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Abstract:

The development of microstructure and crystallographic texture with effestiigm at three
through thickness locations (near rolls, center and near mandrel) in a partly pigeetoy-4

tube is described. Pilgering is found to eliminate through thickness variatgyaimsize in the
starting hot extruded material, and to generate location dependent asymmetries
crystallographic texture. Deformation texture development during pilgering is modéted
polycrystal plasticity by idealizing the metal flow pattern as axisgimm flow through a
convergent channel. Good qualitative comparison of the predicted and experimettal pos
pilgering textures is obtained, provided location dependent transverse shear comgonent
superposed on the gross flow field and localized deformation at grain boundaaltsvisd.
Frictional forces between tube and die are deduced from these observations.

Keywords:Zirconium, pilgering, plastic deformation, texture, anisotropy, microstructure, EBSD,
polycrystal plasticity.

I.  INTRODUCTION

The pilgering process, originated by the Mannesmann brothers [1D4], is an asymmetrical
and non-monotonic incremental tube forming process, which can give high percentagemreduct
of both diameter and thickness of tubes with excellent control of dimengobls The process
involves repeated rolling of the tube over a mandrel using rolls (Fig. 1 (a)) veifeiged groove
in their circumference [1D4]. Each pass is comprised of a forward strokeednchastroke. The
tube is pushed forward along its axis and turned about its axis before eitfamie or return



stroke. Each rolling stroke involves 'biting’, followed by reducing/forging and then poliahethg
idling [7D10]. The dimensions of the partly pilgered Zircaloy 4 tube is expecteacethe
grooved rolls. Only a part of the inner surface of the tube, termed the groove, £dh&act
mandrel during the stroke. The remainder, which does not contact the mandrédedstiea
flange. The turn about the tube axis given before each stroke ensures grahdfairts of the
inner tube surface form the groove and flange in different passes. The impasedity of
stresses or strains, which is intrinsic to pilgering, is known to offerridettaability than typical

draw bench operations [11D13].

Because it offers strong dimensional control, superior surface finish and cahtrolle
developments in deformed microstructure and crystallographic texture, pilgeringrnsuséid as
the fabrication tool for a variety of critical components, e.g., zirconium ailbgs used in
thermal nuclear reactors [5,6,14,15]. Typically, hot extruded tubes are pilgered to achieve
desired dimensions and microstructures/textures. The in-reactor performance ef thes
components demands stringent quality control [16], which, in turn, demands detailed
understanding of microstructure and property evolution during this complex incremental

manufacturing process.

Efforts to quantify the microstructure and properties of zirconium alloy tubes pbduce
by cold pilgering are described in the literature. Tenckhoff and Rittenhouse [17]tehaeat
the final basal and prism pole figures and described the dependence ofuhe aad through
thickness texture gradient on pilgering process parameters. Dressler et al. 4iigjcbtite yield
locus of pilgered zirconium alloy tubes but did not correlate the properties theth
manufacturing process variables. Kallstrom [19] conducted a critical examninaftitexture
evolution as a function of pilgering strain. This work offers significant génesight but lacks
an easily applicable macroscopic description of property evolution. Choi and Inoue [2(Q] studie
the effect of crystallographic texture and microstructure developed during pilgamirthe
corrosion resistance of the pilgered tube. Girard et al. [21] studied the ieflaefexding rate,
frequency of rolling steps and lubricant quality on the shear imposed in the rglgermal
plane, which they then connected to the development of damage in the tube Usoal a
approach. Guillen et al. [22] measured through thickness variation of the texéurBvaficold
pilgering passes with an intermediate heat treatment step. Theydnatice highlighted



asymmetry of the final pilgered texture along the tube transverse directygmnfetry has also
been noticed in the experimental textures reported by other authors [22D25].

The crystallographic texture developed during pilgering significantly impactsvicse
performance of pilgered zirconium alloy tubes also. It certainly impactgi¢he anisotropy of
the formed tube [18,25]. Also, irradiation creep, yield strength, hydride formation and stress
corrosion cracking resistance strongly depend on the crystallographic texture [3]. Demlopme
of the basal!!!" ! fiber in zirconium alloy tubes during pilgering has an important influence on
mechanical properties and on corrosion resistance, due to hydride formation in @ahe bas
plane [26D28]. Furthermore, in a multi-step fabrication process, the texture aidtioé &
pilgering step influences the formability of the next step. Finally, tlenat stresses developed
in the tube during pilgering are correlated with the texture [22,29]. These inteasslest can
induce defects such as transverse cracks or surface damage, particutasy imber tube
surface [3].

Alongside experimental observations, many efforts reported in the literaturealsave
been aimed at modeling the deformation and loading at a typical maienede can be
classified as analytical or numerical (finite element method batkd)approach of Furugen and
Hayashi [30] belongs in the former category. They proposed a model of pilgering based on the
theory of isotropic plasticity assuming HenckyOs stress-strain relationshipeamdn Mises
yield condition. In their model, the groove and flange are divided into two parts and
axisymmetric deformation is enforced in each part. Their theory neglects sthesses and
strains. It predicts the evolution of normal stresses and strains through thesprdgkin et
al. [31] developed a semi-analytical slab model of pilgering following the gmdlition and
flow rule of [30]"

An important numerical study of the pilgering process is due to Montmitonnet, Andin
co-workers. They modeled cold pilgering using the 3D finite element method [32D34]. These
models account for the elastic and plastic deformation of the tube througdremental elastic-
viscoplastic constitutive law and also allow for consideration of theacbfriction between rolls
and tube. The complexity of the pilgering deformation itself and the complaixitye contact
interactions between rolls, tube and mandrel render the full 3D finiteerstenalculations
computationally intractable. Efforts to keep the computations tractadude tée restrictive and
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somewhat unrealistic assumptions [32]. Some of these restrictions gesgge the significant
computational speed-up in simulations realized by Lodej et al. [34]. Theuttifs associated
with 3D numerical simulation have spurred approximate but more realistic inpadsl the

pilgering process using the 2D generalized plane strain finite element method [35].

