trapping of mobile dislocations and k2 is a ratea
sensitive coefﬁcient that accounts for dynamic recovery by thermally-activated mechanisms. The latter coefﬁcient, k2 , is given by Beyerlein and Tomé (2008)
a

a

k2 vb
a ¼ a
g
k1

1

kT
Da b

ln
3

 
e_
:
e_ 0

ð9Þ
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In Eq. (9), k, e_ 0 ; g a , and Da are, respectively, the Boltzmann constant, a reference strain rate (taken to be 107 s1), an effective
activation enthalpy and a drag stress. Dynamic recovery is often associated with thermal activation of dislocation cross-slip
and climb, and the formation of dislocation substructures is concomitant with these recovery processes. As a consequence,
the rate of substructure development is coupled with the rate of recovery of all active dislocations through:

dqsub ¼

X

a
a pﬃﬃﬃﬃﬃﬃﬃﬃﬃ @ qrem;for
qsub
@ ca

qa ðTÞb

a

dca ;

ð10Þ

where q(T) is an a-type dislocation recovery rate coefﬁcient deﬁning the fraction of dislocations that do not annihilate but
become substructure. The rate of substructure formation is expected to decrease with temperature as more dislocations tend
to annihilate. We vary the recovery rate coefﬁcient with temperature using:



T  T ref
;
qa ðTÞ ¼ C a exp 
Ea

ð11Þ

where Ca and Ea are constants characteristic of each slip mode.
The resistance for twin activation accounts for a temperature-independent friction term sb0 and a latent hardening term
coupling slip and twin systems. The evolution of the critical resolved shear stress for twinning is given by

sbc ðe_ ; TÞ ¼ sb0 þ lb

X ab
b a
C ðe_ Þb b qafor ðe_ ; TÞ:

ð12Þ

b

Here, lb, bb and Cab are the elastic shear modulus on the system, the Burgers vector of a twin given system, and the latent
hardening matrix, respectively. We include the rate effects in the latent hardening matrix Cab based on our hypothesis that
the strength of the slip-twin interactions is expected to vary with strain rates. At higher strain rates, twinning is more active
and grains may contain sets of thin twins (Song and Gray, 1995b). These morphological features of twins coupled with the
increased number of dislocation sources created at higher strain rates is expected to increase the strength of the slip-twin
interactions. We model these effects using:



