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Abstract

We study texture evolution of alpha-uranium (a-U) during plane strain compression and uniaxial
compression to high strains at different temperatures. We combine a multiscale polycrystal
constitutive model and detailed analysis of texture data to uncover the slip and twinning modes
responsible for the formation of individual texture components. The analysis indicates that
during plane strain compression, floor slip (001)[100] results in the formation of two pronounced
{001} texture peaks tilted 10-15° away from the normal toward the rolling direction. During
both high-temperature (573K) through-thickness compression and plane strain compression, the
active slip modes are floor slip (001)[100] and chimney slip 1/2{1103}(110) with slightly
different ratios. {130}(310) deformation twinning is profuse during rolling and in-plane
compression and decreases with increasing temperature, but is not as active for through-
thickness compression. Finally, we comment on some similarities between rolling textures of -
U, which has a c/a ratio of 1.734, and those that develop in hexagonal close packed metals with
similarly high c/a ratios like Zn (1.856) and Cd (1.885) and are dominated by basal slip.
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1. Introduction

The plastic deformation of polycrystalline alpha-uranium (a-U) is governed by slip and
twinning. These mechanisms occur on different crystallographic planes and directions [1, 2]. Not
only does each mode have its own activation stresses but also separate dependencies on
temperature and strain rate [3, 4]. How the grain microstructure of a-U, including grain sizes and
shapes, crystal orientations (texture), and defect densities, evolves in deformation is governed by
which and what proportion of slip and twinning modes are activated. The mechanical
performance of o-U, its strength, flow stress evolution with strain, and plastic anisotropy, are
highly sensitive to the details of its texture. For this reason, it is desirable to understand texture
evolution during bulk forming processing of a-U with the aim towards controlling its mechanical
behavior.

Experimental and modeling studies have shown that the development of texture in o-U
highly depends on the initial texture, deformation path, strain rate, and temperature [5-8]. Via
polycrystal modeling, it has been demonstrated that predicting texture evolution relies on the
ability to model which slip and twinning modes are active at any given point in the deformation
process [9]. These studies account for the cooperation of many slip and twinning systems acting
simultaneously over the history of deformation. However, since so many deformation modes are
active at once, it is difficult to discern which ones are responsible for particular components in
the bulk texture.

For low symmetry crystal structures, such as hexagonal close packed, the effects of a certain
slip mode on a particular aspect of texture evolution has been studied [10-19]. However, similar
analyses on metals with an orthorhombic crystal structure have not been conducted. In this work,
we employ a set of polycrystal plasticity models to understand the relationship between the
development of common texture components and the main underlying deformation mechanisms
in o-U during both uniaxial compression and large rolling reductions. For this analysis, the
models use the same set of material-dependent parameters to predict the mechanical response
and texture evolution in simple compression and rolling to large strains from room temperature
to 573 K. We discuss the origin of texture evolution in rolling and compare it with texture

evolution during simple compression.



2. Material, processing, and experimental methods

The a-U material used in this study was initially cast into ingots using vacuum-induction-
melting [5, 20]. These ingots were first upset forged and hot rolled at 640 C and then annealed
for two hours at 480 C. They were warm straight-rolled at 330 C to a final sheet thickness of
8.89 mm. Last, the material was annealed at 550 C for two hours. The final microstructure after
these pre-processing steps constitutes the initial microstructure for our deformation studies
carried out here.

Electron backscattered diffraction (EBSD) was used to characterize the texture [5, 20].
Specimens were metallographically prepared through a sequence of mechanical grinding and
polishing followed by electropolishing [20]. EBSD data was collected using a TSL/EDAX
EBSD camera attached to a FEI XL30 ESEM at an accelerating voltage of 25KV. EBSD scans
with 5-10 pum step sizes over an area of several square millimeters were used for texture
measurements. The objective of these texture scans was to sample a large number of grains, and
not necessarily to generate microstructural statistics or even high confidence index data.
Nevertheless, the average confidence index of the raw data scans used to generate the initial
texture was 0.59, and data points with the confidence index (ClI) [21] below 0.5 were discarded
prior to calculating the texture . The initial texture of the material is shown in Fig. 1a. The initial
grain size was around 15 um and the initial texture is based on sampling of around 30,000
different grains. This starting texture exhibits a moderate (001) component in the through-
thickness direction (TT), (010) component in the in-plane 1-direction (IP1) and (100) component
in the other in-plane direction (IP2). Figure 1b shows a random texture also used in analysis

presented later in the paper.
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Fig. 1. (a) Pole figures showing the initial textures measured in the as-annealed samples of
straight rolled uranium. IP1 is the original straight-rolling direction of the plate. The multiple
random intensity plot (on the left) and point plot (on the right) pole figures are plotted using
10,000 and 1,000 crystal orientations, respectively. (b) Pole figures for an initial random texture
is represented using 1000 discrete orientations.

