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ABSTRACT
OF THEDISSERTATIONOF

Ali Al -Hadi Ibrahim Kobaissy for Doctor of Philosophy
Major: Mechanical Engineering

Title: On the Modelingof Grain Fragmentatiorin Metallic Structures Usindhe
Continuum Dislocation Dynamics Approach

Predicting the mechanical properties and the microstructural features of metals subjected to
severe thermplastic deformation processes is of suprémeortance in designing novel or
enhanced materials. The objective of this research is to investigate these properties using a
hybrid physically based multiscale modelling approach. A grain fragmentation model is
proposed and implemented into the continudistocation dynamics model coupled with a
crystal plasticity framework to predict the texture, grain size, yield strength, and dislocation
densities. The proposed model is also used to understand the deformation mechanisms that
influence the distinct meemical behaviors of metall this study, the grain fragmentation
approach was based on the grgiain interaction where the formation and accumulation of

the geometrically necessary dislocations at the grain boundaries restrict the free deformation
of the grain. A misorientation difference arises between the core of the grain and its
boundaries. The grain fragmentation process is triggered when the misorientation reaches a
threshold value leading to the formation of new grairiee model was first applieto the

face centered cubic metallic structures such as copper and aluminum subjected to equal
channel angular pressing process (ECAR)or to the prediction of the ECAP and post
ECAP properties, model parameters have to be calibrated by a simple oaictessting for

the asreceived material such as tension, compression, or sBE#&P predictionshave

shown good reliability and predictability for both materials. The proposed model was then
upgraded and developed to include additional deformation mischa such as twinning to

be able to mimic the behavior of hexagonal closed packed metallic structures such as
magnesium.The microstructural features and mechanical properties of the processed
materials via ECAP were in good accordance with the expersmdeichanical properties of

the preECAP, during ECAP, and post ECAP are studied and analyzed by the power of the
proposed model.
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CHAPTERL1

INTRODUCTION

Solid materials, such as metals, polymers, ceramics, etc., can be classified
according to their atomic arrangements. All metals exhibit crystalline structures under
normal conditions where they are composed lafrge number of single crystsl Each
crystal is composed oflargenumber of atoms sorted in a periodic pattern to form cubic,
hexagonal or other structures. There are several crystal structures that metals can form,
the most common structures are: FCC (feeetered cubic), BCC (bgetentered cubic),
and HCP (hexagonal clogacked). However, most crystalline metals do not exist in their
perfect form, several imperfections can be present. Those imperfections include point
defects suclasvacancies and seiffterstitial atoms, lineadefects (mainly dislocations),
surface defects such as grain boundaries and finally volume defects such as cracks, pores
or foreign inclusions. Dislocations are the most important crystal defects in crystalline
materials amongst the others sintey initiate, through their movement, plastic
deformation[1]. The concept of dislocations was first developed mathematically by
Volterra in the early 1900s. However, in ti830s Orowan, Polyani, and Taylor
published almost simultaneous work connecting the plastic deformation to the motion of

dislocationd2].

1.1Dislocations
Dislocations are ondimensional linear defects in which a half plane of atoms is
added or removed from the crystal. Dislocations can exist in two types, edge and screw;

they are defined by their dislocation line @wrgersvectorb (Figurel.1). The burgers

16



vector is defined asne interatomic spacing and is given as a function of the lattice
parameter a (b(FCC)=-0 pGt b(BCC)=® p@P bHCP)=p g} [1]. Edge
dislocation moves parallel to the applied shear stress where the dislocation line and
burgers vector are perpendicula®n the other handscrew dislocations move
perpendicular to the applied shaetress causing a spiral ramp within the crystal in which
the dislocation line and the burgers vector are parallel. In most crystalline materials,
dislocations are neither pure edge nor pure screw, but mixed dislocations where the

dislocation line and thieurgers vector are neither parallel nor perpendicular.

Figure 1.1 Schematic representation of a dislocation line that has aedge(E), screw (S), and
mixed (M) character (Figure from William Callister, Jr., Materials science and engineering, John
Wiley and sons, Inc, 2010).

1.2 Dislocation Generation and Movement

In general, dislocations move either by glide orchgnb. Dislocatios lying on
their slip planes can exist in two forngljssile or sessile. Glissile occurs when the
dislocation moves in a surface containing both its dislocation line and its Burgers vector,
while the dislocation which is not able to move in this manner is called sessile. Climb
motion can occur when an edge dislamatmoves out of its slip plane; this happens
mostly at high temperaturg3]. Anothermechanisnoccurs by the movement of a screw

dislocation from one slip plane to another plane containing the Burgers vector, is known

17



as crossslip (Figure 1.2). However, if the screw dislocation is dissociated into two
partials connected by a stacking fault, it cannot estips sin@ both partials will not be
screws. They must recombine to a screw dislocation before theystipssd then

dissociate again on the second plane.
-------- Successive positions of dislocation

Figure 1.2 Cross-slip mechanism where a screw dislocation can move from one slip plane to another.
(Figure from W.F. Hosford, Mechanical Behavior of Materials (Second Edition), 2010

Generation of dislocations could occur by several mechanisms. The simplest
mechanism is thé-rankRead source mechanism, suggested by Frank and Read where a
dislocation is generated and multiplied from an existing source called the-Reaak
sourced4]. A FrankRead source is conceived as a dislacatine pinned at two points
A and B Figure 1.3) which may be formed from dislocation immobilization or
dislocation interactions with other point defects or precipitdtegigure 1.3, a shear
stresst, acting on a plane containing the dislocation segment AB, cause the dislocation
to bow out. As the shear stress increases, the dislocation continues to bow out until it
forms a dislocatio loop that can expand under the stress. This bowing out is resisted by
a force called the line tension of the dislocation which results in the restored segment AB
between the pinning points. Many loops can be produced from the same dislocation

segment byepeating the same process.
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Figure 1.3 Frank-Read source mechanism

1.3Micro -Plasticity (Deformation Mechanisms)

During elastic deformation, the intatomic bond onlytretchesind then returns to its
initial position after releasing the load, while during plastic deformation, several

deformation mechanisms could occur, such as slip and twifjing

1.3.1Slip Mechanism

Slip or glide process is produced byetmotion of dislocations during plastic
deformation. This process requires the breakipgand reforming of the interatomic
bonds, where it involveshearingof crystals on certain crystallographic planes (slip
planes) and certain crystallographic direcia(slip directions)6]. The slip plane is
defined as the plane that has thest densatomic packing and is represented by the unit
vector of its normal direction. The slip direction corresponds to the direction that has
the most closely packed atoms within the slip plane and is represented iy visctor
m (Figure 1.4). The combination of the slip direction and the slip plane forms the so
called slip systemgl]. For FCC crystal structure, dislocations can glide on 12 individual
slip systems alongp pQ@uirections withinthe p p pplanes (or can be written as
& pGp p psystems). In BCC crystals, slip can occur alongéthe @irection on the
p p fip p ©r p ¢ glane families where it can reach 48 slip systems. In HCP metals,

slip can take place on basat Tt T, grismatic &0 p prt, or pyramidaldO p pp
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planes along the common slip directipngnQtirection. Another slip may take place on

the pyramidafio ¢XO'p mg Gpc @5]. The slip planes and directions are summarized

in Table1-1.
Table 1-1 Slip system families for FCC, BCC and HCP metal§l,7]
Crystal structure Slip plane Slip direction Number of slip systems
FCC {111} prO’ 12
{110} p & 12
BCC {211} p O 12
{321} top & 24
{0001} & g0 3
HCP {10p0} & a0 3
{10p1} & grnO 6
{11c2} Gpc & 6

In order to initiate slip, a critical value of the shear stress known as the critical
resolved shear stress (CRSS), should be reached on a particular slip plane. The resolved
shear stress can be written &s: , @£]i®£_i, where, is the appliedstress] is

defined as the angle between the slip plane normal and the applied stress direction, and

is defined as the angle between the slip direction and the tensi[é]afggure1.4).
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Tensile Axis

Slip Plane Normal, n o

A

Slip direction, m

Figure 1.4 Slip elements (slip direction and slip plane normal) in uniaxial tensiof8].

1.3.2Twinning Mechanism

Twinning is a common deformation mechanism in most crystalline materials at
low temperatures and high strain raf@d0]. Twinning dominates slip in HCP metals
since slip systems are not easily activated at low temperd8jrédechanical twinning
affects the lattice orientation where a part of the crystal becomaesitior image of the
other part of the crystal. The boundary of the twinned crystals occurs at a crystallographic
plane called the twinning plane. Twinning, unlike slip, involves a shear displacement of
a fraction of an interatomic distance where it rents the lattice abrupt[$]. In addition,
twinning shear islirectionatdependent, thus reversing the shear direction could exhibit
different effect on the lattice. For instance, in FCC crystals, twinning occurs by shearing
along thep @ direction on thep p lane and not alongp¢ direction for the same

plane[8].

21



2 72

R
)R

B

Figure 1.5 Twinning elements (t AL R R ). (Figure from A. Kelly, K.M. Knowles,
Crystallography and Crystal Defects (Second Edition), 1970)

To illustrate more how twinning occurs, the simple shear geometry is shown in
Figurel.5. After twinning, two material planes remain undistorted. The first undistorted
plane is the twinning plang (i.e. the mirror plane), and the second one is denoted by
planel . All atoms on the upper side of the plane which is also an unrotatedapie,
are displaced in the shear direction The plane where the atoms are displaced is called
the shear plang defined by two vectors; and the normal to . Planeb is a rotated,
but undistorted, plane which is a result of the twinning opmratSimilarly,— is a
rotated, but undistorted, direction lying in both plaiféandv . — rotates to a new
position— , by the means of the simple shear, by an agjglerherel is defined as the
angle between the normal of plameand— direction[11].

Twinning can reproduce the lattice in two types, ty@ad type Il. Each type
depends on the rationality of the twinning elementst , — , and— . The rationality
signifies whether the elements pass through the set of points of the Bravais lattice or not.

Intype I,0 and-— are rational. Therefore, and) can be considered, as shown
in Figurel.6(a), as the unaffected vectors by shear. However, the lattice ye(iearallel
to — ) is rotated to) (parallel to— ) after shearing. So, the new basis vectors of the

twinned unit cell (dotted cell) becomg,() ,) ) which reflects the utwinned unit cell
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(solid cell) § ,) ,-) ). This type of twinning (type I) ialso called the reflection twin

type whered) and- are rational whil@) and— are irrational.

(@) (b)

Figure 1.6 (a) Type | twin. (b) Type Il twin. (Figure from A. Kelly, K.M. Knowles,
Crystallography and Crystal Defects (Second Edition), 1970)

Type Il is shown irFigurel1.6(b). In this typep and-— are rational while- and
L are irrational. The lattice vectdr is chosen to be in the rational directienand the
two lattice vectorg and) are chose in thev plane.) ,) and) define the basis
vectors before the shear has taken place. After shearirsgunchanged whilg and)
are rotated to a new positignand) , respectively. Thus, the new basis of the sheared
unitcellis§ ,) ,) ). This type of twinning is called the rotation tyjié]. In most metals,
the four twinning elements can be rational, so the two types can merge. In this case, the
twin is called compoundtlype which is usually found in the symmetrical crystal lattices.
For example, in cubic structures, the only possible type ohingnis the compound type
(the full argument can be found in REEL]). The set of twinning elements (twinning

planes and directions) are tabulated @ble1-2 for different crystal structures:
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Table 1-2 Twinning element of different crystal structures[8]

Structure L t L t

FCC {111} ® 0 {11p} & g0
BCC {112} o pO {11¢} o pO
HCP {10p2} & mp0O {p012} or p@

1.3.3SizeEffect

Ultra-fine and nanerystalline materials are revealed to exhibit stronger
mechanical properties compared to the coarse crystalline structures of the same material.
Microstructural features such as grain size and dislocatimmnsiot considered in the
classical plasticity theorieshus the size effeciould not be predictedy incorporating
the material length scale in modeling framework, size effect is then possible to be
predicted. Size effect can be either categorizednsitally due to microstructural
constraints such as grain boundaries, dislocations, and grain sizes, or extrinsically due to
the dimensional constraints of the sample size such as micropillars or thin films materials

where dislocation motion could be efted by the materials surfgde].