e_  e_ ref
;
C ab ðe_ Þ ¼ F ab exp
Gab

ð13Þ

where Fa and Ga are constants characteristic of each twin mode and e_ and e_ ref ¼ 0:001 are the current strain rate and a reference strain rate, respectively.
The twin transformation is modeled using a version of the Composite Grain (CG) model in which matrix and twin are
treated as uncoupled lamellae (Proust et al., 2009) instead of enforcing continuity conditions across the twin-matrix interface (Proust et al., 2007). In brief, the twin system with the highest shear-rate among all active twin systems (Predominant
Twin System, PTS) in each grain is identiﬁed, and the grain is partitioned into a stack of ﬂat ellipsoids with the crystallographic orientation of the PTS and the matrix. The number of these ﬂat ellipsoids, and thus the thickness of the twins, is
a variable in our model. At low strain rates we allow nucleation of two twins per grain while at high strain rates we allow
nucleation of up to ﬁve twins per grain. The short axis of the ellipsoids is perpendicular to the twin plane. As more shear is
accommodated by twinning, a volume fraction is transferred from the parent to the twin: the ellipsoids representing the
twins thicken and the ones representing the parent shrink. Except for the volume transfer coupling, the twin and the parent
ellipsoids are treated as independent inclusions in the model.
In the next section we critically test and calibrate the model using a comprehensive set of experimental data and provide
new insights into the effect of deformation modes as a function of temperature and strain rate on the deformation behavior
of a-U.
4. Results and discussion
The axial compression of polycrystalline aggregates of a-U is simulated, over a wide range of temperatures and strain
rates up to strain of 0.2, by imposing 0.002 strain increments along the IP and TT directions while enforcing zero average
stress along the two lateral directions of the sample. We perform these simulations using the grain hardening model described above and a VPSC formulation for describing grain-matrix interaction. We represent the initial texture of Fig. 1 using
10,000 weighted orientations and we assign an initially spherical shape to the representative ellipsoids. As deformation proceeds and grains are split into parent and twin, oblate ellipsoidal shapes are assigned to the associated inclusions, and the
total number of grains in the simulation increases. The VPSC formulation does not account for the elastic and the elasto-plastic portion of the mechanical response, which presents a difﬁculty because the a-U response is characterized by an extended
elasto-plastic transition upon loading. This long transition has been associated with the presence of large internal stresses in
the uranium aggregate created during processing (Brown et al., 2009; Knezevic et al., 2012). In order to circumvent this issue,
we devised a procedure based on the predictions of an elasto-plastic self-consistent model (Turner and Tomé, 1994) for estimating the strain associated with the end of the elasto-plastic transition. As a consequence, the VPSC predictions are shifted
by the estimated strain at yield in order to compare them with the experimental stress–strain data. This procedure assumes
that during the elasto-plastic transition there will be some twin nucleation induced by the slip activity. This is important
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because our VPSC simulations allow twinning to start right from the beginning of the deformation and current theories
(Christian and Mahajan, 1995; Knezevic et al., 2010; Wang et al., 2010) for the activation of deformation twinning rely on
previous dislocation activity and stress concentrations at boundaries resulting from prior deformation. Details of this procedure were explained in our earlier work (Knezevic et al., 2012).
The hardening parameters were calibrated using a portion of the experimental data presented in the second section of
this paper. The starting point for calibration were parameters from the earlier study (Knezevic et al., 2012) that were already
good for the room temperature and quasi static predictions. We subsequently used four of the curves recorded at elevated
temperatures and two of the curves recorded at high strain rates for the calibration. The remaining curves served to test
model predictions. The hardening parameters for the slip modes and the twin modes are listed in Tables 1 and 2, respectively. Table 3 presents the variation of the shear modulus with temperature using third-order polynomials adjusted to
the data given in Daniel et al. (1971) and Fisher and McSkimin (1958).
4.1. Predicted response at room temperature under quasi-static loading
Fig. 3 compares the measured and predicted compressive stress–strain response in the three mutually perpendicular
directions of the a-U plate under quasi-static loading at room temperature. The measured stress–strain curves shown in
Fig. 3 were reported in earlier studies (Knezevic et al., 2012; McCabe et al., 2010) and compared with the predictions of
the hardening law reported in Knezevic et al. (2012). In that study we were concerned only with predicting the deformation
behavior of a-U at room temperature under quasi-static loading. In the present work, we extend the hardening law to account for strain-rate and temperature dependence. However, the revised hardening law should still reproduce the room temperature data under quasi-static loading conditions. Fig. 3 shows that the extended hardening law with the new hardening
parameters successfully reproduces the measured mechanical response in all three directions IPC1, IPC2 and TTC3 for the

Table 1
Slip mode hardening parameters.

a ¼ 1 [100](010)
a

1

b [nm]
a
k1 [m1]
e_ a0 [s1]
ga
Dao [MPa]
qa

sao [MPa]
vaa0 , a0 ¼ 1
vaa0 , a0 ¼ 2
vaa0 , a0 ¼ 3
vaa0 , a0 ¼ 4

a ¼ 2 [100](001)
1

2.85  10
2.35  109

2.85  10
1.1  107

107
5.2  104
41


28exp  T295
500
 T295

185exp  250
1.7
2.0
2.0
2.0

107
3.2  104
88
0


395 exp  T295
230
2.0
1.7
2.0
2.0


a ¼ 3 h110if110g
1

6.51  10
6.0  109

11.85  101
1.5  108

107
7.0  104
50


4.8exp T295
 500

T295
500exp  160
2.0
2.0
1.7
2.0

107
4.0  103
72


80exp  T295
500
T295

600exp 1000
1
1
1
.95

Table 2
Twin mode hardening parameters.