The material was tested in uniaxial compression at different temperatures ranging from room
temperature to 573K [5] or further rolled to large strains at 573K. In the latter case, rolling took
place 90° to the original straight rolling direction, i.e. in the IP2 direction, in several rolling
passes reducing the plate thickness from 8.89 mm to 3.56 mm. EBSD was used to measure the
texture following 16% rolling reduction to a thickness of 5.96 mm, 44% rolling reduction to a

thickness of 4.27 mm, and 60% rolling reduction to a final thickness of 3.56 mm.,.

3. Multiscale modeling approach

To understand, analyze, and interpret texture evolution of alpha-uranium, we employ a multi-
scale crystal plasticity based model for the constitutive behavior of a polycrystalline material that
deforms by slip and twinning. The model was developed in [22] and in that work, was applied to
Zr, which like uranium deforms by multiple slip and twinning modes. Below we provide an
abbreviated description of the model.

At the largest scale, the model uses the visco-plastic self-consistent (VPSC) polycrystal
plasticity model [23]. In VPSC, a polycrystal is represented by a number of grains, each with an
assigned crystallographic orientation, shape and volume fraction. The grain stress and strain are
calculated by treating each grain as a visco-plastic inclusion embedded in a homogeneous
effective medium (HEM) [23-26]. The HEM has anisotropic plastic properties equal to the
averaged anisotropic plastic properties of all grains.

To model the effect of the constraint of neighboring grains on grain reorientation, we
invoked the co-rotation scheme [27]. In this scheme, each grain is assigned one or more
randomly chosen grain(s) in the polycrystal to serve as its neighbor(s). Then the average
reorientation of grain and its neighbor(s), weighted by their volume fractions, is calculated and

used for grain rotation [28].



Each inclusion (or representative grain) deforms only by plasticity via a combination of

crystallographic slip and twinning systems. The Cauchy stress deviator ¢’ and the viscoplastic

strain-rate ¢,, of a grain are related by:

£, (%) = T0%, m* (X)y5 (%), (1)

where Ns is the total number of slip and twin systems. The slip or twin shearing rate, y°, on a
system, s, is related to the resolved shear stress, t°, on that system by [29-31]:

1

- Esign(a’- m°), (2)
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where y, is the reference slip rate set to the norm of the imposed strain rate, m is the rate
sensitivity parameter, m°® is the Schmid tensor for slip or twinning system s and 72 is the
threshold stress on the system. Here we set y, to be the macroscopic strain rate rendering the
model to be rate independent [32] and 1/m to be 10.

To model lattice reorientation due to deformation twinning at the grain scale, we employ the
composite grain model (TW) [13, 33]. The formation of a twin domain within a grain with a
characteristic twin-matrix orientation relationship is modeled by partitioning the grain into a
representative twin and matrix inclusion [33]. A newly formed twin inclusion is assigned an
initial morpholopy and lattice orientation. The crystallographic orientation of the twin domain
corresponds to the predominant twin system (PTS), which is the twinning system with the
highest shear-rate among all active twin systems. The short axes of the matrix ellipsoids are
perpendicular to the twin plane. The long axes of both are assigned the grain size d, and the

_ %
nlamellae ’

short axis of the matrix is assigned d, = which is the separation between adjacent

twin lamellae. The number n'@™meliae js the number of twin lamellae per grain. In the present
work, it is set equal to two, an average value seen experimentally. To model twin growth, the
ellipsoids representing the twins are allowed to thicken. At the same time, those representing the
matrix shrink.

In this model, the threshold stresses for slip and twinning evolve with strain and their
evolutions follow different rate laws. For slip, the threshold stresses are a sum of many
contributions [11, 34-36]:

Tg = Tg + 7'-]for + Tgeb' (3)



The first 7§ is an initial slip resistance. An empirical model is used for § (T), which varies with

temperature via:

t8(T) = Aexp (— T‘;%) , (4)

where T is temperature in Kelvin, A is the room temperature (295 K) resistance, and B is a
material constant. The barrier effect of the initial grain size was not characterized separately and
thus is simply included in the initial slip resistance. This is possible since z§ includes all
contributions reflecting the initial microstructure such as Peierls stress, an initial content of
dislocations as well as the grain size barrier term.