1.4 Plasticity Theory

Structural mechanics analysis can be classified into linear static or nonlinear
anal yses. I n Iinear analysi s, di spl acement
law is assumed applicable. On the other hand, nonlinearity could arise from theahligh lo
application which results in significant geometrical changes in the material. Although
loading of a nonlinear material within its elastic regime exhibit a nonlinear -stress

relation, the material follows a linear elastic behavior while unloadiug ¢he material
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returns to its initial configurationF{gure 1.7(a)). However, in the nonlinear plasticity,
permanent irreversible plastic strainsas Figurel.7(b)).
AJ AU

\—E=E(c)

1

£ £

> >
(&) (b)

Figure 1.7 (a) Nonlinear elasticity and (b)elastoplasticity

When the material reaches its yield strength, the process is called yielding. As the
applied stress exceeds the yield strength, the material then flows, this process is called
plasticity. Plasticity theory can be explained by severalduomental concepts such as the
yield criterion and the flow rule in which stresses are described in function of strain for
the plasticized material. Subjecting material to a specific type of loading (eg., tension,
compressi on, t oirdagicostrain. AS the lga)l increasssy dlastic strain
is then developed. The total strain in the material is the sum of the elastic and plastic

strains at any instant of loadifit@3].

1.5 Theoretical Background on Grain Fragmentation Mechanism

Severe plastic deformation (SPD) processes induce extreme microstructure
refinement by achieving large strain levels. These processes have played an essential role
in designing novel metallic and nanetallic material$14i 19]. Various SPD techniques
were developed in the past decades to achieve uniform grain refingraerdsukedin
superior mechanical propertig0i 23]. Examples of SPD processes are equal channel

angular pressing (ECAHR22], high pressure torsion (HPT)9,23] accumulated roll
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bonding (ARB)[24,25] twist extrusion (TE)26], cyclic extrusion and compression
(CEC) [27], and repetitive corrugation and straightening (RG33]. Detailed
description, principles, and major structural features of these processes can be found in
previous comprehensive revie&2,23,29,30] All these techniques rely on imposing

high hydrostatic pressure and applying severe shear deformation to the bulk nfegerial.

a result of the high strain level attained, dislocation slip, and deformation twinning are
the major deformation mechanisms that induce plastic deform@ignEach of these
deformatiomrmodes can be activated differently depending on the crystalline structure and
the stacking fault energy (SFE) of the material. Recent studies showed that SPD
processed materials with different SFE exhibit different grain refinement pro¢g2ses

36].

1.5.1Grain Fragmentationin FCC Materials

For FCC materials, three types of SFEs can be distingyislggd medium and
low SFE materials since different deformation mechanisms could be activated.
Experimental observations on high stacking fault energy materials (SFM), such as Al,
showed that the grain refinement is mainly affected bydikecation slip mechanism
[37142]. Subgrains are rapidly formed at the initial stage of plastic deformation
demarcated by dislocation walls, named geometrically necessary boundaries (GNBs). As
plastic strain increases, cell walls, formed from the mutual and the statistically trapped
dislocations, divide the parent grain into cell blocks. A misorientation megdifom the
difference in the lattice rotation between the cell blocks increases, prompted by the
movement of GNB trapped dislocations on different slip systems of the neighboring cell

blocks[43]. In addition, driven by the reorientation of the cell blocks during deformation,
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some of the low angle grain boundaries are transformed into hi¢ghgnagn boundaries
[44i 47]. Continuousincrea® of the plastic deformatiomead to the increase dhe
misorientation between cell blogkghus, lamellar subgrains around interconnecting
boundariesre formed39,45,47 49]. Furthermore, equiaxed grains start to form leading
to finer microstructurg41,50,51] Finally, the plastic deformation reaches a steady state
when the multiplication and generation of diskomas are balanced by dynamic recovery
mechanisms leading to ultrafine equiaxed grain microstruptéré2 56].

Materials with medium SFEs, such as Cu, behave similarly to the high SFEs
materials when processed under low hydrostatic pressure, low strain rate, and at room
temperatue where dislocation slip is the major deformation mechanism and deformation
twinning is negligible. However, their microstructural evolution differs under different
deformation conditions. Unlike high SFE materials, increasing the hydrostatic pressure
during SPD processing (e.g., HPT) for the medium SFE microstructures induces more
grain refinement. For instance, processing a UFG copper sample by HPT under a pressure
of 7 GPa lead to the subdivision of the ultrafine grains into nanodorf@fhsThe
internal region of these nanodomains contains a high density oftwarsorather than
dislocations that are located mainly at the nanodomains boundaries. At this scale,
deformation twinning mechanism damates the dislocation slip mechanism due to the
formation of the nanodomains as suggested if5€é[. This observation was contradicted
by other studies in which deformation twinning is diffictid occur in the refined
microstructures of the courggained materialf20,58]

Evidently, deformation twinning is the major deformation mechanism that
induces effective grain refinement in the Spibcessed FCC materials having low SFEs.

Activation of twinning can be affected significantly by the processing conditions such as
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strainrate[59,60] temperatur§61,62], and stresgg3]. Microstructural evolution for low
SFE (eg. CtBOwt% Zn alloy) has been studied by processing the material by HPT for 5
revolutions under a hydrostatic pressure of 5 (BRh The grain refinement process for
this alloy is represented schematicallyFigure 1.8. Twin lamellae are formed in the
ultrafine grains accompanied by an increase in the twins and the dislocations densities
since twin boundaries (TBs) act as obstacles for dislocation slip (step 1). The
accumulation of $locations at the TBs transforms the flat coherent TBs into incoherent
TBs by gradual bending (step 2). Further shear straining leads to the complete
transformation of the incoherent TBs into higingle grain boundaries (HAGBS) due to
the interaction beteen TBs and dislocations (step 3). This interaction generates new
dislocation sources at the GBs that result in the emission of partial dislocations from the
new GBs with further deformation in addition to the formation of secondary twins. The
intersectiorbetween the new GBs and the secondary TBs subdivides the lamellar grains
into rhombic domains (step 4). Finally, the secondary TBs are transformed into HAGBs
leading to the formation of newly refined microstructure (stefd68]. It is worth
mentioning here that the aforementioned grain refinement process is very common for all
FCC metals with low SFH$0,65]

As illustrated above, grain refinement can be significantly affected for FCC
materials with different SFEs. In general, materials with lower SFEs exhibit enhanced
grain refinement since deformation twinning are atéistiaand twin boundary spacings

are reduced.
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Figure 1.8 lllustration of grain fragmentation mechanism for the Cu-30wt%Zn alloy
processed by high pressure torsiof64].

1.5.2Grain Fragmentationin BCC Materials

Although literatures on SPProcessed BCC materials are eatensiveas FCC
materiald31], research on some materials can be found including Tantalurf66Tay],
Tungsten (W]68i 70], Molybdenum (Mo)71,72], Iron (Fe)[73i 75] and other materials
[76,77] Dislocation slip in bulk BCC materials has a major effect in inducing plastic
deformation while deformation twinning is less common obsej&@d6,78,79] Slip in
BCC materials is observed to occur on {110}, {112}, and {123} slip planes along the
<111> slip direction$80,81] Grain refinement process of BCC materials processed by
SPD techniques is nearly similar to that illustrated for FCC materials with high&KEs
89]. By subjecting the material to high shear strain, dislocation struaexesop such
that GNBs are formed by trapping dislocations at the subgrain boundéagase 1.9
shows the presence of dislocation walls and subg@indaries in Fe processed by HPT
(Figure 1.9(a)) and W processed by ECAP then rolling at high temperakigeré
1.9(b)). As the shar strain increases, similar features observed in-iS&@zed FCC
materials such as the formation of lamellar dislocation structures and interconnecting

boundaries are observed in BCC materig6,91] High dislocation densities (

29



p Ta ) can be easily reached due to the dislocation multiplication and interactions
while processing by SPD. By attaining sufficiently high shear strains, BCC

microstructure reaches a steadgte in which no more grain refinement can occur

[76,92,93]

Figure 1.9 TEM micrographs of (a) HPT processing of a polycrystalline iron up to an
equivalent strain of D210[91]; (b) ECAP+ rolling processing of polycrystalline W at high
temperatures [90]. Dislocation walls are indicated by the while arrows while suigrains
boundaries are indicated by ral arrows.
1.5.3Grain Fragmentation inHCP Materials

In contrast to the cubic materials, both dislocation slip and deformation twinning
play an essential role in inducing plastic deformation for HCP materials. HCP materials
possess low crystallographiasgnetry where slip systems can be categorized as easy slip
systems (basal and prismatic) and hard slip systems (pyramidal). Activity for the
slip/twinning systems depends on the critical resolved shear stress (CRB®)1(3)
and the c/a ratio. For HCP structures having c/a ratio above 1.6 (eg. Mg), dislocations
prefer to slip along the <a> basal slip systems while for those having c/a ratio below 1.6,

dislocatiors prefer to slip along the prismatic <a> slip systems. In addition, activation of

pyramidal <a> slip systems could also occur in some HCP matf@#lsSince slip
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systems with <a> Burgers vectors do not exhibit more than four independent slip systems,
dislocations moving along the <a> slip systeams insufficient to fulfill the von Mises
criterion which requires at least five independent slip systems to achieve strain
compatibility [94,95] Therefore, activation of <c+a> pyramidal slip systems and/or
deformation twinning systems are required ttadbhomogeneous deformation of HCP
metals. According to the abovementioned features,-tBBiiced HCP microstructures
affected by both dislocation slip and deformation twinning will behave differently from
FCC and BCC microstructures. Dislocation slip idceminant deformation mechanism

that induces grain refinement of HCP materj@& 99]. TEM images of a commercially

Ti material processed by E®Ashowed that grain refinement occurs in several stages.
First, after the first pass, parallel and complex shear bands containing high densities of
dislocations are formdd00]. Then, the ECAPed Ti sample processed for 2 passes (strain
=1.2) Figurel.10(a)) showed that grains with interconnecting boundaries are formed.
With further straining Figure 1.10(b)) (up to 6 ECAP passes, strain = 3.6), the
microstructure is transformed into an ultrafine grained microstructure with indefinite
GBs. After 8 ECAP passes, Ti microstructure becomes ewdénisharp GBs and the

average grain size saturates at 2000bd0] (Figure1.10(c)).

Table 1-3 Estimated CRSS (MPa) for five commordeformation systems in Mg and Ti.
(CRSS data for Mg and Ti were obtained for the temperature ranges of 50600 K and
2001600 K, respectively)

Materials Basal <a> Prismatic Pyramidal o) O 0 o]
slip <a> slip <c+a>slip extension Contraction
twinning twinning
Mg [101i 103] 2.7-13 12-20 24-45 10-18 100
Ti [95,104 108] 49150 37-98 120224 125213 N/A
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Figure 1.10 TEM images of a Ti sample processed by ECAP (channel angle=120°) through
(a) 2 passes, (b) 6 passes and (c) 8 passes at room temperdi0e].