In all the aforementioned efforts to model material deformation during pitgethhe material
constitutive response is unrealistically assumed to be isotropic, even thocligragteristic
intense crystallographic texture develops [20,21,36]. This pilgering texture impartscamgnif
anisotropy to the mechanical plastic response of the pilgered material [IH)&5]inrealistic
material model assumed in the aforementioned works [30D35] makes the edldafatmation

and load histories somewhat unreliable. Polycrystal plasticity [37,38] is tabligised
methodology for predicting crystallographic texture evolution and anisotropic yield locus
evolution during arbitrary plastic deformation. Lebensohn et al. [36] addressed textutervol
during pilgering with the viscoplastic self-consistent (VPSC) model. Modelingntipesed
deformation during pilgering as monotonic compression along the radial and transverse
directions and volume preserving extension along the axial direction, Lebensohn[86]al
obtained acceptable predictions of the post-pilgering texture. Girard et al. [21p®a)¢ee

need for superposition of a shear component to improve the texture predictions. Araminport
limitation of all polycrystal plasticity based pilgering simulationghie literature, which remains
also in the present work, is that the non-monotonic unsteady deformation pathdnopoae
typical material point is not reliably known either from experiments or fromegsomodels, as
described above. An approximate monotonic and steady deformation path based oninhanges
tube dimensions is therefore used in polycrystal plasticity modeling.

Though significant applied interests on pilgering of zirconium alloy tubes
exist [6,20,21,23,39], comprehensive studies on microstructural developments during a single
pilgering pass remain limited [24,40]. In the present work, experimental measigeohent
microstructure and texture at various locations along the pilgering stroke and through the
thickness have been made for the first time (Sec. Il). These measuraanahts a cogent
description of microstructure and textugeolutionduring a single pilgering pass. A location
dependent asymmetry in texture development is observed, which is charactenmednsyof a

scalar asymmetry parametér! Texture simulations using the binary tree based polycrystal
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plasticity model are then reported (Sec. Ill). A novelty of these simulasahsi in addition to
accounting for the usual slip and twinning deformation modes within grains, thd afloges
for accommodative near grain boundary shears, consistent with experimental alrser{i].
Comparing the simulated and experimental textures reveals that textureopdesel is
inconsistent with an axisymmetric flow field. Superposition of location mi#get transverse
simple shears is found necessary in order to explain the development ofttine &symmetry
(Sec. IV). The variation of the frictional forces between the tube and eha@ahg the pilgering
stroke and the inner and outer diameters is suggested by these observatiovys (Secfound
that the direction and magnitude of frictional shear stress is locatjgendent and that its
amplitude must be comparable to the normal stresses.

.  EXPERIMENTAL METHOD

A single-phase Zircaloy-4 (for chemical composition, refer table 1) partlyrpdgeibe
is used in the present study. A schematic diagram of the pilgering procglsswa in Fig.
1(a) [3]. A photograph of the partly-pilgered tube is given in Fig. 1 (b). Pertinent dimefisions
mm) are indicated in the accompanying sketch. PD, TD and ND denote thingildieection,
the transverse direction, and the normal direction, respectively. The presenbstadyartly
pilgered tube enables the direct observation of microstructural developments duringganggre
pilgering deformation: pilgering strain increases with axial distance fitoenstart of the
pilgering stroke at the left end, as indicated in Fig. 1 (b).

Samples for characterization through X-ray and electron diffraction are prepared by
electropolishing [26]. This eliminates presence of near surface plastomdgion, which is
typical of standard metallography. For electopolishing, a St'iefenupol-5 system is used
with 20:80 perchloric acid:methanol by volume at 20 V d.c. Macroscopic surface rosighnes
caused by electropolishing is controlled by maintaining an electropolishing teorpecé -
20iC. Also, use of X-ray lens (Polyca} rules out defocusing from the electrpolished surfaces.
Electropolished surfaces were adequate for the EBSD patterns. Henaetsarffom sample
preparation affecting texture asymmetry can be ruled out.

Rectangular samples from the long transverse sections, containing the pilgBxirmandP
normal (ND) directions, are used. It needs to be noted that the tube thickmessbased on the

&ll



imposed strain, from 8 mm to 3 mm. A monochromatic Cubam of 1mrh 1mm is used for
through thickness (near roll, centre and near mandrel) measurements. Such measarement
made for 10 different strains (or tube thickness) and three through-thicknessnied&ig. 1

(b)). Combinations of highly accurate Eulerian cradle (0.0001j reproducibility) and multi-
channel solid-state area detector (Pipl enable accurate pole figure measurements.
Reproducibility is further ascertained by performing each measurement at least twice.

X-ray pole figure measurements are made on a PANal{ficéDPert PRO MRD system.
Standard Schulz method in reflection mode [42] is used for pole figure measurefoemts.
incomplete (maximum tilt angle: 85;) pole figurdg!!l( !, !I" 11 11" 't and!!" I'l1) are
measured. ODFs are then calculated by inversion of the pole figures usidgbitrarily
Defined Cells (ADC) Method [43]. Commercial software, LaboTex from Labd%oié used
for the ODF calculations and plotting.

EBSD measurements are made in a'#EDuanta 3D-FEG, using TSL-OIM EBSD
software. In each sample, an area of"185% 200 m is covered at 0.1m step size. Beam and
video conditions are otherwise kept identical between the scans. For tie &Bfsis, data
with more than 0.1 CI (confidence index) is used. Cl is a relative measusegisticgtl accuracy
in automated EBSD indexing [44]. The X-ray diffraction and EBSD measurementsmdecat
identical locations.

.  TEXTURE SIMULATIONS

A. Binary tree-based polycrystal plasticity model

Texture predictions are obtained from polycrystal plasticity simulations pextbusing the
binary-tree based model [38]. In this model, grains are treated as homogeneouslyndeformi
rigid-plastic rate-independent domains. Further, aggregates of grains are represaoesaof
a binary tree, a standard data structure [45]. The lowest nodes of the binegpresent grains.
Higher binary tree nodes represent increasingly larger sub-aggregates of graimstirigrwith
the root of the tree (top most node), which represents the entire polycrysagljregate under
consideration. Following standard terminology [45], the two ndtié9] and!! (! )! that are

OdescendedO from a certain Oparent Jnodide binary tree are called its OchildrenO. The two



child nodeq!(! )] and!! (1 )! are then said to be OsiblingsO of each other. The volume of the sub-

aggregate represented by nddeis denoted ,,, in the sequel. It follows that
TR LETITRTR R NTRIRTL (1)

The binary tree representation of the microstructure is exemplified scballgah a! -grain
microstructure in Fig. 2 (a). The corresponding binary tree is shown in Fig. 2 (b). In this
example, node 3 is a parent of nodes C and D, which are siblings of eaclsiinay. pairs in
the present example are (A,2), (B,3) and (C,D). The root of this binary tree, which i3 ahow
the top following standard convention [45], is node 1. This node represents the entire 4-gra

aggregate.