The second and third terms 77, and 74, in Eq. (3) are governed by the evolution of stored
dislocation density on the slip system s according to thermally activated rate laws and hence are
explicit functions of temperature and strain rate [4, 22, 35, 37-39]. First, the resistances arising

from stored dislocations, 77,,(¢,T) and tg,, (& T), are directly related to the stored forest

pfor(€ T) and debris pgep (¢, T) dislocation densities via Taylor-type laws [40, 41] according to:

Tor (6, T) = b*u%(T) fx”’p,f;r(é, T), (5a)

. - 1
Tgep (6, T) = kaepu®(T)b*y/ pgep (€, T) log <W>, (5b)

where y*%" is a dislocation-interaction matrix and b“ is the value of the Burgers vector. Here,
only the diagonal terms (s=s’) are non-zero and assigned a typical value of 0.81 [40]. The
evolution of p?,,. (¢, T) is goverend by a balance between the rate of dislocation storage and the

rate of dislocation recovery following the theory on the thermodynamics of slip [40, 42, 43]:

apjsfor apzen,for apfﬂem,for s s Sfea s
ays  ays  ays ki Pfor — k3 (€, T)pfOT' (6)

where k5 is a rate-insensitive coefficient for dislocation storage by statistical trapping of

dislocations, and k3 is a rate-sensitive coefficient for dynamic recovery given by

k; . 1 TS . Da(ba)Sgozﬂa (7)
ki , T?:u »sat D“(b“)3—kT10g(%)’
(X—l)ss W




In Eq. (7), k, &, g%, and D* are, respectively, Boltzmann’s constant, a reference strain rate, an
effective activation enthalpy, and a dislocation drag stress.

The rate of debris pg4., (¢, T) accumulation is related to the rate of recovery via:

prem or
dpgepr = q*b% \VPdeb % s f |dy?], (8)

where g% is a rate coefficient, related to the fraction of recovered dislocations that is stored as
substructure.

When twins form within the grain, the twin boundaries can act as obstacles to slip.
Accordingly, the term 7, is added in Eq. (11) representing the reduction in the effective grain

size introduced by twin boundaries, as follows:

Tg = Tg + 7'-]for + Tgeb + 7'-IflP' (98.)
where
_ fpts_fpts,o 0.1
Tup = (fpts,max_fpts,o) a(T)HPa ds (9b)

mfp

and the constants fPt0, fPtsmax representing the minimum and the maximum volume fraction
that twin can occupy in a given grain are taken to be 0.05 and 0.95, respectively. This term is
known as the barrier factor. The bigger the twin the larger barrier it presents for moving
dislocations. HP* is the Hall-Petch coefficient, u®(T) is the shear modulus as a function of

temperature T, and d, r,, is the mean free path given by [33, 35]:

mfp
s _ (1-fP¥)dc
mfp " sin(g) (10)

where the angle 6 is defined between the slip plane of system s and the twin plane of the twin
system.
The threshold stresses for activating a given twin system (variant) t within a given twin mode

S is modeled as a sum of two resistances:

Tf = Tg + Tfll.p (11)

B ;

where 7, is a temperature-independent friction term and s a latent hardening term given by

slip

thip = Zs CEDE U (TYb%pf,, (12)



where C%# is the latent hardening matrix. This term represents the resistance to twin expansion

provided by the stored dislocation density within the same grain.

3.4 Material model for alpha-uranium

The predominant slip and twinning modes used in the plastic deformation of a-U have been
identified in previous works [2, 3, 20, 44-51]. The crystallographic plane and direction and the
number of independent systems of these modes are given in Fig. 2. The (010)[100] slip mode
(called wall slip) is the easiest to activate at room temperature [1, 3]. Another relatively easy slip
mode is floor slip (001)[100], and like wall slip, also possesses only one slip system. The
1/2{110}110) slip mode, referred to as chimney slip, has two slip systems, and is often found
to be the next easiest to activate. The 1/2 {112}(021) slip mode, or roof slip, is relatively
harder, but unlike the previous three modes accommodates plastic strain in the [001] direction.
The main twinning modes reported in experimental studies of deformed uranium are:
{130}(310), {172}(312) and {112}(372) [2, 3, 44]. The first one, the {130}(310) twin, is the
most frequently oberved and its twin shear S is 0.299 and it reorients the lattice by 69.3° about
[001].

Wall slip Floorslip | Chimney slip Roof slip {130}(310) {172}(312)
y > L F A AL
010)[100 ~{110K110) | ~{021}K112) | _twinning twinning
( ol ] (001)[100] 5 Slip Svst 2 Slip Svst 2 Twin Variants | 4 Twin Variants
1 Slip System | 1 Slip System ' SyStES PV | 1036x10” | 1433x10™
2 -10 6.51 x 10 11.85x 10 ' '
.85x 10 -10
2.85x 10

(/

Fig. 2. Deformation modes in a-uranium. The arrows indicate the Burgers vector in the planes.
The magnitude of the Burgers vector is also given in meters (b%*[m]).

These predominant slip and twinning systems are made available in the a-U deformation
simulations to follow. The material parameters corresponding to these modes have been
calibrated in prior work [52] and are given in Tables I and Il for slip and twinning, respectively.

Consistent with conventional thought and prior modeling work [4], the initial athermal activation




stress for (010)[100] slip is the lowest, (001)[100] slip the second lowest, 1/2 {110}(110) slip
larger, and 1/2 {021}(112) the largest.

Table I. Model parameters for the evolution of slip system resistance.