In addition to dislocation slip, grain refinement of the SR&uced HCP
materials is influenced significantly by deformation twinning required for shear strain
accommodation along the-axis [10,101] Unless the material is not oriented
intentionally to favor the <a> slip, deformation twinning competes for dislocation slip
vigorously in the coursgrained HCP mat&ls [109 112] Several conditions such as
temperaturg¢l12,113] stress statl01,114] strain ratg115] and c/a rati¢95,116]have
revealed the formation of different types of deformation twins with various thicknesses.
For example, ECAP procesginf Ti samples has shown the formation of deformation
twins with thicknesses varying between 80 nm and 50(14/118] In addition, for the
same type of twin (eg. extension twin ic &1 pQ several crystallographic systems
could be active leading to twinning intersections that expedite the grain refinement
proces$115,119] Similar to the FCC materials with low SFESs, activation of deformation
twinning is influenced significantly by the grain size of the HCP materials in which
microstructures with smaller grain sizes impedes the deformation twinning e

[120i 123]
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1.6 Thesis Overview

1.6.1Motivations andObjectives

Understanding the scientific principles of severe plastic deformation induced by SPD
processes has reveakedreat importance in developing technological neBdging the

past centuryBridgmanwas found to be the first one who noticed theease of material
compressive strength subjected to twist{dg4]. Bridgmanworks then focused on
studying the mechanical behavior of bulk aietunder very high pressures where he
invented an apparatus to produwdreme pressures and was awarded a Nobel Prize in
Physics for this worf19]. Research in material strengthening field continued where
numerous SPD processing techniques have emerged and developed (refer to section 1.5).
These techniques havevealed high efficiency in producing ultrafine grained materials
which exhibit superior mechanical properties. One of these attractive techniques is the
equal channel angular pressing proahss to several reasons. ECA&n be applied to

wide range of raterials with various crystal structures, performed on both saadl
largescale billets to be used in structural applications, and can achieve reasonable
homogeneity for billets pressed to very high strains. In addition, ECAP pnoecgdse
developed ath scaledup accordingly for use in metplocessing within the commercial
sectors[22]. These various attractive features have attracted many corporations and
laboratories to invest in developing ECAP proaass the last decadeBhe strengtHo-
ductility relationshipin ultrafine grained materials produced by ECAP has attracted
material scientists to investigate thielden power behind this proce3$wus, numerous
experimental studies were performeminvestigate the grain refament mechanism
induced by ECAPIn spite ofthe importance of the experimental work, modeling of such

mechanisms has gained significant interest due to its-dffieency and lowcost
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compared to the experiments. Thus, several modeling approaches weosegor and
developed to mimic and predict the experimental resdlisvever, @spite thevarious
studies that focused on modeling grain refinement of metallic materials, some of the
fundamental issues about modeling this mechanism still remain umclégerature

Some examples include the grgrain interaction effect, the strain hardening effect on
grain refinement, and the influence of dislocation density on grain size reduction and
slip/twin activity during equal channel angular pregsino illustrate these effects on
various metallic structures such as FCC and HCP structures, a hybrid multiscale model
that describes the main deformation mechanisms during severe plastic deformation
processes is proposed.

The main objectives of the followingsearch are as follows:

Implement the continuum dislocation dynamics model into the crystal plasticity

scheme using Fortran language to mimic the deformation mechanisms induced

by plastic deformation.

- Develop a novel grain refinement approach to predettlolution of grain size
reduction during the severe plastic deformation process.

- Analyze and investigate the texture and microstructural features of ECAPed

materials under different routes.

- Predict the mechanical properties of the processed metalliciaiate

1.6.2Chapter Summaries

This dissertation comprises a total of five chapters starting from the current chapter. The

rest four chaptersdéd descriptions are as
In chapter 2a grain fragmentation modeling approach that couples continuum

disloation dynamics analysis with a crysmasticity framework is proposed. The
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proposed model investigates the microstructural features of FCC metals subjected to
severeplastic deformation (SPD) processes and in particular equal channel angular
pressing (E@GP). Severalaspectsof the deformation procesare considered in this
model, including texture evolution, statistically stored dislocations (SSDs) and
geometrically necessary dislocations (GNDs) densities evolution, and grains
fragmentation and its effeon the overall mechanical response. The proposed model is
applied to a reference volume element (RVE) in which the grains are distributed and
assigned an initial position. Within the model, each grain has the ability to split into 1024
new smaller grainsyhich subsequently leads to strain hardening and grain refinement.
The model parameters are calibrated udorgiontests of pure copper material. The
simulation results give reliable predictions of the crystallographic texture, the evolution
of dislocaton density, and the final grain size based on available experimental data.

The proposed multiscale model is upgraded in chapter 3 in which each grain is
allowed to split into nine subgrains instead of four subgramsAl-1100 billet, with
rolling texture, is ECAP processed under Route C for different numbers of passes.
Mechanical, microstructure, and texture characterization is achieved for the received and
ECAPed materialsThe proposed model parameters are calibrated using the tensile true
stress trusstrain curves of the unprocessed material at two strain rates. The-ECAP
processed aluminum microstructure, texture and dislocation densities and then the
mechanical properties are predicted.

In chapter 4, we investigate and analyze the microstructuraltenobf an equal
channel angular pressed (ECAPed)-BAJ-1Zn rolled billet, processed at 200°C. The
model parameters are first calibrated on the tensile behavior of the highly anisotropic as

received material along two different loading axes and twordiftetemperatures. The
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ECAP-processing of the MAI-1Zn induced a large reduction of the average grain size
from 20 em into 2~4 em after four ECAP ¢
captured the ECAP resulting textures, the average grain size asswed dislocation
density evolution and slip/twin activities pesechanical properties under different
routes and number of passes. Additionally, dislocation density evolution and slip/twin
activities are predicted and analyzed by the proposed modetrapisdehavior of the
ECAPed samples is predicted and analyzed based on slip/twin activity and dislocation
density evolution.

The dissertation is closed in chapter 5 with a final summary and recommendations

for future work.
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CHAPTER?Z2

CONTINUUM DISLOCATION DYNAMICS-BASED GRAIN
FRAGMENTATION MODELING

2.1 Introduction

Metallic materials subjected to severe plastic deformation (SPD) develop
improved mechanical properties, mainly induced by grain refinement and increasing
dislocation density. SPnaterials exhibiextremely refined grains of suhicron size.

There are different manufacturing processes by which SPD grain refinement can be
achieved, such as eqeaiannel angular pressirntggh-pressureorsion, and accumulated
roll bonding[125].

Equatchannel angular pressing (ECAP) has now become a conventional
technique to enhance the mechanical properties of metals. ECAP is a thermomechanical
process in which the material is subjected to severe plastic deformation leading to a
drastic increase in the dislocation density. The internal energy associated with the
dislocation microstructure reaches high levels, and as a result, the material undergoes
grain fragmentation as a relief mechanism. Numerous studies were conducted to uncover
the gain refinement mechanisms and their effects on the texture anudtastructure
of metals[21,22,29,126131] ECAP was studied extensively due to itwvantage of
achieving large strains while preserving ttresssectionalarea of the samplg32].
Figure2.1 shows a schematic of the ECAP process, in which a plunger presses a bill
through a die. The die consists of two channels with exyoaksectionsntersecting at
an anglés Repeating the pressing of the sample leads tgla lbvel of strain and

significant grain refinemerj22,29,30]
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Figure 2.1 Schematic of the ECAP mechanism

The combination of several ECAP process parameters, such as gieefietry

(i.e., die angle), th@umberof passes, the deformatiooutes,and the back pressure,

yields to a wide range of texture and microstructure features within the mgr2eal

The die angléwinfluences the texture evolution in two ways, first by deviating the texture

from the ideal orientations resulting from simple shear. For instance, if two identical

textutes are pressed using the same route through two dies with different %abI#s (,

the expected difference in the resulting texture is a rotatiofbof Q60 F¢ about the

transverse direction (TDF{gure2.2(a))[30]. Second, the die andgi@impacts the texture

evolution, which is directly related to the level of induced shear deformation, i.e., by

decreasingsthe induced shear deformation increases, leading to the formation of a

stronger texture. Furthermore, ECAP routdsg(re 2.2(b)) and pass numbers

significantly affect the texture evolution. In batbutesA and C,texture symmetry can

be achieved by rotating the sample around theaXid only. Therefore, the TD axis is

called the fAtexture

symmetry

a X

S

0

wher e

around the other axes. However, in rodiegndo , the initially monoclinic symmetry

is lost after the first pass sinceetliexture is rotated between passes around a non

symmetric axig133]. Gholinia et al. (2000¢valuated the strain in different routes and
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demonstrated that the highest strain levels are achieved by maintaining an identical route

throughout the process. Furthermore, rodteandd are found to induce the highest

levels of grain fragmentatidi34].
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Figure 2.2 (a) Processing billets through different ECAP dieangles and the ideal
orientations of the ECAP textures for FCC metals in a {111} pole figure, (b) ECAP
routes: A, Ba,Bc, and C. Route A: reinsert the billet without rotation around ED
but only 90 around TD. Route Ba: reinsert with rotation 90 alternatively around

ED and 90 around TD after each pass. Route Bc: yimsert with rotation 90
clockwise around ED and 90 around TD after each pass. Route C: rotate 180

around ED and 90 around TD between passes .

Numerous investigations on the texture and the reiwotural development in

ECAP-processedCC metals have been conducted over the past yaanset al. (2003)

showed t hat usi

ng
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also affects the grain refinement rt&]. Suwas et al. (2006eported that for copper
samples pressed via route A, texture showed very strong components in the first two
passeq135]. Weakeningof texture components follows when additional passes are
applied. Moreover, the strong and weakitie components of the three materials were
shifted from their ideal positions as the deformation incredsagovok et al. (2008)
processed AA6111 aluminum alloy sheets used by the automotive industry through
ECAP. They reported that the average grain size was refined, thelled texture
componentsvere reduced, and an acceptable level ohkial ductility was achieved
[136]. In order to study the effect oftagh numberof ECAP passesAlexander and
Beyerlein (2005ECAP-processed higpurity copper up to four passes via roQGterhe
mechanical properties were determined after each pass, aeduhle were compared to

the ones reported on the same material EQARessed via rouie . It was observed

that both compressieyield stresses and flow stresses were greater than those in tension.
Moreover, similar compressieffow stresses were maagd for copper ECAProcessed

in routesd and C after the same number of pagé83]. Although the ECAP press
enhances the mechanical response of pure alumiRaitgnian et al. (2008pund that
the material s strength starts (t188.thecr eas
addition, Vega et al. (2015)eported that there is no significant change in terms of
strength for an aluminum sample when processed by ECAP alone or by ECAP followed
by rolling. Howe\er, essential consequences were observed on the microstructural level.
During ECAP, high angle grain boundaries (HAGB) were aligned with the shear
direction, while during rolling HAGB were faligned in the rolling direction, forming a
lamellar structur¢l139]. In spite of all the experimental and theoretical advancements in

the ar@a of SPDinduced microstructure and mechanical properties, understanding the
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mechanisms of grain refinement is still lacking.