In the binary-tree based model [38], field variables such as stiess@a®d strain-rates,,

of node!! ! are defined to be volume-fraction weighted averages of the corresponding figlds ove

the children:

C Peenteen! teontuond, (2)

C ]

and

o Peenteen! Prentuod, (3)

C ]

The lowest nodes of the binary tree are those with no child nodes. TheYleddezves, and
represent grains that obey the rigid-plastic rate-independent constitutividfawDenoting the
root of the tree by! |! and the set of all leaf nodes that represent grains in the tréé iby

follows from Egs. (2) and (3) that
Ll )y )

and
iy ! Z 'iiy! ®)

The height of nodé& ! will be important in the sequel. It is defined as [38]

R



LI tramg (CQR DY QD) g 1y (6)

PIfrper rmeg 1

Fig. 3 shows a balanced binary tree [38] representing ! grains. The total number of
nodes in this balanced binary tree!is! ! | I" lland the height of the root node lig
gLl

In the binary-tree based model, the interface between the sub-aggregatesntegrby
sibling nodes in the binary tree is assumed to be planar. Let the plamtacateetween the
sibling noded! (! )] and!! (! )! be oriented normal to, .

Continuity of traction and velocity are imposed between sibling nodes acrogsiahes

interface. Thus,
{!!!(!)!! !!!!!!!}”[!]! I (7)

and
P Ty ! T Mg by (8)

Egs. (7) and (8) represent the most significant departure of the binary-tree loaksddrom
meanfield based polycrystal plasticity models, such as the Taylor [46], or theplasticself
consistent model [47]; the binary-tree based model directly accounts for ticterbetween
grains. However, all intergranular interactions are not directly accounted foe ibirtary-tree
based model, unlike e.g., in the crystal plasticity finite element melthdlde example of Fig. 2
(a), even though grain pairs (A, B), (B, C) or (B, D) have a common grain boundary, they
interact somewhat indirectly in the binary-tree based model. For instdmeecontinuity
conditions between grain pair (A, B) is subsumed within the interaction of grawthAsub-
aggregate 2, of which grain B is a constituent. This reduction in the numbeodsieu
interactions underlies the computational comparability of the binary-treel lmasdel to the

classical Taylor model [38].



Lattice rotations of grains and larger sub-aggregates in the binary tree rhadetl are
determined by compatibility with their sibling nodes. Detailed treatmetattife rotations is
given in [38].

B. Grain plasticity

The h.c.p. grains of present interest are assumed to have the following dieformades:
prismatic slip (I"I" ) ! "# | pyramidal slip {!"l! }! !I"# ! extension twinning
{i"i# 31 1"l 1 and contraction twinning!"™ }! II"# | following e.g., Tenchoff [5] and
TomZ et al. [48]. The latter two twinning modes entail a transformatithve déttice orientation
of the grain.

Activation of twinning systems and accommodation of shear by their activatitails a
transformation of the lattice orientation of the grain matrix [37,49]. The voluactidn!, of
twin variant! depends on the accumulated sheain twinning system and its characteristic

twinning shear!, as:

Lo/ 9)
In zirconium [37,49], it is known thdt ! !'I"# for the six variants of!!"™ }! !I"# |
lextension twins and that ! ! II"  for the six variants of!!"™ }! I"# | Icontraction twins.
If the volume fraction of twin variant exceeds a pre-set threshold, i.el,if !, I 11l the

lattice orientation of the parent grain is completely reoriented to thatmfvariant! . In parallel

with !, the accumulated shear in slip systera denoted, !

Following Chin et al. [50], it is assumed that twinning occurs when the ressiteada stress in a
twinning system exceeds its critical resolved shear stress. More @rssmvations [51,52],
suggest that twinning is nucleated in hard grains by prismatic dislocatiareighboring soft

grains activating twin nuclei at grain boundaries. This mechanism is not modeled presently.

C. Near grain boundary accommodation



In the binary-tree based polycrystal plasticity model [38], as noted in Sec. Il iAs gra
are assumed to deform homogeneously and continuity of tractions and velocity components
enforced between the sub-aggregates representing sibling nodes of the binaryhisee. T
assumption implies that near-grain boundary localized deformation is negligible.
homogeneity of grain deformation, as assumed in the binary-tree based modebas®rable
representation of the physical continuity between neighboring grains, when the gii@st is
significantly greater than the elastic strain in high symmetry maesath as f.c.c. pure
copper [53]. On the other hand, in low symmetry h.c.p. materials, intense grain boundasy strai
orders of magnitude larger than grain bulk strains develop [54D56]. The large grain boundary
shears are a consequence of the intense stress concentrations develogeaimbaundaries
required to maintain compatibility between grains that have fewer thamtiependent easily
activated slip systems [57]. These stress concentrations activate alefarmodes near grain
boundaries, which are not activated in the grain bulk [57]. Examples of near grain bouipdary sl
modes reported in the literature in zirconium alloys at room temperatuté dre! slip [58],
basal slip [59], and more profuse activation of pyramidal <> slip. Refs. [57,60] report

enhanced!! 1!} twinning activity near grain boundaries.

In order to allow grain boundary accommodation of incompatible deformation within the
binary-tree based model, streskgs and strain-rate, , are regarded as fields in the bulk of the
sub-aggregat !. The sub-aggregate boundary is comprised of grain boundaries that fall on the
surface of the sub-aggregate. The stress and strain-rate fields whthirsub-aggregate
boundaries are expected to be highly inhomogeneous and generally of larger magnitude than

and!y .

In the present work, grain boundary accommodation between sub-aggregates represented
by the children of nodg ] is accounted for by relaxing the velocity continuity condition, Eqg. (8)
at node!! I. Then, the strain-rates of the sub-aggregates represented by the siblin§l fiodes
and ! (1)! will, in general, be incompatible. It is assumed that grain boundary shears
accommodate the incompatibility in the strain-rates, by activating oneo gnain boundary
deformation modes noted in the preceding paragraph. It should be noted that under this
assumption, the grain boundary shears merely serve to restore compatibility nbetwee
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incompatibly deforming sub-aggregates; the macroscopically imposed deformatistil is
accommodated only by the deformation of the grain bulks following Egs. (4), and (). Iti

shown in [38] that if Eq. (8) is relaxed at ndéi¢ of the binary tree,

"oy ! Yuoy! (10)

If the volume of the near grain boundary region is neglected in comparison withf iyatin

bulk, the grain boundary accommodation process will add negligible plastic povaat tf the

bulk. This assumption, although somewhat unrealistic, is presently madeteA d@iroach to
dealing with grain boundary accommodation has been offered by Engler et al. [61]. In that
approach, the dislocation density required for restoring material compatibiigtasmined and

the associated stored energy is accounted for.