Wall slip Chimney slip Floor slip Roof slip
a=1,(010)[100] «a =2,1/2{110}{110) «a = 3,(001)[100] a = 4,1/2{021}112)
Hpa=12 50.0 50.0 300.0 50.0
k& [m-1] 1.2x10° 20%10' 1.0x 10’ 22x10°
g% 0.01 0.01 0.01 0.01
D%[MPal] 446 70 126 126
q“ 18.0 4.0 0.0 80.0
A 255 655 590 900
B 380 140 350 940

Table I1. Model parameters for the evolution of twin resistance.

B =1,{130}310) B =1, {172}312)

b 100.0 500.0
Clh 5500 5500
c?P 5500 5500
c3Fp 8500 8500
C*P 6800 6100
1000
800}
= — (010) [100]
= 600 {110} <1-10=
=) = (001)[100]
% 400/ {021}<1-12>
200+
0. - " . . "
295 373 473 573

Temperature [K]

Fig. 3. Predicted dependence of the initial slip resistance on temperature for each slip mode [52].

3.4 Model set up for deformation simulations

The a-U material under investigation has been deformed at room temperature and 573 K in
simple compression in three directions and rolling, respectively [5]. Both types of deformation,
rolling and simple compression, are simulated and the evolution of bulk texture and the evolution

of different texture components are analyzed. For rolling, we impose homogeneous boundary



conditions corresponding to (1) plane strain compression (PSC). PSC is an idealization of rolling
that applies best near the center of the rolled sheet [53-55]. It does not account for any possible
alterations in deformation caused by the interactions between the rolls and the sample at the two
surfaces of the sheet. For simple compression (SC), we impose the prescribed load direction with
respect to the initial texture and traction-free surfaces in the other two orthogonal directions.

In all calculations, the initial texture was assigned using the measured data in Fig. 1a and the
strain rate was set to 0.001 /s. The temperature ranged from room temperature to 573K. The TT
direction of the initial texture corresponds to the normal direction (ND), while the IP1 and 1P2
directions correspond to the transverse (TD) and rolling direction (RD), respectively.

4. Results

4.1 Texture evolution during plane strain compression

The texture evolution during PSC was simulated at both room temperature and 573 K from
16% to 60% reduction. Figures 4a and ¢ show the development at room temperature and 573 K
respectively. The model predicts that beyond 16% strain, texture evolution depends on
temperature. At room temperature, four {001} peaks develop as strain increases. In contrast, at
573K, the texture develops two peaks near the TT in the {001} pole figure, a small peak in the
{010} pole figure in the IP2 direction and a {100} peak in the IP1 direction. The two peaks in the
{001} lie approximately at £10-15° from the IP1-TT plane.

Uranium is not commonly rolled at room temperature but rather at 573K and above. For
validation, we provide in Fig. 4b the measured EBSD textures for the same rolling reductions at
573K. Overall the agreement is good, particularly in capturing the development of the {001}
peaks. The slight asymmetry in the intensity of these peaks found in the calculated texture arises
from the asymmetry in the initial texture and the grain co-rotation scheme.

The development of texture at 573 K involves both slip and twinning. As another form of
validation, we compare the predicted and measured twin volume fractions in Fig. 5. As rolling
progresses, the twin fraction increases to nearly 30%. As shown, the calculated twin fractions
agree well with the measured fractions.

Differences in texture development at room and high temperature seen in Fig. 4 are a result
of differences in the slip and twinning systems activated. Figure 6 presents the slip and twin

activities corresponding to rolling at these two temperatures. We find that rolling deformation at

10



both temperatures involves multiple slip and twinning on the {130}(310) systems and no
twinning on the {172}(312) systems. The main differences are that {110}(110) slip is less
active and {0213}(112) slip is more activate at room temperature than at high temperature.

It is worth noting a few interesting parallels between the rolling textures of a-U, which has a
c/a ratio of 1.734 and HCP metals with similarly high c/a ratios, like Zn (1.856) and Cd (1.885).
Zn and Cd tend to exhibit textures with their basal poles tilted £15-25° away from the TT-TD
plane toward RD (IP2 in our case) [56-58]. This type of texture development results from a
dominance of basal slip [56, 58, 59]. Floor slip in the orthorhombic unit cell of o-U is
geometrically similar to basal slip in the hexagonal close packed (HCP) unit cell. Here we see
that predominance in floor slip has led to the development of pronounced peaks +10-15° away
from the TT toward 1P2.
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Fig. 4. Comparison of measured and predicted texture evolution during plane strain compression
(PSC) of a-U at room temperature and 573 K. The PSC reductions correspond to the following
true strain: -0.174, -0.58, and -0.916.