Over the past years, significaatempts for predicting grain refinement and
texture evolution of ECA#rocessed materials usirgther phenomenologicalor
crystatplasticity-based models have been repolfte@d,14G 150]. Beygelzimer (2005)
proposed a phenomenological modeling approach for describingdhre rgfinement
mechanism. The grain refinement mechanism was considered to be active when sufficient
pressure and strain were reached. The model assumed tsersialiity of the grain
refinement proceg440]. A quantitativeapproachproposed byPetryk and Stupkiewicz
(2007) accounted for the grain fragmentation proc&ésge. model described explicitly the
microstructural changes of FCC metals and predicted the majordgatdi grain
refinement and strain hardening during SPD. This model predicted the yield stress, grain
size,andHAGB (high angle grain boundary) distributidrgwever jt neglects the texture
[143].

Crystal plasticitybased approaches were used to model grain fragmentation.
Beyerlein et al. (2003)seda viscoplastic seconsistent (VPSC) based modied4] to
study the texture development and microstructural evolutimhta account for grain
fragmentation in FCC materidls41]. While the proposed model takes into consideration
the influence of the grain shape in the subdivision criteria, it neglects the intragranular
microstructure. Severalsearchers have studied grain refinement by combining a VPSC
model with a disclination modeling approa¢h45,146] The grain fragmentation
mechanismwas activated only when a grain was deforming more slowly than the
surrounding medium. Theiare, the grain fragmentation (each grain is allowed to split
into two) occuredwhen the crystals were oriented favorably with respect to the applied

strain.Frydrych and KowalczykGajewska (20163ombined a grain refinement criterion
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with a crystal plasticity framework by assuming that each grain is initially subdivided
into several subdomains. Each subdomain is slightly misoriented with respect to the
nominal orentation of its parent grain. As strain increases, an evolving misorientation
angle for each subdomain is calculated with respect to the mean orientation of the parent
grain. When the misorientation angle between subdomains reaches a threshold value, the
grain fragmentation mechanisms are activiely].

As stated earliegrainrefinement is induced during an ECAP pass; the average
grain size can drop below the micron level for some cases, and thus enhancement in the
maer i al 6s st r fBliglb4h This Szedepempdenstitergyitiening behavior,
the soecalled HaltPetch effect, can be explained by thke-up of dislocations on the
grain boundaries that hinders the dislocation motion. The classical plasticity approach
cannot be used to explain the size effect since it doegake into consideration an
internal length scale. For this reason, plasticity theories that involve strain gradients have
been developed to capture the size effect more preigly154]. Within these models,
dislocations are considered to be the natributefor material hardening and they are
divided into two types, the distically stored dislocations (SSDs) and the geometrically
necessary dislocations (GNDs). The SSDs refer to randomly trapped dislocations that
arise as a result of plastic strain. However,@NDsrefer to dislocations accompanied
by a plastic strain gdent. GNDs are formed in order to accommodate the lattice
curvature during the neaniform plastic deformations, as introduced by Ni&5] and
then expanded by Ashi$56]. I n order to incorporate the
Ohashi (2005)yand Ohashi et al. (2007proposed arapproach by accounting for the
effective dislocation mean free p4ilb7,158] In this context, the GNDs are incorporated

within a multiscale model that couples continuum dislocation dynamics (CDD) with a
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crystal plasticity (CP) framewoik 59].

Inspired by tle strain gradient theory, a physically based model accounting for
grain fragmentation incorporated into a crystal plasticity framework was presented by
Toth et al.[148]. The authors assumed that grain rotation is impeded near the grain
boundaries, induconthe development of a lattice curvature. The development of lattice
curvature resulted in an increasing internal grain misorientation and consedgetuly
grain fragmentation. On that basis, a grain fragmentation schemmategsated intaa
Taylor crystal plasticity model. The authors assumed that each subgrain can be reoriented
depending on the encountered strain level; therefore, if the misorientation angle between
subgrains exceeds a threshold value, the subgrain is then considered as a neWwegrain. T
model was validated by comparing the predicted and experimental textures and the final
average grain size of pure copper ECAP processed io typasse$148].

Some research has been done on modeling grain refinement during ECAP
processes; however, to the best of our knowledge, no studies have considered the
influence of the neighboring grains and the position of the grain in the microstructure.
The current workproposes an efficient predictive model to simulate the behavior of
ECAP-processed materials using continuum dislocation dynamics coupled with a crystal
plasticity model.The grain fragmentation hypothesis used in this work is based on the
Toth et al.[148] lattice curvature assumptiomhich assumes that the orientation of a
single crystal undergoes changes induced by a higher accumulation of dislocations near
the grain boundary. The grain fragmentation process is considered by accounting for the
accumulatbn of GNDs at the grain boundary (GB) resulting in increasing lattice
curvature. As a result, a misorientation will develop within a grain that will activate the

refinement process when a threshold value of misorientation is reached. This paper is

43



organizel as follows: in sectioB.2, the grain fragmentation criterion and the constitutive
equations coupling the continuum dislocation dynamics with the crystal plasticity models
are described. In sectidh3, the experimental data of torsion and ECAP on copper
samples are presented. Discussions and comparisons between the experimental and
modeling results are presented in secf2dh Finally, concluding remarks are given in

section2.4.

2.2 Methodology

Polycrystalline ECAPprocessed metals undergo severstaaleformation that
induces grain size refinement, texture evolution, and consequently an increase of the
dislocation density. The grain fragmentation rate was demonstrateeibgnian et al.

(2008) to increase as the number of ECARssesincreases[138]. A schematic
representation of the EBSD mdpdure2.3), based otheReihanian et al. (2008)esults,
illustrates the fragmentation process of Al sampldgected td, 4, and 8 ECAP passes,
respectively. After the first pasbkigure2.3(a)), mainly elongated grains with low angle
misorientation grain boundaries constitute the microstructure, with an average grain size
of 1.6 &m. After 4 ECAP passes, higragglkei axed
mi sori entation grain boundari es aFiguref or med
2.3(b)). The average grain size reaches 037 after 8 ECAP passes, and the
microstructure is constituted mainly of equiaxed and daighlemisorientation grain
boundariesKigure2.3(c)). The transfomation of lowangle grain boundaries into high

angle misorientations is a clear indication that the grain refinement mechanism results
from increasing the misorientation between subgrains. Consequently, the materials will

release the accumulated energy dplitting the grains once a threshold value of
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misorientation is attained.

Figure 2.3 Schematic representation of EBSD maps of the ECAProcessed samples
subjected to (a) 1 pass, (b) 4 passes, and (c) 8 passes (based on the results presented
by Reihanian et al. (2008]138])

In order to simplify our analysis, the initial microstructure of the material is
assumed to have equiaxed grains similar to the one presefkigdre2.4(a). The domain
is discretized into a uniform mesh of square elements. Each element represents a single
grain surrounded by 8 neighboring grains, and each grain is assigned a position and
orientation as presented kigure 2.4(c). In our simulations, the grains keep a constant
square shape; however, the square size evolves depending on the fragmentation rate. The
stress and strains on each grain aeditrerage stress on all the grains are computed using
the single crystal plasticity and Taylor Linn polycrystalline approach following Kalidindi
et al. (1992)160]. The grid is used for the calculation of the geometrically necessary
dislocations and to illustrating the grain fragmentation.

In this work, tensors and vectors are denoted by-famld symbols.
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Figure 2.4 (a) Schematic representation of the polycrystal, (bjifferent crystal
orientations, (c) grid representing the grain positions

2.2.1Summaryof the Modeling Framework
Crystal plasticity is used to capture the behavior of each crystal. The overall

response of the polycrystal is captured using a Tdytohomogenization schenj&61i

163]. In this scheme, all grains are assumed to have equal grain size, and the deformation

gradient associated with each grain is assumed to be identi¢he tonacroscopic

deformation gradient as proposed Ayaro and Needleman (198H)64]. The overall

stress of the structure can be written as follgjvs: =B~ 6 4 whereNis the total

number of crystals anﬂi and0  correspond to the Cauchy stress and the weight
factor of theQ grain respectively. In this work, Kalidindi et al. (1992) mathematical
framework of the single crystal plasticity model is adopted. The crystal plasticity model
accounts for slip in FCC aterials. In this work, the plastic shear rate is described by the
continuum dislocation dynamics (CDD) approét9,165]

In a metallic single gstal, the elastic portion of the deformation is small
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compared to the plastic porti¢h60]. Therefore, the stress each grains taken to be
the second Piot&irchhoff stress tensor, and the constitutive equation is expressed as

follows:

8F (2.2)
The Cauchy stress is determined from the second-Riotahoff stress by the

z

following relation: 4| & —1 4'3 . Whereg -3 3 Eis the elastic

GreenLagrange strain tensokis the identity tensorand” is thefourth-orderstiffness
tensor. The deformation gradientan be decomposed into elagtiarty and plastic
distortionpartg . The elastic part is associated with the elastic stretching and rotation of
the lattice, while the plastic part is assoethto the distortion of the crystal lattice due to
the formation of dislocations. The deformation gradient can be writtgn ag 3 , as
proposed byee (1969]J166]. I n t hi s worek ,apbchefesapesschep
and plastic parts, respectively. The time derivative of the deformation gradient is written
as¢ 4 3 whered is the velocity gradient. The velocity gradient may be decomposed,
according toLee (1969)[166], multiplicatively and additively a8 35 AT #A

r 3¢ hrespectivelywherey pjg 4 4 s the stretching tensor rate apd

pi¢ 4 4 isthe spin tensor. Alternative decomposition for the velocity gradient can
be done as followst dm 4 5 5 533 3 ,withdm = smand

d T I » Where®and  are the elastic and plastic stretching tensors,
respectively, ang-®andsr are the elastic and plastic spins, respectivehe plastic
deformation gradient can be determined fepm 4 3 , expressed as a function of the
plastic velocity and deformation gradienthe plastic velocity gradient is expressed as
the sum over théi 0 slip systems of the product identity tensor with the plastic distortion

as.:
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4 - 2.2)

where’ is the slip shear rate on tdedslip systemp is the total number of
slip systemsand{ O &= is the Schmid tensorl and= are unit vectors
defining, in the initial configuration, the slip direction and the-plgne normal of the
G oslipsystemy espectivel y. The evolution of the

determined as f@ws: O 3 81 and- = 8 , respectivel\j160].