The present work is concerned with a balanced binary tree model of the polyergsidig. 3).
Near grain boundary shear between pairs of grains in this model is allowedbyirenEq. (10)
at all noded!! that satisfy! ([! ]) ! !! Grain boundary shears between pairs of sub-aggregates
each, in turn, comprised of a pair of grains is ensured by enforcing Eq. (10) at all Inottheat
satisfy! ([! ])! !'!and so on. Thus, in general, substituting Eq. (10) in lieu of the compatibility
conditions given by Egs. (7), and (8) at notdsthat sasfy

rqrper v (11

amounts to allowing near grain boundary shears between sub-aggregates up to.height

Egs. (10), and (11) together imply that a balanced binary tree based model polysrystal i
essentially a collection of compatibly deforming sub-aggregates. Each sulgstggre
comprised of ' '' grains. The stress within each sub-aggregatée of grains is uniform; i.e.,

each sub-aggregate satisfies the Sachs assumption [62]. Since Sachstalsiyendto deform

highly inhomogeneously [37], the present methodology for treating near grain boundary shear

will enhance strain localization within soft grains.

Experimental observations of near grain boundary deformation go back at least ¢o étaus
al. [41]. Its modeling is, however, more recent. Staroselsky and Anand [63] were, to our



knowledge, the first to account for near grain boundary deformation in a model. In order to
predict reasonable values stresses in a magnesium alloy, they foundsgamgde model grain

boundary shear using an isotropic plasticity model in a Ograin boundary layerO.

D. Material point deformation

Unlike in simple processes such as channel die compression, or uniaxiah,tehg
geometry of the pilgering process does not readily suggest the deformation imposethe
tube. In fact, the deformation imposed on a typical material point in the itub®n-
axisymmetric, unsteady, and dependent on the location of the material point.

Let!,!!, ! denote the material flow velocity at spatial coordinatelet

H R 12
e (My)! ﬁ!!!!!! preereoe (12)
denote the velocity gradient at spatial coordinateThe geometry of the pilgering process does
suggest certain zero components of the velocity gradient. Treating the masdrigiida

continued contact between the groove and the mandrel requires (Fig. 1):

8-
and
'y - (14)

Pilgering simultaneously reduces the diameter and thickness of the tubetedsabove,
the reductions are not monotonic. Regarding the reductions of diameter and thickness a
monotonic and linear functions of imposed strain, therefore, represents acaigniealization
of the actual process. This assumption amounts to approximating pilgeringussoexthrough a
converging channel. Assuming a linear reduction of both diameter and thickness, andgequi

volume conservation during plastic deformation of the tube yields:
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and,

iR A

The value of! depends on the location of the material point before and after the pilgering
process. Lett, and!, denote the outer and inner tube radii measured from the mandrel
centerline before pilgering and let and! denote the same after pilgering. The engineering
definition of! lis then (Allen et al. [15]):

|y | !i—(! ! IL) (17)

Through-thickness location dependéntare obtained by regarding the tube as being divided

into a number of co-axial cylinders and by applying Eqg. (17) to each cylinder, dediéiai
Allen et al. [15].

Iz lis a realistic measure of the true deformation only over infinitegumigering reductions.

Over finite reductions, Abe et al. [64] give

IR lHl [ ['I—']I ¥ (18)

Here,!, and! denote the radial distance of the material point under consideration from the
mandrel centerline before and after the deformation, respectively. THe ¢iven by Eq. (18) is

therefore, intrinsically through-thickness location dependent. A larje! implies that the
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deformation is nearly plane strain in PD-ND plane. On the other hand, a!siall indicates
plane-strain like deformation in the PD-TD plarde! ! indicates deformation conditions

similar to uniaxial extension along PD.

Velocity gradient components: 4+ , !y o , ! and!, y» are not directly suggested by
the process geometry. They are, therefore, presently regarded as unknowns and tlye velocit
gradient matrix in the PDD-ND system is taken to be:

Ppcge e (19)

The diagonal components of the velocity gradient produce the changes in the tahsias
observed after pilgering. They may therefore be termed the effective compohtasselocity
gradient. The geometry of the pilgering process, however, does not preclude non-zerfovalues
four of the off-diagonal components, which may therefore be termed the redundant components.

In terms of the velocity gradient given in Eq. (19), the von Mises effective strain-rate is

defined exclusively in terms of the effective components as [3]:
, (20)
rl ,‘{' o D e D }!

The effective strain experienced by a material point is then defined as the time witdigeal

effective strain-rate over its loading history:

YOI (21)

The velocity gradient assumed in the simulations of Lebensohn et al. [(B&k igiven
given by Eqg. (19) with all off-diagonal terms are assumed zero. Their fldav therefore
amounts to neglecting all but the effective components. Girard et al. [Ziduneel the off-
diagonal components using an insert technique and foundthat is much larger than other
off-diagonal components. They found that their predictions were improved by consideration of

the ! ,» component.
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IV. SCALAR TEXTURE DESCRIPTO RS

Texture descriptions are made convenient by the introduction of the following dalar s
descriptors:

A. Kearns factors

The nuclear industry often uses Kearns factors [65], also dd#letbrs, to quantify texture
development in zirconium alloys [28,66D68factors represent the fraction of basal poles

oriented near a reference direction:

r 22
| f!!! gl gt )

where!, "#! is the volume fraction of the grains with their c-axes oriented dtangle! "from

the reference direction, expressed in units of times random [70]. The refenaut®mns in the
present study are taken to be the pilgering direction (PD), transverse directjoan@ Eadial or
normal direction (ND) of the tube. The Kearns factors are thus summarypti@sciof the
texture in terms of three scalar quantities. Nagai et al. [71] obtainedatorre between theb
factors and the pilgering process paraméteusing a regression scheme over seven process
paths. They also quantified the texture gradient along the wall thicknessitahdted it to
variation of! with through-thickness material point position. Konishi et al. [72] quantified the
texture evolution along the pilgering stroke in terms of 'tBdactors and proposed a simple
model based on the local radial and circumferential strain ratio to expldhey also noted the
influence of the area reduction factor bBfactors in as-rolled tubes, and obtained general

correlations between thebfactors! , and the tube area reduction.
B. Asymmetry parameter

Barring a few exceptions e.g., [21,36], much of the experimental pilgering texture
reported in the literature is presented after symmetrizing according to orthonsamale
symmetry [73] Pilgering being a non-axisymmetric, non-monotonic, unsteady deformation
process [30], the assumption of orthonormal symmetry is not justified. In the pvesdnt
therefore, orthonormal sample symmetry is not invoked. On the contrary, it witiowenghat
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the asymmetries in the texture evolution evolve systematically wiglerply deformation. In

order to compactly represent the evolution of asymmetry, an asymmetry paramistelefined:

(23)
I !f!(! RIRIND LA f!(!!!! ey
The volume element in orientation space is given by [73]
"o (#) NN (24)
In Eq. (9), the regions of integratidnand! divide the orientation space into two equal
parts:
O (N A L - T B - S S A = e A T A e 1= g o (25)
O R D 1 o A A B - B e A B A = N N A A 3
R R AR Ao N N e A R A e A R A 1

Region! is shown hatched inla, ! constant section and in tigB8!" ) pole figure in Fig. 4

the remainder represerit$ The two terms on the right hand side of Eq. (9) are thus the total
texture weight near the ! 1!l | fiber and the 1!"™ | fibers, respectively. The asymmetry
parametet thus quantifies the imbalance in the texture weight of these tw fi@ethotropic

symmetry implieg ! !