sa0 [MPa]
C ab , a = 1
C ab , a = 2
C ab , a = 3
C ab , a = 4
b

b [nm]


b ¼ 1f130gh310i


b ¼ 2f172gh312i

100


5500exp e_ 0:001
400
e_ 0:001

500exp 1000


7500exp e_ 0:001
1000
e_ 0:001

7800exp 400
0.1036

240



5500exp e_ 0:001
400
e_ 0:001

500exp 1000


7500exp e_ 0:001
1000
e_ 0:001

3100exp 400
1.433

Table 3
Shear modulus [MPa].

a ¼ 1 [100](010)
a ¼ 2 [100](001)

a ¼ 3h110if110g

a ¼ 4h112if021g

b ¼ 1f130gh310i

b ¼ 2f172gh312i


a ¼ 4 h112if021g

4.710  105T30.099T2 + 1.174T + 8.295  104
7.319  105T30.121T223.852T + 9.103  104
5.036  105T30.108T2 + 22.368T + 7.546  104
6.087  105T3 + 0.062T249.349T + 7.926  104
74  103
74  103
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Fig. 3. Simple compression response of a-uranium corresponding to the compression directions, temperature and strain rate indicated in the plots.
Measured and predicted true stress-true strain responses are depicted as solid and dashed lines, respectively. The right panel shows the evolution of {130}
twin volume fractions in the samples, as predicted by VPSC (lines) and measured by EBSD (symbols), as a function of strain.

given loading conditions. In particular, the model captures the characteristic increase in the hardening rate associated with
twinning activity for the in-plane deformation cases. We note the concave shape of the IPC1 true stress – true strain response, where the twin volume fraction reaches over 50%. The EBSD analysis performed in our earlier Knezevic et al.
(2012)) work shows that the twin volume fraction of {130} twin is far greater than that of {172} twin. The twin resistances
of {130} and {172} twins are predicted to be 100 and 280 MPa, respectively. Also, the {130} twin appears to be the softest
deformation mode in a-U. The predicted and measured evolution of {130} twin volume fractions are compared in Fig. 3 for
the three samples. We ﬁnd good agreement between the experimental and simulated twin volume fractions. In Fig. 4 we
compare the measured and predicted textures for 0.2 strain and we ﬁnd that the model captures well the texture evolution
in all three cases.
An accurate prediction of the mechanical response and texture evolution is an indication that the predicted relative activities of the slip and twin modes contributing to plastic deformation is correct. Contributions to shear per mode are normalized by to the total contribution of all slip and twinning modes, as follows:

P Sm
_
m
sm c
RelActMode ¼ P P
:
_ sm0
m0
s 0c

ð14Þ

m

The relative activity plots corresponding to the room temperature quasi-static deformation conditions are shown in Fig. 5,
where we illustrate both the mode activity within the parent material and the mode activity within the twinned material.
The predicted deformation modes for the IP deformation show substantial activity of deformation twinning in the parent

Measured
010

001

Predicted
100

2
CR IPC1

1

CR IPC2

CR TTC3

Fig. 4. Pole ﬁgures showing measured (on the left) and predicted (on the right) textures for 0.2 strain in the a-U samples deformed at room temperature
and at a strain rate of 0.001 s1 along the indicated directions. The intensity of the contour lines is 0.7/1.0/1.4/2.0/2.8/4.0/5.7/8. The IP1 and IP2 directions
are indicated by the 1 and 2 on the pole ﬁgures.