2.2.2CDD Model
This study developed hybrid continuundislocationdynamic model coupled with a
Taylor-Lin polycrystalline plasticity approach. This hybrid model can predict
experimental severe plastic deformation in polycrystalline FCC materials. In this
approach, the dislocation densityotution rates of the mobile and immobile dislocations
are used to compute the shearing rate in each grain. The plastic shearceatebe
described by a phenomenological power law as proposddebgleman et al. (1985)
[167] and Anand (1992)168] or alternatively by the continuum dislocation dynamics
(CDD) approach, where and the hardening behaviordalculated by considering the
dislocation velocities and dislocation reacti¢hS9,165] In this framework, the plastic
shearrate intheslipsystemis 0 i s deter mi ned 49t he Or ow
Y, (2.3)
where” is the mobile dislocation density in slipgssem i@ bis the magnitude

of the Burgervector,andl i s t he di sl ocati oniogHichdkes vel oc

the power law form:
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whereU is the reference velocity, is the strain rate sensitivity factdr, is the
resolved shear ot rammds drmesltihp esyhotl ddn.sfi r e s
The resolved shear stress on each slip/twinning system identified in the current

configuration is written ag 4

“dN .The threshold stress care Wlecomposed as
follows:

toot ot (25)

wheret is the initial critical resolved shear resisting the movemedisbbcations;t

is the HallPetch stress which captures the energy required for glide and pileup
dislocations to overcome the boundary obstacle fans the shear stress resulting from

the longrange interactions between dislocations. The -Ratch stress is invgely
proportional to the square root of the average grain size D (D is experimentally measured)
and expressed &s =0 O &, where0 is the HallPetch parameter. The dislocation
long-range interaction term can be determined using the BHlilesh [158] relation such

that:

f S (2.6)

where¢f is the BaileyHirsh coefficient in the order of 0.1,is the shear modulus,
i's the number of slip systeimg ihtatotali nt er
statistically stored dislocation density representing the sum of mbbi)eafd immobile

") dislocation dens” i &1 e$8 ) amd tibteeintetactign sy st

49



matrix that describes the self and the latent hardening contributions among the slip
systems. The hardening matrix , for fcccrystalsjs a 12x12 matrix.  can be written
as follows:
§A gA gA 0gA |
W =§ oh A oA A J: 2.7)
EqA gA A QA |
fgA gA gA A |

where A is a 3x3 matrix fully filled by ones, and q is the ratio of the latent
hardening rate to the self hardening rate .

In CDD modeling, the dislocation densities evolve accordinthéosix rate
equations. These rate equations account for the physical contribution of the mobile and
immobile dislocationso the hardening behavior of the matefial0]. The different rate
equations can be identified by discrete dislocation dynamic (DDD) simulations
[171,172]

The first rate equation captures the multiplication and generation of mobile
dislocations due to the propagation of the resident dislocations armtathectionof
FrankReadsoure dislocations:

| 7 ojob (2.8)

where| is the dislocation multiplication coefficient, is the mobile
dislocation density in slip stamfi®o , dchsrthe mean free pla of dislocations. The
second ratequation describes the annihilation of two mobile dislocations of either the
edge or the screw dislocationiot:ype having

” ¢ Y’ 0 (2.9)
wherg is the dislocation annihilation coefficient aivdis the critical radius

for the dislocation annihilation everitvo mobile dislocations of opposite polarities can
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mutually annihilate while moving along the same slip plane and once they reach a critical
distance between each otheY is set to be 15 times the burgers vector for all slip
systemsThe third rate egation accounts for the immobilization of mobile dislocations
due to the formation of dipoles and junctions:
P ojd (2.10)
wheregl is the immobilization parameteFhe fourth rate equation refers to the
mobilization of the immobile dislocations due to the breakup of junctions, dipoles,
pinning parts, etc., when a critical stress is reached.
| stgt rojd (2.11)
wheret is the threshold stres$, represents the immobile dislocation
density] is the mobilization parameteand—is a constant set to 0.5. The cross slip
contributionis considered in the fifth rate equation. Cross slip takes place when a screw
dislocation in a specific slip system jumps to another slip system during plastic

deformation. The change in dislocation density can be written as follows:

o "0 o (2.12)

wheregl is the fraction of the screw dislocations that crsigs from oneslip
plane into another glide plane during plastic deformationjs the number of crosslip
planes (e.g., in FCC metals =2) and0 is the probability matrix that describes
whetter crossslip would occur or not. The components of the mairix are obtained
from Monte Carlo analysis. This matrix assumes values df, @r +1 corresponding to
no cross slip, dislocation transition to the slip plén& and dislocation transdhn from
the sl iigp, prleanweciti vel y. The sixth rate eq

mobile dislocations due to the interaction with immobile dislocations, thus reducing
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mobile dislocation density:
” AR (2.13)

The material parameters ( | ) can be obtained from discrete dislocation
dynamics analysis as outlined biet al. (2014)[171] or by fitting the model with the
experimental data as presented in sec@il The evolution equations of both mobile
and immobile dislocation densities can be expresseditiyng the effect of the above six
rate equations:

P ojd g Y 0 o ojd | stdgt vojd

(2.14)

The evolution of the immobile dislocation density is expressed as

P ojd ] stgt Tojd YT 0 (2.15)

2.2.3GeometricallyNecessary Dislocations

Geometrically necessary dislocations (GNDs) are dislocations corresponding to
the additional storage of material defects required to accommodate the lattice curvature
during plastic deformatiorfl73]. In other words, GNDs are indispensable for the
compatibility of the grain deformation that can be perturbed by the lattice mismatch at
the grain boundarield74]. In this context, GNDs act as obstacles to the movement of
mobile dislocationsand hencecontribute to the hardening of the matefttf3]. The
relation between GND densities and pl ast
dislocation density tegor [155]. The effect of GNDs is implemented in the mean free
path of the movig dislocationsf GNDs accumulate near the grain boundary, resulting
in the reduction of the mean free path by hindering the movement of the mobile

dislocationd158]. Thus, the mean free path can be tentas:
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i G (2.16)

whered$ is a numerical constant, is the number of slip systems that interact
withslips y s ti@ pn isithe weight matrix that controls the contribution of statistically
stored and geometrically necessary dislocations to the mean free path of the moving
dislocations on slip syste id, & n d denotes the density norm of GNDs on slip

system fij.0 The GND density can be express:s
" e (2.17)
0V}

inwhich i s t he NJjl%p Shizawa and Abib (199Proposed a

tensor notation descr itechsorfordarge defermationfl’5iit i on
| @oida or| Q0 (2.18)

whereQ denotes the permutation tensor ang is the derivative of the
velocity gradient with respect to the thi
velocity gradient) . is determined numerically using the central difference method
proposed by yu et al. (2015)]159]. The components of the tensor can be obtained by
assuming an (n x m) grid, where each element in the grid represents a grain of length L.
The grid is assumed to be in 2D, as describeBigunre 2.4, while it could be easily
extended to 3DIn the grid, each grain is defined by its position with coordinates (X, y),
and each grain has four neighboring grains. Hence, the derivative wélocity gradient
tensor can be obtained following the method below:

0] 0 Q OQE® "Q ®QE 6

T o a  ® (2.19)
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A schematic representation of the polycrystalline is showsgare2.4, where
each grain has a specific orientation with respect to the global coordinate system. The
problem is simplified by assuming that the grains have a cubic shape, represented by
squares in D of predefined grain size Higure 2.4(c)). Therefore, a grid can be
constructed by assuming initially a uniform grain size distribution. By usendehcribed
framework, the mechanical response of each grain is influenced by the behavior of its
neighboring grains (1.e. grains A, B,

determined for each grain as follows:

o (2.20)

with | — — — — _— -

2.2.4Grain Fragmentation Model

As previously stated, based on thith et al. (2010)attice curvature approach,
the grain fragmentation process is assumed to be the resutigiiex accumulation of
dislocations near the grain boundangucing different crystallographic reorientation
rates within the crystallhe ECAP process induces a refinement of the average grain size,
alters the texture, and hardens the material as a result of an evolution of the dislocation
density. In the following sectip a fragmentation model based on Tiigh et al. (2010)

lattice curvature approach is proposed. In our attempt to simulate the lattice curvature,
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we estimate the crystallographic orientation rates by combining #ndoALin
polycrystalline plasticitywith the CDD theory that accounts for GNDs to estimate the
dislocation densities at the center of the grain and near the grain boundary. Therefore, a
grain fragmentation model that monitors the development of misaimmnthetween
subgrains is proposed. Each grain is defined by its initial size (constant for all the grains),
orientation, and position. However, duringdeformation,a misorientation between
different areas of the grain may lead to the fragmentation ajrtia into several new
ones. As described in the previous section, the hardening behavior of the material is
captured by the dislocation density evolution that is controlled by a set of rate equations.
The majority of the accumulated dislocations on thangboundaries are stored as
geometrically necessary dislocations. Under large plastic deform@&tidbs hinder the
movement of dislocations around the grain boundaries. Consequently, a deformation
gradient develops between the center of a grain and usdaoy that resultsn a
misorientation development, leading to thébdivisionof the grain when a threshold
value of misorientation is attained.

To determine whether a grain may undergo fragmentation, the plastic velocity
gradient is calculated in twoeps. In the first calculation step, the plastic velocity gradient
is computed for the center of the grain, which is not influenced by the neighboring grains,
i.e., the GND effect is deactivateBigure 2.5(a)). Thus, each grain deforms as a bulk,
independently from the other grains since the grain boundary effects are not considered
in this step. In the second calculation step, the plastarcity gradient is computed by
considering the gratgrain interaction effect, i.e., with active GND effdeigure2.5(b)).

The misorientation of e€h grain boundary is determined from the relative

misorientation angles between each grain and its neighboring grains, calculated from the

55



first and second calculation steps. In the followsegtion,the details of the calculation
are provided. The rela® misorientation between each grain and its four neighboring
grains is calculated. The relative misorientation matfix can be calculated for
each boundary as followW&76]:
Yo - 0 80 (2.21)

where0) is the transformation mastthé x of
transformation matrix of one of the four neighboring grains. dderthe relative
misorientation angle is calculated as follows:

L 0Y0 - P
— ARTo—

(2.22)

From thefirst calculation stepa transformation matri¥ describing the
crystallographic orientation of the center of each grain is determifieel.relative
misorientation anglesbeeve n gr ain fAi 0 and each of the f
andD are noted as- ,— ,— ,— , respectively Figure 2.5(a)). Additionally,
from the second calculation stegmhere the interaction between grains is considetied
transformation matrix of each grain can be determined. Using the same defingtion
given by Egs. (21) and (22), the relative misorientation angi®s  between a grain
il i abdone of the four neighboring graiis calculated. Similarlysee ,— ,—2 ,
and—e are the relative misorientation angles betwgen ai n fAi 0 and e aft
neighboring grains A, B, C and D, respectivellfiglre 2.5(b)). The smallest
misorientation of the applied 24 symmetry operations of cubic crystals is selected for the
misorientation calculatiofi148].

It was reported in several investigations that the misorientation evolution

between two neighboring grains and between subgrains (within the grain) is mainly due
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to the contribution of GNDEL77 181]. The curvaturenduced grain rotation, which is

the difference in rotation between the center and the boundary of the grain, is mainly
influenced by the lattice orientation of theeighboring grains[177,178] The
microstructural data of severely deformed polycrystalline materials were investigated
using the electron backscattered diffraction (EBSD) method to study the orientation
gradient between the grain boundary and the center of the crystal. It wasdéepatithe
maximum misorientation is found at the grain boundary and that it decreases while
moving toward the center of the grdit82,183] Following the arguments presented
above, op can assume, as proposedTiggh et al. (201Q)that the concomitant rotation

of the crystallographic planes of the crystal near the grain boundary rotates more slowly
than the center of the grain. To illustratestiaissumption, our squasbaped grain is
divided into two zones: grain boundary zone and the grain centerziguee2.5(d)).

The difference in theate of rotation between the center of the grain and the
boundary is proposed to be considered in
representing the grain boundary retardation coefficient. To illustrate the rotation
retardation process, the imiti position of the crystallographic plane is

represented iRigure2.5(d) as a straight line. Large plastic deformation induces a rotation

of the crystallographic | attice by an ang
has as its final oriatation.However, the grain boundary retardation mechanism
will induce a rotation of the grain boundary zone lattice by an angle ( - 3 ).