Texture asymmetry, or deviation from orthorhombic symmetry, has also been reported in the
literature in processes ranging from pilgering [22] to asymmetric rolling [74]. Stetatedithe
developments of such asymmetries. Shear, for example, is shown [21] asakssgnidict
textural developments during pilgering. Differences in the imposed friction féeat ghrough
thickness texture developments even during rolling [75].

The asymmetry parametet and the!" !Kearns facto! are complementary descriptors of the

texture. In the computation of the 'Kearns factors! I" and! !" are equivalent directions.
This follows from Eq. (22) and the identity#(""# r ! 1) ! 1"#1110On the other hand,



discriminates betweeh!" and! " (Eqg. (23) and Fig. 4). As an extreme example, consider
two polycrystals. Let the basal poles of all grains of the first polyary&t aligned about!" !

Let the basal poles of 50% (by volume) of grains of the second polycrystalghedaklong

I'" lland let the basal poles of the remaining grains be aligned albnd The !" Kearns
factor of both polycrystals is 1. However, the asymmetry pararhetérthe first polycrystal is

1 1. while that of the second is zero.

V. RESULTS

A. Experimental
1. Microstructural Developments

Measurements are made at the various distances from the starpifj¢nieg stroke, shown
in Fig. 1 (b). At each measurement section, average outer and inner diametersagured.
These dimensions, when substituted into Egs. (17), (18), and (21), yield the variation of the
effective strain ! ., , and! , plotted in Fig. 5 (a), (b), and (c), respectively. The calculations
assume that the velocity gradient,. ,,» , » , remains uniform between two measurement

sections. It is clear from Fig. 5 (c), tHatmay have large variations along both PD and ND.

EBSD analysis shows that the starting hot extruded and annealed Omother-tlbddwad t
significant differences in grain size between different through thickiessidns (Fig. 6, first
row). Identifying a grain as a region in the EBSD micrograph surrounded by a continuous
boundary of misorientation in excess of 5j, it is found that the near ralbseaxftthe extruded
tube has finer grains (~8 um) before pilgering than elsewhere (~18 um for the aehteear
mandrel sections); see Fig. 7 (a). Progressive deformation brings concurrent micn@dtruc
developments, also shown in Figs. 6 and 7. The pilgered grains are elongated alang PD
reduced along ND. Further elongation of grains ceases beyond about 200 mm fromt thfe sta
the pilgering stroke (Fig. 7 (b)). Existence of fine grains and non-indexed regions (Cl < 0.1) is
also apparent (Fig. 7 (c)). Intense microstructural refinement may be asteathteonfidence
index ClI < 0.1. It is seen from Fig. 7 (c) that microstructural refinement isdtigh¢he center,
and least at the near mandrel section. Finally, in-grain misorientatiotopgeent is quantified
using the grain average misorientation or GAM value. GAM represents averagdogmint



misorientation inside an EBSD grain. As shown in Fig. 7 (d), the original hot extruded
microstructure had nearly identical through thickness GAM values. Progressiveingilge
increased the GAM at all three locations. However, GAM at nearmdlhaar mandrel sections

are somewhat higher than that at the center.

2. Crystallographic texture development

Experimentally measured bagdl" ! pole figures measured at various effective strains are
shown in Fig. 8. The corresponding orientation distribution functions (ODF) calctlatedhe
measured " 1 11" Tronm 1l and (1" 1) pole figures are shown in Fig. 9. Following

previous work [40], the ODF section!at! !"# is used representatively.

As shown in both Figs. 8 and 9, the starting material had a non-random textunseht
defined fibers. Deformation resulted in gradual texture developments. Withsimgrezdfective
strainl", texture intensities along the! !l I and! T!" | fibers increase. A large increase
in texture intensities occurs at all three sections between 200 rB20toom, with a relatively

small increase in effective strdintoward the end of pilgering.

The Kearns factorsf-factors), defined in Eq. (21), are often used to quantify texture
development in zirconium alloy tubes. As shown schematically in Fig. 10-f@tor values
represent the fraction of basal poles in one of the three principle diredtigas10 (b-d) show
the radial (reference direction = ND), axial (reference direction: PD) amdnderential
(reference direction: TDj-factors, respectively. At all three through-thickness sections, radial
Kearns factors show an increasing trend, while the axial and circumféréatiens factors
decrease during pilgering. This indicates that on average, grains rotate duringgigetialign

their! -axes closer to ND and away from PD and RD; this is also seen from Figs. 8 and 9.

A large change in all threlefactors is observed between 0 mm to 35 mm of the pilgering
stroke in Figs. 10 (b-d). While the radiafactor increases abruptly in this early part of the
pilgering stroke, the axial and circumferenfidictors show a steep decrease. It is believed that
these abrupt variations are due to Obiting®, which occurs at the start Igetimg mitroke in
stardard manufacturing practice. During ObitingO, the inhomogeneous deformation may be
imparted to the tube draft in order to position it within the gap betweeavolti@and the mandrel,

at least part of which is through-thickness.



The abrupt change in tlidactors between 0 mm to 35 mm of the pilgering stroke is not due
to intense contraction twinning during the ObitingO phase. As will be showBdatdf B. 2a),
contraction twinning will generate twins whds@xes are aligned close to PD. This will result in
an increase of the axial Kearns factor. The contrary is, however, observed rmerpa

measurements shown in Fig. 10 (c).

Fig. 11 plots the asymmetry parametef,defined in Eq. (23), as a function of pilgering
position at all three through-thickness sections. Barring the first stépe girésent pilgering
measurements between 0 mm to 35 mm, wherein tube Obitingd likely induces seve
heterogeneities in the flow field (Sec. 2. A!)! increases monotonically with effective str&in
at all he through-thickness sections (Fig. 11). Compariabédbeit of opposite signs, develop at

the near rolls and near mandrel sections and a $nalglelops at the center section.

The development of texture asymmetry may also be observed directly from ¢higgpots
(Fig. 8) or orientation distribution functions (ODFs) (Fig. 9). The near rolls sec¢tmmssmore
ODF intensities in thé I" Iwhile the near mandrel section offeredf !ODF asymmetry. As
explained at the end of Sec. IV, the Kearns factor description of textunetczapture texture
asymmetry; Fig. 10 shows that Kearns factor evolves similarly ahraé tthrough-thickness

sections.