T = 573K;PSC;2=0.001/s
0.6

= Twinned material
0.4+ © Measured twf

Activity

0.2;

0 02 04 06 08 1
True Strain

Fig. 5. Comparison of the twin volume fraction evolution between the model and experiment
during plane strain compression at 573 K.
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Fig. 6. Predicted relative activities of active deformation modes within parent grains (left) and
within twins (right) during plane strain compression at room temperature (top row) and 573 K
(bottom row). Also plotted are the corresponding parent material and twinned material volume
fraction.

4.1.1 Lattice reorientations due to slip

In the foregoing section, we have seen substantial evolution of texture in plane strain
compression of uranium and the analysis from polycrystal model indicates that it results from the
activity of multiple slip and twinning modes. To obtain a deeper understanding of texture
development, we use the same polycrystalline plasticity VPSC model with the aim of uncovering
the origin of the observed crystal reorientations involved in texture evolution and the activated
slip modes in a-U. For reasons we discuss shortly, we will also engage results from a second
polycrystal model, a Sachs-like model. Both models are used to calculate the reorientation
tendencies (averaged over all grains) observed for a given slip mode and twinning mode during
plane strain compression. The prior analysis indicates that the prominent deformation modes are:
Wall slip (010)[100], Chimney slip 1/2{110}110), Floor slip (001)[100], Roof slip
1/2{021}112), and {130}(310) and {172}(312) twinning. For the VPSC analysis, the initial
texture is the texture taken from the measurement in Fig. la and for the Sachs-like model
analysis a random texture represented by 1000 orientations in Fig. 1b.

Figure 7 shows the direction and magnitudes of lattice reorientation of plane normals
projected in three pole figures at a strain of 0.001 from the VPSC calculation. The reorientation
velocity per crystal is calculated using the following procedure: (1) the initial and reoriented

13



crystal orientations are recorded, (2) the selected initial and reoriented plane normals (e.g., (001))
are projected using the equal area projection in a pole figure as two points, and (3) the two points
are connected by an arrow pointing from the starting point towards the reoriented point. Since
the deformation step is very small we can assume that a vector connecting these two points on a
unit sphere lies in the direction of the reorientation velocity. The magnitude of this velocity is
scaled by an arbitrary constant for each slip mode to fit the arrows within a pole. Therefore
absolute reorientation magnitudes should not be compared between different modes.
Furthermore, for several poles, velocity plots were averaged over certain areas so that the
reorientation patterns could be better revealed. To this end, the velocity field within a certain
area was summed and then divided by the corresponding area fraction.

With deformation in VPSC, the crystals reorient and the resistances to slip evolve differently
for each grain. These changes alter the relative activity of deformation modes. Because of this,
we repeated the analysis presented in Fig. 7 for certain slip modes at additional amounts of
strain. Figure 8 shows the lattice reorientation velocity at a compression strain of 0.8 for roof slip
and at a strain of 0.8 for chimney slip. The roof slip is much more active at high strains and its
role can be better revealed at higher strains. It is acting against floor slip and spreading the peaks
on {001} pole figure while relaxing the IP2 peak in the {010} pole. Also, the role of chimney

slip is clearer at higher strains.

(@)
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P1 P1 Pl

Fig. 7. Direction and magnitude of lattice orientation under plane strain compression in the
through-thickness direction at 573 K to a strain of 0.001 predicted by the VPSC model for each
slip mode. The calculations correspond to the relative fraction of deformation accommodated by
(a) wall slip, (b) chimney slip (along with averaged poles for clarity), (c) floor slip and (d) roof
slip shown in Fig. 6 and the SR initial texture. Roof slip is inactive and therefore (d) appears
empty.
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Fig. 8. Direction and magnitude of lattice orientation under plane strain compression in the
through-thickness direction at 573 K at a strain of 0.8 predicted by the VPSC model: (a) roof slip
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reorientation at 0.8 compressive strain along ND (the averaged poles are also provided for
clarity); (b) chimney slip reorientation at 0.8 compressive strain along ND (the averaged poles
are also provided for clarity).

In the VPSC calculation, when plane strain boundary conditions are applied, crystals
favorably oriented to accommodate the applied deformation will predominantly deform while
crystals not favorably oriented will deform very little or not at all. Further, each mode will not
operate alone in the crystal and, thus, the reorientation tendencies will be based on the relative
activities of multiple deformation modes. In the Sachs model, however, it is possible to enforce a
single deformation mode to accommodate the entire deformation. Unlike VPSC model, a Sachs
model can reveal the lattice reorientations of the inactive deformation modes. For example, this
explains why the pole figures calculated from VPSC in Fig. 7d are empty. To eliminate this
deficiency and enforce accommodation of an applied deformation with only one active slip mode
in all grains, we repeat the lattice reorientation calculations using a Sachs-like model. Although
these calculations may be less representative of the actual texture evolution seen experimentally,
we believe it is worthwhile to confirm reorientation tendencies caused by each mode in isolation.