For simplicity, it is assumed in the current work that each grain boundary slows down by
thesmme retardation factor &—betwdemhadehterandt he
the boundary of the grain is calculated by subtracting the two previously calculated

misorientation anglestand—a9, as illustrated ifrigure2.5(c). Since the lattice rotation
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of the grain Aio is influenced by four dif
retardation rates on each grain boundary may ottws, the misorientation between the
center and the boundary of Yhe&—gVain dAio
y— Y—, where¥y— — = ,¥— — = Y- — = ,and

y— —  —= .Y— Y— Y—, andY— are the misorientation angles between the

center of the grain and the grain boundary influenced by grainB, AZ, and D,
respectively.

Per our assumption, the fragmentation occurs if the calculated misorientation
angle between the grain center and the grain boundary exceeds 5°. When the
fragmentation process is active, the parent grain splits into four neve.ghairexample
of how the grain refinement process takes place based on the previously presented
assumptions is depicted Higure2.6. For instance, let us assume that each of the grains
ABO anhdvesipCloi t i nto four new grains, grain
leading to an increase of the GND density at the boundary. Therefore, as the GND density

i's propor t isotensot andthe latest is inveryely proportional to the distance

between the centers of two grains, the GND density increases.

Grain B Grain B Grain B
6i-p 0; g A,
Q1 Q2
Q1 Q1 Q1 Q2 Q2 Q2
Oic -} - 4- -} -4 QE,Ck_--)—l——f—ai’—A NG5 | =046,
Grain C Grair:'n i Grain A Grain C Grair{ i Grain A Grain C Gm Grain A
I Q1 '|‘ Q2 |'|‘
6ilp 6ip A6,
Grain D Grain D Grain D
(a) (b) (c)
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Figure 2.5 (a) Strain state without theeffect of neighboring grains, (b) strain state
accounting for grain-grain interaction effect, (c) misorientation evolution between the
center and the boundary of the grain, (d) effect of GND on the rotation of the grain
boundary.
In our approach, the numeal complexity is reduced by allowing each grain to

undergo a maximum of five levels of splitting, which means that each grain can be divided
into a maximum of 4x4x4x4x4=1,024 grains.
half the size of their paregrain size, and their crystallographic orientation will depend

on the calculated plastic velocity gradient. As an approximation, the two opposite grains
(e. g., gr ai n n ClRgurea2ib)dare cassigrieth theoc€gtadlographic
orientation of their parent grain after deformation but without including the GND effect,
while the other t wo grains (e. g., grain
crystallographic orientation of their parent grain after deformation with activated GND
effect. Moreover, the alteration of the grain distribution in the grid microstructure can
affect the fragmentation process. For instance, by considering two differeitiutiishs

of grains (i.e., the same grain orientations but different positions in the grid), we obtain
two different final grid microstructures. Depending on the position of the grain, grain
fragmentation will be active in one grid microstructure configaraand not in another

configuration.
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Figure 2.6 Example of fragmentation for several grains after reaching a certain
strain level.

2.2.5Numerical Implementation

The TaylorLin CP-CDD model and the proposed grain fragmentation criterion
are implemented into a Fortran program. In this work, the model efficiency to predict the
texture and microstructure of an ECARocessed materialvalidatedon a commercially
pure copper. The properties of the initial texture and microstructure are prdidedh
et al. (1992)[184] The initial texture of the polycrystal is represented6dygrain
orientations, where each orientation is described by the three Euler andle&( .
For computational efficiency, the simulation box is represented as a 2D mesh with fixed
boundaries where the grains at the boundaries of the simulation box are allowed to split
(initially, each grain is affected with 5 calculation points, one in the middle and one on
the middle of each boundary). The implemented Talior CP-CDD model is
summaized by the Fortraflowchartpresented ifrigure2.7. In our model, each grain is
assigned a position and a crystallographic orientation, and its neighbors are determined

automatically according to their location on the grid. As a first step, the loading condition
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(e.g., shear, tension, or compression) twedappropriate loading direction are specified.
Two successive calculation loops are performed. In the first loop (M=1), the plastic
velocity gradient of the center of each grain is calculated by neglecting the presence of
GND. In the second loop (M=2)he plastic velocity gradient of the boundary of each
grain is calculated assuming the presence of the GNDs. During each loop, the stress
tensors and dislocation densities are computed using the Iayl@P-CDD model for

each crystal at each time increrhénThe overall stress at each calculation increment is
computed according to the Taybin scheme (sectiof.2.2. The gradient of the plastic
velocity gradient is then determined using the finite difference method (s@cBidh

After the two stran loops (M loops) are finished, the misorientation angle developed
within each grain is calculated. When the critical value of the misorientation angle is
attained, the grain fragmentation approach is activated. Therdiera@etv grains are
assigned witla new grain size, crystallographic orientation, and position. The strain loops
continue their calculations and check whether fragmentation occurs or not until the final
strain is attained. The strain increment used in the calculations is 0.1. Finadlyethge

grain size is calculated, and the final texture is extracted.
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Figure 2.7 Flowchart of the Taylor crystal plasticity model in the Fortran program

2.3Results andDiscussions

The parameters of the presented Taylor CP-CDD model were first calibrated
on torsion experiments. The torsion experiments, present@dthyet al. (1992)were
performed on commercially pure copper. Then, the predictive capability of the proposed
model was validated through ECAJPocessed copper experiments via routes ABnd
ECAP experimental results were presented @y et al. (201Q)where the same material
was used in both thBoth et al. (2010and theT6th et al. (1992)nvestigationg148,184]
The studied copper polycrystal texture was constructed from the orientafio@grhins,

as described ioth etal. (1992) The initial texture is presented ngure 2.8 by the
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p p ppole figure and the orientation distribution functions (ODFs). The initial
microstructure has a normal distribution of grain sizesrtragebetween 14 dand 35

* &[148)

Max=2.02
Min=0.38

07 078 087 085 104 114 123 134 145 157 1.71 189 189

(@)

(b)

Figure 2.8 Initial texture of the copper represented by (a) (111) pole figure, (b)
ODFs atv +« ® jsections
2.3.1Experiments and Model Parameters Identification
The proposed approach was used to model the mechanicalidoebnd the
texture development in commercially pure copper subjected toeefreéetorsion.
According to the experiments, the shear mode develops Ky thlane Figure2.1), and

hence the deformation gradient tensor is written as:

© 44

-0
p
Tt

—_u
440

(2.23)

The shear stresstrain diagram, shown iRigure 2.9 and presented bYo6th et
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al. (1992)[184], refers to thecommerciallypure copper sample subjected to fexel
torsion. On the same plot, we show the simulated shear-strass diagram o€opper
samples with two differerinitial dislocation density valug®p m | AT @&n i ).
It can be seen that theitial dislocdion density can considerably affect the overall
mechanical response. It is clear that better fitting of the experimental results is achieved
when using an initial density @f Tt |

The predicted texture was extracted at a shear straih 5.5 and atan
intermediate shear straginof 2.0 and was compared with the reported experimental
findings. The predicted textures are represented using ODFs with constaritese
ODFs are constructed from the crystallographic orientation of 500 grains and are
presented for sectionsat 1 &nd 49. Figure2.10 shows a comparison between the
experimental and predicted textures. A key figure representing the ideal positions of the
simple shear components is showrFigure2.10(a) to help compare the predicted and
experimental shear textures. The comparison between the experimental texture and the
ideal components of shear shows clearly that the developed texture after tbedfree
torsion test exhibits pure slrecomponents-igure 2.10 also shows a good agreement
between the predicted textures and the reported experimental fifgi8dor; .
The TaylorLin CP-CDD model captured th& , C, andd’ components of the idéshear
orientations in the 1t ODF section and shows similarity with the experimental
texture.

For o T v ODF section, the model mimicked the experimental texture
perfectly, with some disturbance in the B componé&igure2.10 (b) and (c)). For the
higherstrain {  v® hthe texture components are captured accurately; however, we

observe some weakness in capturing the intensity ad‘tltemponent in the mJ

64



section in the Tayletin CP-CDD model. Furthermore, the distribution of the grain
orientatims becomes more concentrated at the ideal positions at the higher strain,
demonstrating the higher strength of the C ahccomponentsTable 2-1 lists the
optimized parameters that resulted in a satisfactory agreement between the model and the
experimental mechanical and texture results (the results of the selected parameters are

presented ifrigure2.9 andFigure2.10).
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Figure 2.9 Comparison of the stressstrain behavior of copper between experimental
[184] and crystal plasticity modeling at different initial dislocation densities
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Figure 2.10 ODF ¥ h Jsections for (a) ideal orientations, (b) and (d)
experimental textures, (c) and (e) TayloiLin CP-CDD model

Table 2-1 Model parameters of copper

PARAMETER VALUE (UNIT)
F 168400MPa
F 121400MPa
F 75400MPa
H 44700MPa
K (H-P PARAMETER) 4.43MPag & 7
B (BURGERS MAGNITUDE) 256D T m
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STRAIN RATE ( £) 0.0038i for torsion
0.01i for ECAP
W * 12 MPa
STRAIN RATE SENSITIVITY 0.08
(L) *
£ x 0.8
Q * 1.4
o * (REFERENCE STRAIN 0.001m/s
RATE)
Mg ¥ 0.16
) * 0.002
) * 1.0
) * 0.002
) * 0.002
) * 0.011
) * 1.0
Z pm &
s pTt a
Zod e <4 pTT «

* MODI%L PARAMETERS

2.3.2ECAP Predictionsand Experimental Validation

The experimental texture and microstructural characterization of ECAP
processed copper are used to validate the predictive capability of the model incorporating
grain refinement criterialhe deformation mode developed by the samples during ECAP
is simpleshearas proposed by Segal (1999, 199835,186] The shear deformation
t hex ®wp | amanFgadoswin i m

mode i s developed at

2.1). The global deformation gradient is then obtained with an axis transformation as

AT 10c¢ OBnjc¢ 1
follows: 5 wn  |F8 s 8F , where|f OEdj¢ Aidc m ,nisthe
T T p

die angle, and} is the transpose off in the transformation matrixThe calibrated

model parameters of copper are used to simulate both passes of the ECAP process.
According to the discussion in secti@r?.4 accounng for the graingrain interaction

effect leaddo the slowdown of the grain boundary rotation with respect to the grain

center. Thus, the grain boundary retardation parameter r e pr esent s a ma
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parameter that controls the rate of grain refinemiaiually, it was found by tuning the
value of the retardation parameter that

refinement.

2.3.2.1TexturePrediction

Several factors can affect the evolution of the texture, such as tlangle
deformation mechanisms, and the initial texture. Generally, knowing the effects of these
factors providesa clear perspective on the predicted texture. For instance, the ideal
positions of thesheartexture components are influenced by the die angtéch rotates
the shear plane and in consequence rotates the texture comgpddgnts

The measured and simulated textures of B@AP-processed copper are
presentedn Figure 2.11. The measured texture components after ECAP Rigu(e
2.11(b)) are well aligned with the ideal orientations presentdeigare 2.11(a), with a
strong B component shifted slightly from its ideal position. The predicted textures
obtained by the proposed Tayloin CP-CDD model and the Taylor VP modék8] are
displayed irFigure2.11. Theywere calculatedsing a Gaussian distribution of 7° around
each grain orientation. Both models captured the main texture components of the
experimental ECAP texture and their relative intensity levels.