Texture asymmetry is often related to the fabrication process [70]. Rolling without
redundant shear, for example, produces the orthorhombic or orthotropic symmetry. Redundant
shear, on the other hand, produces asymmetry [76]. Information about the development of
asymmetries, may offer significant clues about the nature of frictiorads acting on the tube,

as discussed further in Sec. VI.
B. Simulations

1. Crystallographic texture

Following the methodology given in Sec. IV, texture predictions are made for three
mesoscale material points at the near roll, center and mandrel settenmitial textures are
obtained by discretizing the X-ray bulk textures measured in the hot extruded tube into

" 1 1"#$ lattice orientations (model OgrainsO), each of volume frattionThese lattice



orientations are assigned to the lowest nodes of a balanced binary tree(emgddtig. 3) of the
polycrystal [38], comprised of" | I I I"#" nodes. The experimentally observed initial
texture and the discretized initial texture assumed in the simulaiensompared in Fig. 12.
Discretization is seen to marginally affect the scalar descripees) though the overall texture
is qualitatively well captured. The normal teeth” ! 1"#$ planar interfaces between sub-
aggregates in the model are initialized to vectors drawn randomly from a umistmbution
over the unit sphere. The texture predictions reported below are not affected spetifec
choice of the set of random orientations.

As stated in Sec. Ill B, prismatic slip, pyramidal slip, extension twinnirdy @ntraction
twinning are the allowed microscopic deformation modes in these model gramsbsolute
values of the critical resolved shear stresses associated vaghrtioeles are presently irrelevant;
only their ratio matters. The ratio of prismatic slip, pyramidal slip, resxt& twinning and
contraction twinning modes is takenlad" 'l 111 1 Thus, pyramidal slip is taken to be much
harder than other slip or twinning deformation modes, in accord with experimental
observations [48,60].

At each of the three through-thickness sections, all the components ofdbiyvgradient
given by Eqg. (15) are imposed on the root nddeof the binary tree

! ST NUNNUINE: (26)

The deformation history imposed on the model polycrystal, given by Egs. (25), and (18), tracks
the experimental evolution shown in Fig. 5 (c). Texture predictions are obtained by imposing
only the effective components of the velocity gradient in Eq. (18), i.e., by setting

poge L (27)

Strict compatibility following Eq. (8) across all binary tree interfasesnforced in the present

simulation.

The predicted , ! !" IODF section at the center section is shown in Fig. 13 (al), and
the corresponding!!!"" ) and!!" I'!'! pole figures are shown in Fig. 13 (a2). Although the
(u ), vt 1t and! 1™ 1 fibers are captured by the simulations, the predictions

compare poorly with experimental observations shown in Fig. 9 (bl). The most noticeable

disagreement is that a significant textural intensity is predictedl, dt !I—!! ! !I—!!and a
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Iyl %!! ! !I—!! These correspond to grains whdsaxes are nearly aligned with PD (Fig. 13

(b1)) and come from orientations formed by contraction twinning. This contradictioregipat
contraction twinning is not a wide spread deformation mode in the presentamaléis
conclusion agrees with previous works on a similar material [77,78], wherein nojgci®sc

investigations did not reveal contraction twins.

The accumulated shear per grain in a particular slip or twinning systerdefined as

! Z!!!”!/Z!M (28)

Fig. 13 (a3) shows the evolution ®f !,; the summation over runs over all the slip or
twinning systems of the four deformation modes: prismatic slip, extensionitg, pyramidal
slip and contraction twinning. It can be seen that on average, pilgering defornmation
accommodated by prismatic slip and contraction twinning, and by extension twimmiag t
smaller degree. Negligible slip in the hdrd ! ! ! Ipyramidal slip systems is predicted. The
total slip and twin shear accumulated in the grains of the model polycatstae end of
pilgering follows a nearly Gaussian distribution with mean valueand standard deviatidr! !
as shown in Fig. 13 (a4). The small standard deviation indicated that defornsatiistributed

evenly over all grains.

2. Microscopic mechanisms

The influence of three mechanisms on the predicted final pilgered texumow
investigated. These are: (a) The role of contraction twinning; (b) The rolao§raen boundary
shear; and (c) The role of redundant shears. Their individual and combined inflaeaces

investigated by turning each of these on or off in the simulations.
a. Absence of contraction twinning

The effect of suppressing the activation of contraction twinning is naosiest. Here and
in the sequel, the results of polycrystal plasticity simulations perforatled/ing only the

#



prismatic and pyramidal slip modes and extension twinning mode are reportepreshat set
of assumed deformation modes are in accord with the dislocation observed thledigin
microscopy by Numakurat al.[79]. As in Sec. V B 1., only the effective components of the

velocity gradient are imposed. Fig. 13 (b1) shows the final predigtéd !"# !ODF section. In

contrast with Fig. 13 (al), no textural intensity is predicted ,at !I—!! ! !I—!!and at! !

%!! ! !I—! because contraction twinning, which generates these orientations haarbedroff.

The predicted post-pilgering texture can nevertheless not be said to agree, diativelya
with the experimental texture: The predictions are missing the b&sal! fiber prominent in
the experimentally observed Fig. 9 (b1). The rotation of grains away from tHeohastation
is due to the activation of considerablé ! ! ! Ipyramidal slip.

As shown in Fig. 13 (b3), significant slip is associated with all tlesvall deformation
modes: prismatic slip, extension twinning and pyramidal slip. In the absencentction
twinning, significant ! ! ! I Ipyramidal slip is required to accommodate contraction along the
I'I axis of grains. This occurs in order to enforce compatibility between sihlim@gggregates
in the binary tree model, despite the severe plastic power penaltyatsgagith activating the
extremely hard pyramidal slip systems.