In the classic Sachs model, the stress is kept the same in each crystal while the strain is
allowed to vary from crystal to crystal. To approach as close as possible to the strain rate
boundary conditions for PSC while at the same time maintaining the uniform stress tensor across
crystals, we utilize the following capability of the VPSC model. The VPSC model can be carried
out with a fully constrained (the Taylor type [60-65]) and several grain-effective medium
interaction linearization procedures. The latter covers a range from the stiff secant n®" =1 to the
compliant tangent n®" = n linearizations. Intermediate options, such as the affine and the n" =10
interaction schemes, are also available and more often used [66]. These intermediate
linearization procedures are approximations that give responses of a polycrystalline material in-
between the Taylor upper bound model [60, 67-70] (or closer to the stiff secant approach) and
the Sachs lower bound model [71, 72] (or closer to the compliant tangent approach). By setting
the n®" parameter to a large value, the matrix becomes compliant and the response is very close
to that calculated by the Sachs model [73]. In fact, n®" = 500 closely approximates the uniform
grain stress condition under plane strain. For the Sachs calculations, we considered a polycrystal
with no initial texture (random) represented by 1000 discrete orientations, (Fig. 1b), in order to
eliminate the effect of preferred orientation and ensure uniform coverage of pole figures. Results
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are presented in Fig. 9. In general, results predicted by the Sachs model are similar to those
predicted by the VPSC model with a benefit that the role of roof slip can be observed.

We note that wall slip does not cause any reorientation on the pole (001), which is reasonable
since the angular velocity caused by the plastic spin will always be perpendicular to slip plane
normal and slip direction. This can be seen when considering the plastic spin arising from the

shear provided by only one system:

where b, and n; represent components of the slip direction and slip plane normal. The dual

vector representing the corresponding angular velocity acting on crystal is:

1 1. 1.
w? = O)iek = —EsijkWi?ek = —Zy(sijkbinjek - sl-jknl-bjek) = —Z]/(b Xn—nx b) =
—-yb X n. (14)

Therefore, for the (010)[100] mode, the direction of angular velocity will be in (001) and thus
causes no reorientation in the (001) pole figure. The same applies for the (001)[100] mode,
which causes no reorientation in the (010) pole figure. The most active grains are those with slip
plane normal and slip direction oriented +45° with respect to the TT in the TT-IP1 plane. This
situation applies to all modes and can be clearly seen on reorientation plots for the (010)[100]
and (001)[100] slip modes.
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Fig. 9. Direction and magnitude of lattice reorientation under plane strain compression in the
through-thickness direction at 573 K to a strain of 0.001 predicted by the Sachs model when the
entire deformation is accommodated by a single slip mode either (a) wall slip, (b) chimney slip,
(c) floor slip or (d) roof slip. The initial texture was random and represented using 1000
orientations.
4.1.2 Lattice reorientations due to twinning

Deformation twinning causes significant and abrupt lattice reorientations compared to slip.
As mentioned earlier, the {130}(310) deformation twins predominate in o-U over the
{172}(312) twins. Thus, in our analysis of lattice reorientations from twinning, we use the
VPSC model to study {130}(310) twinning only.

Figure 10 shows reorientation plots due to twinning during plane strain compression at two
strain levels, 0.1 and 0.4, and for two starting textures: the initially textured material in Fig. 1la

and the initially random texture in Fig. 1b. The blue points correspond to grain orientations that
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are more likely to twin and the red points show the orientations of their twins. The analysis
indicates that the initial texture, more so than the strain level, has an influence on which grains

have a propensity for twinning.
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Fig. 10. Parent grains that develop twins (blue) and their twins (red) after 0.1 and 0.4 plane strain

compression along the through-thickness direction for (a) the random texture material (Fig. 1b)
and (b) the initially textured material (Fig. 1a).
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4.1.3 Lattice reorientations tendencies

Figure 11 summarizes the lattice reorientations associated with plane strain compression at
573 K, the temperature used in rolling of a-U in practice. The two distinct maxima on the {001}
pole are predominantly caused by (001)[100] floor slip. The floor slip, (001)[100], also forms
upper and lower concentric areas in the {100} pole. The two peaks in the {010} pole figure in the
IP2 direction result from {130}(310) twins. At the same time, reorientation of grains (parents)
containing {130}(310) twins weakens the {010} poles in the IP1 direction. Additionally,
{130}(310) twins strengthen the {100} pole in the IP1 and weaken it in IP2 direction. Slip
reorients grains through continuous reorientation, and large activity of the chimney slip,
1/2{110}110), strengthens the IP2 peaks in the {010} pole and the IP1 peaks in the {100}
pole. Finally, activity of the wall slip, (010)[100], has a similar effect on the {100} pole as floor
slip and causes, with the aid of chimney slip, formation of the texture components in the {010}
pole that are inclined from the TT-IP1 about 35° towards IP2. Finally, at the later stages of
deformation roof slip relaxes the IP2 peak in the {010} pole and two peaks on the {001}.
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A similar tendency diagram is provided for plane strain compression at room temperature
(Fig. 11b). For the most part, Fig. 11 for 573 K can explain the room temperature plane strain
compression as well. Only the effect of roof slip is missing since the main difference between
room temperature and 573 K plane strain compression is that roof slip and wall slip are
considerably more active, and chimney slip is not active at room temperature. Thus, Fig. 11a is

updated by adding the orientation tendency due to the roof slip and shown in Fig. 11b.