The measured textures, and the predicted textures by the Taylor d4P, after
2Bc [148] are compared with the proposed Tayllam CP-CDD model predictions in
Figure2.12. In route Bc, after two passes, all main texttomponents are reproduced in
the right positionsKigure2.12(b) and (c)). However, a small discrepancy appears in both
texture predictions, which iselated to the use of the Taylor model as illustrated in

Molinari and Toth (1994) andiéth et al. (2010)148,188]
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Figure 2.11 (a) (111) Ideal orientations of FCC metal texture subjected to one pass
ECAP with die angle=90, (b) measured (111) pole figure (PF) after 1A48], (c)
predicted (111) PF texture by Taylor visceplastic model after 1A[148], and (d)

predicted (111) PF texture by TaylorLin CP-CDD model after 1A. Isolevels: 0.7,

1,1.2,14,16,2,25,3,35,4
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2 Bc

Measured texture CP-CDD model

Predicted texture by Tayldtin

Predicted texture by Taylor
visco-plastic model

(b)

Figure 2.12(111) pole figures for the (ameasured texture[148], (b) predicted textures by
Taylor-Lin CP-CDD model, and €) predicted textures by Taylor VP model of ECAP 2Bc
[148]. Isolevels: 07,1,1.2,1.4,1.6,2,25,3,35,4

2.3.2.2GrainSize

During ECAP, grain fragmentation is a dominant deformation mechanism

i nduced by the grainsbo

need to reduce

t hei

microstructures develop and affect the texture evolution by reorienting a portion of the

parent gain and by constituting obstacles for dislocation motion. Increasing the

misorientation angle resulia an increase of the accumulated defects at the subgrain

boundaries, leading to the formationnaw grainswith distinct microstructurg30].

In the proposed Tayldrin CP-CDD model, the misorientation angle between
the subgrains isassumed initially to be zero. During deformation, the evolution of the

misorientation between subgrains depends on the developed plastic velocity gradient, the

position of the grain, and the texture of the neighboring grains. Furthermore, the

suggested nateling frameworkelateshe hardening of the material with the neighboring

grainsodé size and the

crystallographic

or

of the misorientationand the fragmentation process. When the misorientation angle

reacles a threshold value of Jthe subgrains are considered as new grains and assigned

half of their parent grain size. As the deformation continues, each new grain can subdivide
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into smaller grains, leading to high rate of refinement. The fragmentationsproce
continues until the final imposed shear strain is reached.
The plot of the grain size variation with the von Mises (VM) strain is displayed
in Figure2.13 for both modelsThe average grain size after gm&ss ECAP reaches
final grain size of 1.2 dexperimentally, 1.35 d&as predicted by the Taykin CP-
CDD model, and 1.5 d&as predicted by the Taylor VP model. In the second pass 2Bc,
the rate of grain refinement has decreased, and a final average grain size has been attained
of 1.15° d&experimentally, 0.8 aby the TaylofLin CP-CDD model, and 0.9 aby

the Taylor VP model.
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Figure 2.13 Evolution of grain size after two passes of ECAP

2.3.2.3GrainDistribution

Grain shape evolution is studied in the Taylor CP-CDD model using a two
dimensional analysis of the grain size distributieigure2.14 representshe distribution
of grains at different VM strains. Since ECAP introduces large gtape change, the
grid will be extremely distortedzigure 2.14 shows that, after the grains do split, each

grain boundary is affected by multiple neighboring grains. Thus, more geometrically
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necessary dislocations will be induced at the grain boundary, leading to a higher
misorientation angle andubsequentlya high probability of fragmentation. During
simulation, thesuppr ai ns®é i nformation is updated aft
subgrains exceed their threshold misorientation value, they are treated as new grains
having information associated witheih parent grainsThe population of grains with

different crystallographic orientatidrasincreased from 64 initially to about 50000 at the

end of one routéd\ ECAP pass.

Initial Grid
E |
ém—
|
X (mm)
After VM strain=0.3 After VM strain=0.3 After VM strain=0.5

EEE

i

17T
T 11
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Figure 2.14 Grain refinement at different strains during ECAP 1A

2.3.2.4DislocationDensity Evolution

As mentioned in sectio.2.3 the geometrically necessary dislocations act as

obstacles for the mobile dislocations at the graonniaries. The effect of GNDs is
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implemented in the mean free path of moving dislocations in equa&ib6),(which
affects directly the dislocation dgity evolutions. As estimated in secti®s3.], the initial
dislocation density is found to be equalgat & for both mobile and immobile
dislocations and tp 1 &  for the GND.

Figure 2.15 shows the evolutions of the dislocation densities with strain. It is
noticed that higher values for the mobile dislocations are reachedoshgrared to the
immobile dislocations and GNDs. During ECAP, the mobile dislocations as well as the
immobile dislocations are responsible for the hardening of the bulk of the grains.
However, the GNDs cause the accumulation of dislocations at the gnamidres,
which also contribute to the total dislocation density as explained in s@cighThe
GND density is found to be otthird of the total dislocation density in both passes. With
increasing deformation, the mechanisms of multiplication, amtibil, and transition of
dislocations occur, resulting an increase of the dislocation densitiBsiring the first
pass, the dislocation densities increase in a nearly linear manner. In the second pass, the
mobile and the total dislocation densities @age parabolically for around 20% of strain,

then the rate of evolving slows down and continues increasing linearly.
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Figure 2.15 Prediction of dislocation densities evolution after two ECAP passes

2.4Conclusions

A grain fragmentation modeling approach was proposed in which a continuum
dislocation dynamics model is coupled with a crystal plasticity framework. The proposed
model predicted the mechanical and microstructural features of FCC metals sutgecte
severeplastic deformation (SPD) processes. The proposed grain refinement model was
developed by accounting for the effect of the geometrically necessary dislocations
(GNDs) that accumulate in the grain boundary zone. The proposed approach assumed
that initially, each grain consisted of a number of subgrains with similar microstructural
properties. The refinement process was activated when a threshold misorientation angle
between different areas of the grain was attained. The fragmentation masel
implemented in a Tayleicin CP-CDD model. The problem was simplified by assuming
that the grains havaubicshape of pralefined grain size and orientatidfurthermore, it
was assumed thaaeh grain can be divided into a maximum of 4x4x4x4x4=1,0ahg.

The influence of the neighboring grains and the position of the grain in the microstructure
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was considered, and the GND density was estimated by the influence of the neighboring
grains on the parent grain. The model predictive capability was \edidatexperimental
results available in the literatuj®48,184,188] The model parameters were calibrated by
fitting the mechanical response and texture evolution on torsion test on pure[t8gper

The model was able to capture with good accuracy the texture grain size and dislocation
densityevolutions after 1A and 2Bc ECAP paths.

AlthoughECAP experi ments were used for va
capability, the model can be used to predict the texture and the mechanical properties of
a wide range of deformation processes involvingngrafinement mechanism3he
model parameters were optimized torsion experiments performed on commercially
pure copper. The predictive capability of the proposed model was validated on ECAP
experiments in routes A aRt of the same commercially puregper material (all the
experimental results presented in this work are extracted from the liter&atiejactory
predictions of the texture development and microstructural evolution are found.

The presented model has proved its efficiency as a uselulo model severe
plastic deformations, a few limitations are still present. The grain shape was assumed to
be squareshaped in 2D; however, in reality, grains could have random 3D shapes and
therefore, could be surrounded by more than eight grairtscashmon boundary located
in a 3D space. In addition, the proposed model is limited to modeling FCC crystal
structures. This model can be extendeddmountor different crystal structures (such as
HCP and BCC materials), which will be the focus of fatstudies. Furthermore, the
model can be extended to accounttigh-temperatureleformation mechanisms such as

grain boundary sliding and dynamic recrystallization.
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CHAPTER 3

MODELING OF THE ECAP INDUCED STRAIN
HARDENING BEHAVIOR IN FCC METALS

3.1Introduction

Ultrafine-grained microstructure in metallic materials is manufacturec
using severe plastic deformation methods, which consecutively result in mect
properties alteration. The most common severe plastic deformation grain refir
techniques are equal channel angular pressing (ECAP);phégisure torsion, an
accumulated roll bonding 25]. ECAP is an effective method that was first introdu
by Segal in the 1970(89] and is used to enhance the mechanical propertie
achieving exceptional grain refinemga®,185,186] ECAP is a metal flow process
which a billet is pressed through a die consisting of two channiiseqqual cross
sections intersecting at an angl e @
severely in simple shear moe&5]. ECAP presents the advantage of processing |
samples while maintaining an unchanged csesgional area. Numerousudtes on
ECAP were conducted to uncover the mechanisms of texture and microst
alteration induced by grain refinemerj£2,130,132,150,190] ECAP process
parameters such as die angl e 0, n u4r
pressure considerably affect the grain refinement process and hence the texture
microstructurg22,30] The effect of the die angle was studied experimentahyaah
temperature (RT) on pure aluminum using four different die angles ranging froi
to 157.5°[191]. For each die angle, the aluminum sample was processed by

several passes while maintaining the final imposed strain at ~ 4. Ultrafine eq
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grains microstructue was achi eved only with @
routes in ECAP, namely, A,aBBc, and C, as illustrated iRigure3.1. Li and Mishin
[192] reported that different deformation routes significantly affect the te»
components intensity, which consecutively influences the anisotropic plastic re:
of aluminum billets. Ferrasse et HI93] showed that the strength of ECAPed cop
samples saturates as the grain refinement is slowed down after four passes. In :
for copper and aluminum billets ECAPed via routes A and B,-fiteasubgrain shea
bands are observed within the parerdingg. Another work by Shaeri et §l94]

reported that after 4 passes via routes A ajpthB ECAPed aluminu presents a ver
fine microstructure with an average grain size of aboutttand 0.7 & respectively.
Moreover, the first ECAP pass results in strong texture components that weake
four processing passes. Finally, balkessure is reported tmnsiderably improve th
workability of metallic alloys during ECAPL95,196] Stolyarov and LapovoKL95]

reported that the strength and microhardness of aluminum alloy 5083 were signif
improved when ECAP processing with a bgeckssureKr a s i |[1®6] repoxed
that a purecopper processed by 16 ECAP passes with a-peedsure of 450 MP
resulted in a homogeneous microstructure with a grain size of 0dkghd exhibiting

an ultimate tensile strength of 470 MPa.
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Route A (no rotation)

FD

(b)

FD -—|

oy

(d)
Figure 3.1 (a) Simple schematic of the ECAP process, (b) reinsertion of the billet in route
A with no rotations between passes, (c) reinsertion of the billet in route,Bvith a rotation
of 90° in alternative directions between consecutive passes, (d) reinsertion of the billet in
route B with a rotation of 90 © in the same sense between each pass, (e) reinsertion of the
billet in route C with a rotation of 180 ° between passes