The distribution of accumulated slip and twinning shears in the grains anthaction
twinning is suppressed is not Gaussian, as it lacks symmetry about @hevalae of 5.2. As
shown in Fig. 13 (b4); the distribution is skewed toward higher accumulated shie@rss T
because certain grains, which are favorably oriented, deform much more thamgiie siean.
Others, which are unfavorably oriented, deform much less. The suppression of contraction
twinning thus markedly accentuates the plastic anisotropy of the h.c.p. graiobk, waldierlies
the difference in the distribution of accumulated shear between Figs. 13 (a4) and (b4).

b. Near grain boundary deformation
Texture predictions obtained from simulations with only the effective compooéthe

velocity gradient imposed, Eqg. (19), but allowing for near grain boundary shear following Egs.
(10), and (11) with ! I'l'and! are shown in Fig. 14 (al), and (b1), respectively. Only the
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predictions for the center section are shown. The alse lis shown in the second column of
Fig. 13

The allowance of near grain boundary shear With ! dramatically increases the
(1) fiber texture intensity. This is because the allowance of near grain bousttay
reduces the compatibility requirements between grains, which in turn, supprésg ahsy
prismatic slip in the grains (Fig. 14 (a2)). Grain deformation becomes more inhoenogs
than in the case déf ! !!with contraction twinning allowed, as seen by comparing Figs. 14 (a3)

and 13 (ad4): The mean and standard deviation of the accumulated shear distribution

corresponding td ! ! are 6.3, and 2.8, respectively. The inhomogeneous deformation also
results in a quantitative change: greater intensities are now prediotgdthe! !l | | and
I 1T1™ 1 fibers than with! ! !. Further increase td ! ! results in still greater

intensification of three texture fibers (Figs. 14 (b1-b2)). However, as seen fgpmM4-(b3),
about 13% of grains are now predicted to hardly deform. In the micrographs shown in Fig. 6,
however, all grains are seen to elongate. For this reason, the predictionsdobtdine! ! are
not deemed physically representative of the actual near grain boundary deforroaddioms.
The same conclusion could also be expected to hold forlall !

The observation of non-deforming grains in thé ! simulations has been dismissed
presently as being physically unrealistic. This need not always be the Ea&s, Sahoo et
al. [80] observed non-deforming grains in single phase Zircaloy-2 samples rolled &ir&bfo
monotonically. The absence of non-deforming grains in the present microstrudikedyislue

to the non-monotonicity of the deformation path during pilgering.

C. Redundant shears

Texture predictions at the near roll, center, and near mandrel sectionsrassuiyithe
prismatic, extension twinning anld! ! I ! pyramidal slip modes are shown in Figs. 15 (a2),
(b2), and (c2), respectively. Near grain boundary shears are allowed by keltihg Only the
diagonal effective strain components are imposed in these simulatioresjiendant shears are
taken to be zero. The asymmetry parameetisrcalculated following Eq. (23), and shown against
each ODF section. While the experimentally observed fibers shown in Figal15b1), and
(cl1) are predictedt allthe three sections shown in Figs. 15 (a2), (b2), and 15 (c2), the predicted
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asymmetry parametérdoes not agree even in sign with the experimental value at the near rolls
and center sections. Negligible asymmetry in the final texture is peddattall three sections,
with the least at the near mandrel section, whereas considerable etsynsnmeasured therein
(Figs. 15 (al), (b1), and (cl)).

The role of imposed non-diagonal redundant shears (Eq. (19)) is considered next. In the
present work, each allowable redundant shear is separately imposed. Imposibompohents
P D00 ToOrtw e Ul MOr! w111 results in texture predictions (not shown) that
are qualitatively much too different from experimental observations: the poadicdo not
capture even the experimentally observed texture fibers. This suggesteseatddundant shear
components are physically unrealistic. However, wheny- ! ! ! is imposed, the three fibers

in the final texture are retained and a non-zero asymmetry develops.

Figs. 15 (a3), (b3), and (c3) are the final ODF sections predicted by imposing !

'l at the near rolls and center sections apdy ! ! at the near mandrel section. The
asymmetry parameters!of the predicted textures are also indicated in the figure. It is not
attempted to quantitatively match the predidtedith the experimental one. Nevertheless, it is
clear that the asymmetry parameters in Figs. 15 (a3), (b3), and (c3) obtained bygngosi
redundant shear agree better (at least in sign) with the experimental absettvah those
obtained in Figs. 15 (a2), (b2), and (c2), without redundant shears. It is also cleaptsang a
negative redundant shedr. ,» ! ! increases! "and conversely, imposing a positive

I'w w1 ! redundant shear decreasés

The sign change ih + !between the near rolls and near mandrel sections suggests that
frictional shear forces predominantly directed towatd lare exerted by the pilger mill tooling
(rolls and mandrel) on the tube. The opposite sigh at the near rolls and mandrel sections
suggests that th&' Ifrictional force between the rolls and tube is directed opposite to that
between the mandrel and the tube.

The larger absolute asymmetry parameters at the near roll and near mectdret than
at the center indicate that the total redundant shear, and hence, totaladiein experienced by
material points at the tube surfaces is larger than that in the bukk.c®hclusion is also
consistent with the larger GAM values observed at the tube surfaces reported in Sec. V A 1.
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In their studies on redundant shears in pilgering using inserts, Girard et al. [21] found
that the most significant redundant shear components wege and !,. 4 ! The important
redundant shear in the present wark,,» , differs from those found by Girard et al. [21]. This
shows that the important redundant shear component in pilgering is not universat, Itiste

important redundant shear components appear to be specific to the pilgering die and tube pair.

3. | Variation

A difference between the present modeling work and foregoing ones [21,36] is thaasvhere
the present simulations impose a close approximation of the actual didormeth axial
position (Fig. 5 (c)), foregoing works imposed a unifdrnfor each pilgering pass determined
from the initial and final dimensions of the tube. For the present tube, échagering strains
reduce the outer radius of the tube from! " mm to! ! " Imm, while the change in the
inner radius is frony, ! " mmto! ! ' mm. Tube thickness thus reduces fiymm to$'mm.
Substituting!, ! !, and! ! ! in Eq. (14) yieldd ! !'!I" at the near roll mesoscale material
point. Similarly,! ! 1" and! ! I'lll are obtained at the center and at the near mandrel
material points, respectively.

Fig. 16 compares the final textures predicted by imposing the actual axtadrpdspendent
I with that obtained by imposing a unifofmat the center section. Final textures, slip activities
and deformation distribution in the grains are found to be largely similar itwtheases. This
leads us to conclude that the texture predictions are fairly insensittie tetails of the strain-
path experienced by the tube.

VI. DISCUSSION

A systematic study of microstructure and texture evolution in a partly pilgebechas been
performed. Pilgering is observed to homogenize the microstructure by making thezgsians
aspect ratios comparable through the thickness. In accord with experimental todoserva
reported in the literature, pilgering is also found to intensify ¢hg )' ! 111l | and

I 1™ 1 ffibers. The asymmetry in the relative intensities of thel'! | and! TI"™ |
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Ifibers has been emphasized and quantified by the parameteahis work. This asymmetry is

linked to ND asymmetries in experimental X-ray pole figures.

Texture comparisons between the experimental observations and those obtained from
simulations using the binary-tree based polycrystal plasticity model hamgbdermed to test
several hypotheses about the physical micro-mechanisms activated. The sonspsiiow that
contraction twinning is not significantly activated, and that accommodadiae grain boundary
shear is very important in the present material. The latter observatomsstent with recent
experimental observations [54]. The sign of the experimentally observed asymmetngtpara
I is the signature of the direction of frictional shear forces exertedebyotls and mandrel on

the tube. It is found that these forces have opposite senses at the rolls and mandrel sections.