78

M. Knezevic et al. / International Journal of Plasticity 43 (2013) 70–84

Fig. 5. Predicted relative activities of each deformation mode contributing to plasticity in both parent (top row) and twin (bottom row) phases for the
samples described in Fig. 3. Also plotted are the predicted parent (top row) and twin (bottom row) volume fractions.


material. Deformation of the twinned domains requires activation of secondary slip involving the relatively hard f110gh110i
mode, and thus more hardening. The IPC2 activity plots also show substantial activity of the (010)[100] slip. This kind of slip
 form slip bands, as reported in Knezevic et al. (2012). The fact that dislocations in a-U orgain combination with f110gh110i
nize and form substructures is reﬂected in our model by the nonzero values of q(T) (see Table 1). This factor deﬁnes the fraction of dislocations leading to debris formation. It is predicted that TT plastic deformation is mainly accommodated by the
 slip modes. Activation of all slip modes can be rationalized by the low number of
(001)[100], (010)[100] and f021gh112i
glide systems per mode available in a-U. During the TT deformation and after 0.2 strain less then 10% of the volume was
reoriented by twinning, and little texture evolution occurs (see Fig. 4).
4.2. Predicted response at elevated temperatures under quasi-static loading
Fig. 6 shows the comparison between the measured and predicted stress–strain response of a-U samples subject to TT
quasi-static compression at various temperatures, together with the predicted texture at 0.2 strain. The predicted relative
deformation mode activities are depicted in Fig. 7, and show a qualitative change with respect to room temperature. The
predominant slip systems have changed and twinning is nearly suppressed. The (001)[100] slip becomes softer and predominant with temperature, consistent with earlier measurements on single crystals (Daniel et al., 1971) as well as theoretical
predictions (Yoo, 1968). It is observed experimentally, as well as predicted by our model, that a small fraction of plastic
deformation is accommodated by twinning during TT compression. The model predicts that this fraction decreases with
increasing temperature, consistent with a number of earlier studies on deformation twinning involving many material systems. The decrease in the yield stress and the hardening rate with temperature during TT compression is the consequence of
thermally-activated slip processes. Our analysis shows that the (010)[100] slip is relatively temperature insensitive. The
(001)[100] slip is more temperature sensitive and a large fraction of grains are oriented well for this deformation mode
 and f021gh112i
 slip modes also
resulting in an increase in (001)[100] activity and a decrease in ﬂow stress. The f110gh110i
 slip during TT compression and f021gh112i

exhibit temperature sensitivity, but few grains are oriented well for f110gh110i
remains much more difﬁcult to activate than (001)[100] slip at the tested temperatures. As is to be expected, the amount of
dynamic recovery increases with temperature, which is reﬂected by the exponential decay of q(T) in our model. Still, the
recovery is not sufﬁcient at 473 and 573 K to cancel out the build up of debris and to predict the observed saturation of
the ﬂow stress (see Fig 6). The predicted change in texture with temperature is not substantial. The enhancement in the
(010) component along the IP1 direction and of the (100) component near the IP2 direction result from the increased amount
of (001)[100] slip activity.
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Fig. 6. Temperature effect on the through-thickness mechanical response and texture evolution of a-uranium. (a) Measured and predicted true stress-true
strain responses are depicted as solid and dashed lines, respectively. (b) Pole ﬁgures showing predicted textures at a 0.2 strain. The intensity of the contour
lines is 0.7/1.0/1.4/2.0/2.8/4.0/5.7/8. The IP1 and IP2 directions are indicated by the 1 and 2 on the pole ﬁgures.