(a) 573 K PSC

<= Wall slip (1)€¥= Chimneyslip (2) <= Floor slip (3) “*== Roof slip (4)

Max:
8.84 } }

Min:
0.01

(b) 295 K PSC

Max:
8.84

Fig. 11. Summary of lattice reorientations due to slip in plane strain compression. Figure 10
shows lattice reorientation due to twinning.

4.2 Texture evolution during simple compression

In this section, we examine texture evolution during room temperature simple compression in
one of three orthogonal directions. Figure 12 compares the calculated texture evolution with that
measured using EBSD. In general the texture evolution at room temperature is captured well by

the model.
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Under deformation in all directions, the texture has evolved noticeably from the initial state
to achieve a strong texture. The final texture after IPC1 is markedly different than that after
compression in IPC2 and TTC3. In IPC1, the (001) poles concentrate along the TT direction, the
(100) poles along IPC1, which is the direction of loading, and the (010) poles in the IP2
direction. In contrast, for IPC2, the (001) poles are distributed in the TT-1P2 plane. The (100)
poles concentrate along the IP2 direction of loading and the (010) poles peak in the IP1 direction.
In TTCS3, the texture appears weaker than for the in-plane tests. We see the development of two
maxima about 15-25° from the TT direction towards the IP2 direction. There are diffuse and
weak (100) peaks along the IP2 direction and diffuse and weak (010) peaks in the IP1 direction.
The corresponding model predictions are also provided in these figures for validation.

Room temperature compression in all three directions involved twinning on the {130}(310)
systems. As a form of validation, Fig. 13 compares the measured twin fractions at the end of
deformation with the evolution in twin fraction as calculated by the model. The model predicts

the amount of twinning well.
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Fig. 12. Comparison of measured and predicted texture evolution during simple compression
along the directions indicated in the figure of a-U at room temperature and 573 K.
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Fig. 13. Comparison of the twin volume fraction evolution between the model and experiment
during simple compression at room temperature.

With the change of temperature, relative mode activities change and, consequently,
corresponding texture features change. For comparison, we calculated the texture evolution at
573K, the same temperature that is used in rolling uranium. To first order, it appears that the
texture evolution at room temperature is qualitatively similar to that at 573 K. More noticeable

differences lie in the {010} pole figure and a few extra components that appear in the {100} pole
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figure. This would suggest that the predominant slip and twinning modes did not change
appreciably with the increase in temperature; however, because the number of slip and twinning
modes is large, it is not necessarily the case.

The relative activities of each mode involved in the texture development can be estimated
using the model. In Fig. 14, we present the calculated relative activities of the different slip
modes as a function of straining in simple compression for all three loading directions. In TTC,
we observe that roof slip decreases in activity as temperature increases from room temperature to
573 K, while wall and floor slip maintain approximately constant activity. Chimney
1/2{110}110) slip is enhanced as temperature increases. {130}(310) twinning is negligible.
In the two in-plane compression directions, it is observed that twinning is reduced at the higher

temperature and is replaced by 1/2 {110}(110) slip.
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Fig. 14. Predicted relative activities of active deformation modes within parent grains (top rows)
and within twins (bottom rows) during simple compression at room temperature and 573 K. Also
plotted are the corresponding parent material (top row) and twinned material (bottom row)
volume fraction. The legend is the same as in Fig. 6.
4.2.1 Lattice reorientations due to twinning

As before in plane strain compression, we used the VPSC model to determine which grains
are prone to {130}(310) deformation twinning in simple compression. Figures 15a and b present
the maps of twinnable grains (blue) on pole figures for room temperature simple compression in
IPC2 and IPC1 after a strain of 0.2. Generally it is found that the twinnable grains have their
{010} poles oriented along the compression direction. Twinning reorients the lattice such that

{010} poles lie normal to the compression direction or the {100} poles lie along it.

Fig. 15. Parent grains that develop twins (blue) and their twins (red) after simple compression
along (a) IPC2 and (b) IPC1 for the initially textured material in Fig. 1a after a compression
strain of 0.2. The poles after simple compression in TTC are not shown since twinning is not
active during TTC.
4.2.2 Lattice reorientation tendencies

The textures studied in the prior sections are consequences of the activation of different
combinations of slip and twinning. We see each mode provides a different amount to
accommodating strain. However, from such an analysis, how much each mode contributes to
lattice reorientation is not obvious. As done for plane strain compression, we use the VPSC
model and Sachs-like model to relate observed crystal reorientations seen in texture evolution
with the activated slip modes. Together these models are used to calculate the reorientation

25



tendencies (averaged over all grains) observed for a given slip mode and twinning mode during
simple compression along the TT, IPC1 and IPC2. Figure 16 presents the lattice reorientations
for simple compression in TTC, IPC2, and IPC1.