In summary, the following observations can be made about the flow field. dtieditative
agreement between the experimental and predicted final texture suggeste thaetal flow
pattern in pilgering is well approximated bgs ;- , simple shear superposed on steady gross
axisymmetric flow through a convergent channel. Second, both magnitude and signhefathe s
component vary with through thickness location. This is corroborated by the observation tha
closest agreement of the predicted and experimental post-pilgering textueenatr roll, center
and near mandrel sections is obtained by superposing positive, positive and neyaised
redundant shedr. ,+ ,, respectively, over the gross flow. Finally, the amplitude of the varying
I'w yw Isimple shear is comparable to the normalleffective strains. Thiswklifrom the
observation that prediction of the textural asymmetries observed experimeatpliyes the
imposition of! ;. ,+ , of the order of !

Predictions of the post-pilgering texture using the VPSC [47] model in the
literature [21,36] have succeeded in capturing the peak intensity of eithEt!'thel or the
111 1 pole figures. Lebensohn et al. [36] capture the peak intensity bf the! pole figure,
while overestimating the pedKk!!" ! pole intensity after one pass. Girard et al. [21] on the
other hand, overestimate the peak intensity of thé! ! pole figures, while capturing the peak
™1 pole intensity.

In contrast to the aforementioned works, the present predictions uniformly undeteestima
the experimentally observed peak pole or ODF intensities. This may riimitetl to both
physical and modeling reasons. First, the strain-path that the physicabhyadent experiences



is highly non-monotonic and will involve several partial reversals in the direaf the
redundant strain-rates. This implies that the physical material point doangmonotonic
pilgering experiences much larger total strain than the simulated mateinalthat undergoes
only monotonic deformation. Accounting for the larger strain along a non-monotonic phath wil
lead to texture intensification in the simulations and produce better agrewith experiments.
Second, a microscopic mechanism that is likely to be highly important préisent material is
grain fragmentation, as suggested by the observations of Sahoo et al. [77,78,80] ay-2ircal
Grain fragmentation initiates with banding. Subsequent divergence of latimatations in
neighboring bands with deformation results in large misorientation development and grai
refinement [59]. Banding is known to modify the texture qualitatively, and to enhhace t
texturing rate of certain texture components [81]. More significantly, when gramemefnt
occurs during processes wherein the strain-path is not monotonic, texture developgdhduri
forward pass is substantially retained even after reversal [82,83]. Findibge latations in the
binary-tree based model occur about rotation axes that are more dispersed [38,84lidadtkbe

of the unit sphere than in mean-field models such as VPSC. This igsbesghereas in the
binary tree based model immediate neighbors of grains significantly influbede lattice
rotations, in VPSC, the rotations of all grains are determined by compatiilh a common

homogeneous effective medium.

VII.  CONCLUSIONS

The production of zirconium alloy tubes used in the nuclear industry often involves a
series of cold pilgering and annealing steps [40]. Pilgering, a relatively commiexnd
technique [3], leads to developments in deformed microstructure and crystallograplimie. text
The present partly pilgered specimen allows experimental study of theslpiesets at
different through-thickness and axial positions during a single pilgering stgprifg is found
to homogenize the microstructure, and to produce texture intensification of!!the)!
LI 1trand! !'TIH 1 fibers. The unequal intensification of the latter two fibers is
guantified using a scalar asymmetry parameitér,This asymmetry is not reflected in the

evolution of the Kearns factors.
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Polycrystal plasticity simulations based on the binary-tree based maelsad to
understand texture development and the pattern of metal flow during pilgerindound that
despite pilgering being a complex unsteady incremental deformation processjtativglgl
acceptable prediction of the pilgering texture is obtained using a simpé fiosv pattern,
which is a superposition of steady axisymmetric extrusion and location-depdatkral
frictional transverse shear, provided the appropriate grain-level slip and twinoitgsmear
grain boundary deformation, and location-dependent frictional shear, are duly accountéd for. T
predicted texture intensities are, however, smaller than those experignemtalbured. This is
ascribed to non-accounting for the extensive grain fragmentation and for the non-monotonic
deformation path, in the physical tube. The sign of the measured asymmetrgteanaforms
the direction of the transverse frictional force. Frictional forces acimthe outer and inner o
tube surfaces are oppositely directed.
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Figure 12: Pre-pilgeringi ¢ L u r ‘ODF section. The first row shows the experimental observation at three through thickness locatiéts; the 2

row is the ODF of the initial discrete texture used in the simulations.
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Figure 13: Predictedi ¢ L ur section of the post-pilgering ODF (al) wittf'(dolumn) and

(b1) without(2"® column) contraction twinning. The corresponding pole figures are shown in
(a2) and (b2), respectively. Average activity of slip and twinning systems per grain are shown
in (a3) and (b3). Distribution of the predicted accumulated shear after pilgering is shown in
(a4) and (b4).
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Figure 14: Predictedi ¢ L ur Section of the post-pilgering ODF (a1)L t (1% column) and
(b1) * L u(2"column). Average activity of slip and twinning systems per grain are shown in
(a2) and (b2). Distribution of the predicted accumulated shear after pilgering is shown in (a3)

and (b3).



Near Roll

Center

Near Mandrel

Experimental

at $L Uab al Max=20.7 bl Max=19.6 cl Max=30.3
A= 0.154 A= 0.064 A= -0.155
Predicted, no b2
redundant |22 c2
shear Max=12.2 Max=17.5 Max=10.5
A= -0.030 A=-0.014 A=-0.002
Predicted,
with a3 b3 c3
redundant Max=10.4 Max=9.53 Max=10.5
shear A=0.078 A=0.084 A=-0.240

Figure 15: Comparison of the experimental and predicieglL u rsection of the post-pilgering ODF. Experimentally obtained final ODF

sections at (al) near roll, (bl) center and (c1) near mandrel. Predicted final ODF sectionsesr (aft), b2) center and (c2) near mandrel,

assuming zero redundant shears. Predicted final ODF sections at (a3) near roll assuwint F 3 (b3) center, assuming;.,¢ 1, L F 3and

(c3) near mandrel, assuming,c 1, L E 3
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Figure 16: Predictedi g L urlsection of the post-pilgering ODF (al) non-unifordn(1%
column) and (b1) uniforn$(2" column). Average activity of slip and twinning systems per
grain are shown in (a2) and (b2). Distribution of the predicted accumulated shear after pilgering

is shown in (a3) and (b3).