Fig. 7. Predicted relative activities of each deformation mode contributing to plasticity in both parent (top row) and twin (bottom row) phases for samples
compressed in the through-thickness direction at various temperatures (see Fig. 6). Also plotted are the predicted parent (top row) and twin (bottom row)
volume fractions.
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In Fig. 8 we compare measured and predicted stress–strain response of a-U subjected to IP quasi-static compression at
various temperatures. A noticeable transition in the hardening rate is observed in the IP response as the temperature decreases from 573 to 198 K. Based on our model results, this transition is correlated with a transition from slip-dominated
deformation at 573 K to an increased activity of twinning and more difﬁcult activation of thermally-activated slip modes
as the temperature decreases (see Fig. 9). An increasing twin volume fraction is predicted in the IPC2 sample (over 40% at
0.2 strain at 198 K). While growing and accommodating plastic strain, deformation twins reorient grains to harder orientations, thus inducing texture hardening (Knezevic et al., 2012; McCabe et al., 2010). The model explicitly accounts for the texture hardening by reorienting the grains. In addition, the strain hardening increases due to the propagation of the twin
interface into a domain containing dislocations (Basinski et al., 1997). We account for these effects empirically in our model
via the latent hardening matrix. The increase of strain hardening rate could also arise from grain subdivision associated with
twinning (Asgari et al., 1997; Proust et al., 2009, 2007), a Hall–Petch-like effect. However, in the case of a-U twins grow at
fast rates and readily consume entire grains. Therefore the Hall–Petch-like hardening effect is not expected to be signiﬁcant
in a-U (Knezevic et al., 2012, 2010) and is not accounted for in our model. The fact that the model captures quite well the
highly anisotropic mechanical behavior of a-uranium conﬁrms our reasoning. The activation of hard slip within twinned volumes (referred to as the secondary slip) is also relevant for hardening mainly at lower temperatures.
Fig. 8(b) shows the predicted change in texture with temperature for the IP compressed samples along axis 2 (IPC2). The
(130) twinning results in shifts of the (010) and (100) intensities towards the IP1 and IP2 directions, respectively. The sharp dislocations with
ness of these peaks increases with increasing temperature mainly due to increased activity of f110gh110i
increasing temperature. The spread of the (001) intensity towards the compression direction IP2 increases with decreasing
 slip.
temperature and this change in texture requires more activity of hard f021gh112i
4.3. Predicted response at room temperature under high-strain-rate loading
Fig. 10 shows the comparison between measured and predicted stress–strain curves and textures at 0.2 strain in a-U samples subject to IP and TT high strain-rate deformation at room temperature. In order to allow for the comparison between
high strain-rate and quasi-static deformation conditions, we also show the quasi-static response. The work hardening rate
during both the IP and TT compression is higher at high strain-rate in the early portion of the stress–strain curves relative to
the quasi-static loading conditions. While the hardening rate of the IP curve continues to be higher with straining, the TT
hardening tends to saturate faster with the rate of deformation. As seen earlier, the TT deformation is dominated by thermally-activated slip, which is more difﬁcult to activate with increasing strain rates. Therefore, the yield stress in the TT case
increases with the rate of deformation. On the other hand, the initial macroscopic yield stress appears insensitive to the rate
of deformation in IP compression. We associate this with twinning, which is the easiest deformation mode in a-U. In the IP
case, the origin of the monotonic increase in the hardening rate under higher strain-rate relative to the quasi-static conditions is a combination of more difﬁcult thermally-activated slip and stronger slip-twin interactions. The values of the latent

2 001

010

100

198K

1

423K

573K

(a)

(b)

Fig. 8. Temperature effect on the in-plane mechanical response and texture evolution of a-uranium. (a) Measured and predicted true stress-true strain
responses are depicted as solid and dashed lines, respectively. (b) Pole ﬁgures showing predicted textures at 0.2 strain. The intensity of the contour lines is
0.7/1.0/1.4/2.0/2.8/4.0/5.7/8. The IP1 and IP2 directions are indicated by the 1 and 2 on the pole ﬁgures.
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Fig. 9. Predicted relative activities of each deformation mode contributing to plasticity in both parent (top row) and twin (bottom row) phases for samples
compressed in the in-plane two direction at various temperatures (see Fig. 8). Also plotted are the predicted parent (top row) and twin (bottom row)
volume fractions.