For TTC (Fig. 16a), floor slip causes {001} poles originally away from the TT direction to
rotate towards the TT direction and form a ring about the TT compression direction. In addition,
roof slip has an opposing effect on {001} pole reorientation to floor slip, and since both are
active in TTC, we see that these peaks become diffuse. The two peaks on {001} pole figure are a
consequence of the initial texture. Although chimney slip is active at 573 K, it does not result in
a reorientation in the {001} pole figure. Thus, with an increase in temperature, the increase in
intensities of two peaks on {001} pole figure is mainly caused by lower activity of roof slip. In
TTC in the {010} pole figure, we can see a reorientation towards the center is caused by roof
slip. Floor slip does not cause a reorientation in the (010) pole figure. In the (001) pole figure, we
can see the increase of the peak at the center, which is an outcome of the increased activity of
chimney slip. From this mapping, we can better understand the changes in texture development
as temperature increases. For instance, increased activity of chimney and decreased activity of
roof slip at higher temperatures cause increase of radius of ring formed on the {010} pole figure
and stronger peaks in the IP1 direction.

For the IPC2 test (Fig. 16b), in the {001} pole figure we see the formation of peaks towards
the IP2 direction. These are caused by floor slip. In the {010} pole figure, {130}(310) twinning
and chimney slip result in the formation of the distinct peaks in the IP1 direction. It should be
noted that chimney slip is predominantly active within twins, along with some floor slip. The
analysis suggests that roof slip would have the opposite effect and cause weakening of these
peaks. In the {100} pole figure, the formation of the distinct peaks in the IP1 direction is again
caused by {130}(310) twinning and chimney slip. Any observed weakening of these poles and
reorientation towards the center would be caused by floor slip. This analysis can explain why the
textures do not change much as temperature increases from room temperature to 573K. The
change in temperature and texture causes a reduction in the activity of {130}(310) twinning and
roof slip, while chimney slip activity increases substantially. Therefore the distinct poles in the
{010} and {100} pole figures at high temperature are solely caused by the large activity of

chimney slip and the absence of roof slip, which has the opposite effect of chimney slip.
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In the IPC1 test (Fig. 16c), in the {001} pole figure, we do not observe an evolution from the
initial {001} pole figure. This outcome occurs because neither twinning nor wall and chimney
slip cause reorientations on this pole figure. In the {010} pole figure, we find that the formation
of peaks along the 1P2 direction is caused by {130}(310) twinning and that the large activity of
chimney slip within the twins results in further reorientation towards 1P2. Wall slip reorients the
grains so that they are favorably oriented for {130}(310) twinning and in a sense helps increase
twinning activity. In the {100} pole figure, again we find that the formation of the peaks along
the IP1 direction is caused by the large twin volume fraction and large activity of chimney slip
within twins.

In closing, it is worth mentioning that the added benefit of the reorientation analysis
presented here could be to refine the hardening parameters in such a way to promote different
slip and twinning systems over others, which would in turn result in the simulated textures to be

closer to the measured textures.

@ TTC
<= Wall slip (1) <== Chimneyslip (2) <= Floor slip (3) <= Roof slip (4)
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Fig. 16. Summary of lattice reorientations due to slip in simple compression as indicated in the
figure. Note that twinning reorients the lattice such that {010} poles lie normal to the
compression direction and the {100} poles lie along it.
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5. Conclusions

In this work, we use polycrystal plasticity to understand the slip and twinning modes
responsible for the development of particular texture components in PSC and simple
compression of a-U. To this end, we study lattice reorientation produced by experimentally
calibrated and validated models. In PSC, the analysis finds that floor slip (001)[100] causes the
formation of two pronounced (001) texture peaks 10-15° away from the normal direction toward
the rolling direction. This result for a-U, (with a c/a ratio of 1.734), has interesting parallels to
HCP metals with similarly high c/a ratios, like Zn (1.856) and Cd (1.885) that deform
predominantly by basal slip. These HCP metals tend to also exhibit textures with (0001) poles
tilted +15-25° away from the normal toward the rolling direction. The analysis reveals that
substantially different reorientation trends are present in simple compression from those in PSC
at a given temperature. While twinning is largely suppressed for TTC at 573 K, it is profuse in
PSC at the same temperature. In-plane room temperature deformation is dominated by twinning,
which decreases with increasing temperature. Although texture formation in simple compression
does not exhibit large sensitivity to temperature, the relative activity of active slip modes
changes with temperature. We rationalize that this is possible in a-U because the large number of

active deformation modes contribute to texture evolution.
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