2

010

001

100

1
Fig. 10. Strain-rate effect on the mechanical response and texture evolution of a-uranium. Measured and predicted true stress-true strain responses are
depicted as solid and dashed lines, respectively, for in-plane compression (on the left) and through-thickness compression (on the right). The pole ﬁgures
showing predicted textures at strain of 0.2 under the high rate deformation for in-plane compression (on the left) and through-thickness compression (on
the right). The intensity of the contour lines is 0.7/1.0/1.4/2.0/2.8/4.0/5.7/8. The IP1 and IP2 directions are indicated by the 1 and 2 on the pole ﬁgures.
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Fig. 11. Predicted relative activities of each deformation mode contributing to plasticity in the parent (top row) and the twin (bottom row) phases for
samples compressed at various strain rates (see Fig. 10). Also plotted are the predicted parent material (top row) and twinned material (bottom row)
volume fractions.

hardening matrix are reported in Table 2. The hardening coming from twinning and how it is accounted for in our model was
discussed in the previous section. In addition to those effects, we reduce by 50% the thickness of the twin lamella for the high
strain rate deformation relative to the quasi-static deformation. We note that the shape and orientation of the twin ellipsoids
is accounted for in the self-consistent equations and this affects the macroscopic response. Although the twin volume fractions are not predicted to increase signiﬁcantly with the deformation rate, we assumed that the morphological features of
twins vary with the deformation rate (Song and Gray 1995a), thus inﬂuencing the macroscopic hardening. Otherwise, the
predicted relative contribution of active deformation modes (see Fig. 11) and texture do not appear to vary appreciably with
the deformation rate.

5. Conclusions
In this paper we present a polycrystal-plasticity-based model able to predict the mechanical response and texture evolution of a-uranium over a wide range of temperatures and strain rates. This model is based on a self-consistent homogenization of the single crystal responses and allows for a detailed comparison with macroscopic measurements. The
hardening of individual crystals is based on the evolution of dislocation densities and includes effects of strain rate and temperature through the thermally-activated recovery and substructure formation of dislocation slip and through slip-twin
interactions. The model is tested on a comprehensive set of measured stress–strain data recorded for a wide range of temperatures and under different strain rates along the through-thickness and in-plane directions of a clock-rolled a-uranium
plate. We show that the model is able to reproduce the stress–strain response for all tests with a unique set of single-crystal
hardening parameters. We regard the predictive capabilities of the model as reliable for monotonic loading. The good modeling results represent a signiﬁcant incentive for incorporating the present VPSC-based constitutive model of uranium into
ﬁnite-element frameworks (Knezevic et al., 2009; Segurado et al., 2012) and microstructure sensitive design frameworks
(Fast et al., 2008; Knezevic and Kalidindi, 2007; Knezevic et al., 2008a, 2008b; Shaffer et al., 2010).
Based on our model predictions, we quantify the role of deformation modes on the mechanical behavior and texture evolution in a-uranium. The through-thickness deformation is dominated by dislocation slip with transition from the harder
 slip to the softer (001)[100] slip with temperature. Macroscopic initial yield stress, as well as strain hardening,
f021gh112i
is sensitive to the rate of deformation in through-thickness compression. The yield stress increases due to a greater difﬁculty
in the activation of slip at higher strain rates. After the thermally-activated slip is activated, the hardening rate decreases
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leading to faster saturation at high strain-rate relative to the quasi-static strain-rate conditions. Texture evolution appears to
be insensitive to both temperature and strain rate during through-thickness compression. The in-plane response of a-uranium exhibits a noticeable transition in hardening as temperature decreases from 573 to 198 K. This transition is associated
with the transition from slip-dominated deformation at 573 K to an increasing activity of twinning and more difﬁcult activation of thermally-activated slip modes as the temperature decreases. The initial macroscopic yield stress appears insensitive to the rate of deformation in the case of in-plane compression. We associate this with (130) twinning, which is the
easiest deformation mode in a-U. The volume fraction of twinned material reaches 50% for 0.2 strain and does not appear
to vary with strain rate. The origin of the continuing increase in the hardening rate under higher strain rate relative to the
quasi-static conditions is a combination of more difﬁcult thermally-activated slip and stronger slip-twin interactions. The
strain hardening rate at 573 K, where thermally-activated processes become easy, is seen to be texture insensitive under
the quasi-static responses and both the in-plane and through-thickness curves exhibit similar and approximately constant
work hardening rates.
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