Metals are ECAPed at either low or high temperatures, yet, since most cubic
metals exhibit good ductility, they are ECAPed at room or warm temperatures. The effect
of ECAP temperature was investigated extensively in order to study its influence on
microstuctural and mechanical development in mefa&n 201]. Chen et al[197]
investigated the effect of different ECAP extrusion temperatures on the evolution of some
metallogaphic parameters of aluminum alloy, such as grain size, grain aspect ratio, and
grain boundary misorientatiotlt.was reported that with increasing extrusion temperature,

the average grain size gradually increases for temperatures between 50 and 250 °C and
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then a sudden increase is reported for 300 °C, attributed to the significant boundary
migration. Additionally, the proportion of lo@ngle boundaries increases while the
proportion of highangle boundaries decreases with an increase of the extrusion
tempeature. The grain shape aspect ratio decreases from 2.7 to 1.5 when the processing
temperature changes from 50 to 300 °C, resulting in a more equiaxed grain structure.
Chang et al[200] studied the mechanical properties of 5083 aluminum alloy ECAPed at
200 °C through 8 passes using route C and then tensile tested at room temperature and at
250 °C. At room temperature, the yield strengtbvedd a substantial increase from 129
MPa for the aseceived sample to 249 MPa after the first pass and to 290 MPa after 8
passes, while neemarkablevariation of the total elongation was observed. However, the
Vickers microhardness increased drasticadlffer the first pass, followed by an
insignificant variation with an increasing number of passes. The increase of the
microhardness after the first pass was attributed to the work hardening associated with
the drastic dislocation density increase and dneation of subgrain bands. On the other
hand, at high temperature (250 °C), the extruded aluminum alloy showed a decrease in
the yield strength from 72 MPa for ther@seived sample to 52 MPa after 8 passes, while

a considerable increase in elongatiodQ%®) was noted after 8 passes. Another study by
Prados et al[201] showed that at room temperature, the yield strength of an ECAPed
aluminum alloy through 4 passes increases by up to 3 times the yield strength of the
unprocessed specimens. Mover, the ductility is observed to decrease considerably
after the first pass; however, with an increasing number of passes the ductility is
recovered and reaches its maximum after the fourth pass. For all tensile samples after
ECAP, no work hardening fefct was observed. This observation is attributed to two

mechanisms, the mutual annihilation and the absorption of the mobile dislocations by the
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grain boundaries. These mechanisms result in the reduction of mobile dislocation density.
They can occur eagiin ECAPed materials due to the small diffusion distaf2@2] or

due to dynamic recovery, which is expected to occur in aluminum at room temperature
(30% of thehomologous temperaturg03]. Although we can find in the literature some
experimentatharacterization of the mechanical properties of ECAPed materials, there is
a lack of modeling approaches predicting the mechanical, microstructural, and textural
properties of ECAPed materials. Hence, developing phsised models that predict

the propeties of ECAPed materials is essential in order to provide insights on the
underlying deformation mechanisms.

In the literature, phenomenologieabased, dislocatienbased or crystal
plasticity-based models were proposed for predicting grain refinemenhttexture
evolution of ECAPprocessed materiaj409,14G 150,204] A phenomenological grain
refinement modl assuming the sefiimilarity of the grain refinement process was
proposed by Beygelzim¢i40]. The adtvation of the grain refinement mechanism was
initiated when sufficient pressure and strain. A quantitative grain fragmentation process
influenced by the strain path complexity was proposed by Petryk annd StupKib4@tz
The proposed model predicted the microstructural changed, grain refinement and strain
hardening of FCC metals deformed by ECAP, however the texturdeitiewowas
neglected. A volume averaged number of dislocations generated base model was
proposed by Starink et gR04] for predicting the grain refinement during SPIhe
formation of rew grain boundariesnduced by themultiplication of geometrically
necessary dislocations (GNDa)d local bond energies dislocations resulting from the
effective dislocatiorfree path and solitsolute nearesteighbour interactions were

predicted.
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A disclinationbased model describing the grain subdivision mechanism was
proposed by Seefeldt et §205]. Disclinations, by definition, are line defects separating
rotated (with slip activity) from unrotated (no slip activity) crystal areas. The
microstructure developmers described through the disclination model at two different
scales, mesoscopic scale (cell block or subgrain level) and microscopic scale (cell or grain
level). On the mesoscopic scale, partial disclinations describe nuclei of misorientation
resulting fom mobile dislocations of the same sign or character being trapped at cell
block boundary or cell wall$206]. On the microscopic scale, parallel dislocation
dislocation interactions lead to the fation of dislocation sheets which in turn lead to
the formation of cell walls and thus the formation of new gri208]. Nazarov et al.
[145,146]implementedHe disclination criterion into a viscoplastic setinsistent model
to describe the grain subdivision mechanigime combination of these two approaches
provides information on the formation of disclinations at the grain boundary junctions
resulting fromlhe strain incompatibilities between the homogenous effective medium and
the grain. Junctions are then transformed into low angle dislocation boundaries and with
further straining they split into new smaller grajh46].

Crystalplasticity models were developed also to understand the microstructural
and texture development and to evaluate the mechanical response of ECAPed materials
[141,147,148,207209]. Several aspects were considered in these models, such as the
grain size reduction, texture evolution, work hardening, gsaepe effect, and grain
neighboring effect. Beyerlein et §l41] proposed a grain fragmentation model based on
a viscoplastic seconsistent (VPSC) scheme. Although the proposed model considered
the grain shape effect in tlimgmentation criteria, it disregarded the influence of the

intragranular microstructure. Another physically based approach to model grain
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fragmentation was proposed by Toth ef#48]. The proposed model assumed that the
grain is divided into two zoneghe grain center and the grain boundary. The grain
boundary, unlike the grain center, was assumed to be slowed down by a friction factor
during deformation, leading to lattice curvature development. However, thegyaamn
interaction effect was negledtén this model. Inspired by the lattice curvature approach,

a recent physically based model was proposed by Kobaissy E0d@]. where the
influence of the neighboring graimsas taken into account. In this model, the gigriain
interaction effect was described by the accumulation of the geometrically necessary
dislocations (GNDs) that were considered as additional material defects accumulated near
the grain boundary to acconochate the lattice curvatuf@78 181]. In addition, several
aspects, including texture evolution, dislocation densities evolutions, and grain
fragmentation, were considered. This model was validated on pure copper processed
throuch two passes of ECAP and showed a very good agreement with the experimental
results. Even though some research efforts were devoted to modeling grain fragmentation,
rather less attention was paid to the modeling of the-nppeshanical properties of the
ECAPed materials. In this work, the pdSEAP mechanical properties of aluminum are
predicted by using a modified continuum dislocation dynaiiésed model. This paper

is organized as follows. The experimental procedure used to p@¥dess and
characterizé¢he mechanical, microstructural, and texture properties of an aluminum alloy
and the experimental results are described in se@tibSection3.3describes briefly the

grain fragmentation model and the grain neighboring effect. In sé8idnthe modeling
predictions are analyzed and compared with the experiments. Conclusions are provided

in section3.5.
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3.2Experimental Procedure andResults

A commercial Al AF1100 Gtempered plate with an average grain siz@00f &
and initially low dislocation density is used as the starting material. Texture
measurements are conducted on the starting material to caindittypical rolled texture.
A composition of 99 at. % Al purity is utilized to eliminate the occurrence of dynamic
precipitation that <could occur during ECA

with a 10 x 10 area crsoss section for t he

3.2.1Equal Channel Angular Pressing (ECAP)

All ECAP passes are conducted at room temperature alorftpagléd dievith
a pressing speed of 10 mm/min (strain rate ¢f<gf) with an applied back pressure from
2i 4 KSI incremented with each pass. Egass is approximately determined to apply
95% strain per pass. ECAP under Route C, with® I#6ckwise rotation along the
extrusion direction after each pass, is conducted for each billet. Single ECAP passes under
the 2C and 4C routes are conducted gasse billets to study the evolution of texture,

grain size, and mechanical properties.

3.2.2Electron Back Scatter Diffraction (ESBD)

EBSD specimens are cut from the flow plane of theeasived and ECAP
processed billets using electrical dischargemrang (EDM). Samples are cut from the
middle section of the billet where uniform elongation is normally observed. Samples are
mechanically ground on the flow plane surface using SiC paper down to a 1000 grit size.
Mechanical polishing is conducted usipglycrystalline diamond paste at 3dand 1

‘ agrit size, followed by a final polish of 0.06 dacolloidal silica. Samples are cleaned
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using a felt pad and deionized water. EBSD is conducted on a TESCAN-BEEM

under a 15&eV beam voltage. Fdahe rolled condition, a 3 x 3 nfrarea is scanned with

a 10 um step size, while for all ECAP samples a 25 X@5 area is scanned with a 0.1

‘ dastep size. EBSD scans are acquired using Oxford Instruments Aztec software, and
post processing, includingrain size determination and texture, are conductedxdord
Instruments HKL Channel 5 softwar® minimum of 10,000 grains are used to calculate
the pole figures and to represent the texture of thee@sved and ECAMProcessed
billets. It is argued thdo accurately represent the macrotexture of mediomoderately
textured materials, the orientation data from approximately 10,000 grains generated from

EBSD are necessary.

3.2.3ExperimentalResults

(100) 3
ND
2.5
2
1.5

Figure 3.2 Pole figures representing the initial texture of Aluminum alloy AA-1100.

Figure3.2 shows the (100), (110), and (111) pole figures of the initial Al 1100
alloy. The (111) pole figure shows a typical cube {001} <100> texture commonly
observed in hetolled FCC alloys formed due to dynamically recrystallized grains during
high-temperatureolling [210,211] Some diffuse texre densities are also observed in
the (111) pole figure, suggesting that some recrystallized grains may have formed within

the shear bands during the rolling process, causing some grains to misorient away from
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the typical cube texture. Equiaxed grainghm these shear bands could become possible
nucleation sites for new recrystallized grains during ECAP with larger misorientations,
which could further misorient the grains away from the typical cube tej2lipé

Figure3.3 shows the tensile engineering streggineering strain plots at room
temperature for the agceived At1100 under two different strain rates;?land 10* s
1 along the rolling direction (RD). The strain hardening response between the two strain
ratesdoes not show a significant difference in the experimental tests due to similar slip
conditions. Compression tests conducted by other studies on AQLHIIOys at 16 to
10! st also showed a similar lack of strain hardening difference within this stise
window. Strain rate hardening differences were observed only under high strain impact
tests with a range of 100000 s' [213]. The uniformly elongated region for the16*
strain rate irFigure3.3 occurs at 0.15 strain, compared to thé& &b strain rate at 0.25
strain; hence, strain localization is occurring sooner for tifest@ondition. Due to the
symmetric cube texture observed, isotropic strain hardening responses can be assumed
for the starting material. Anisotropic strain hardeniegponses have been observed for

FCC alloys with anisotropic texture properties.
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Figure 3.3 Measured stressstrain response of the aseceived AF1100 alloy at two
strain rates, 102 st and 10* s

Figure 3.4 shows the pole figures after tensile deformation at both strain rates.
The texture is measured in the uniformly elongated region away from the necked region.
Similar texture evolution for the two different strain rates is observed. In both textures,
the nitially misoriented grains are reoriented clogethe typical cube texturallowing
easy dislocation slip and providing a recovery process for deformed grains. This recovery
process is normally observed during rolling deformation of FCC alloys, lsusithilar
mechanism was observed during simple tensile deformation to accommodate higher

straining[214,215]
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Figure 3.4 Measured textures of the tensile aseceived samples at two strain rates.
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Figure 3.5 (111) pole figures of the measured textures after 1 (a), 2 (b), and 4 (c)
passes of ECAP via route C.

Figure3.5 shows the ECAP texture of the flow plane for routes 1A, 2C, and 4C.
The texture of the 1A ECAP route shows a rigid rotation 8&4&und the flow direction
of the center of the cube textura@tbmaintains the typical cube texture. ECAP was
conducted at room temperature; hence, strong grain refinement should be observed with
the formation of subgrain and leangle grain boundaries. The major texture densities
show a slight spread in orientatitnom the main oriented peaks, which show subgrain
formation with a misorientation of12° and the formation of lovangle grain boundaries
with misorientations of 2 10°. Route C involves rotating the billet by 180 degrees along
the extrusion direction beten each ECAP pass. After the first pass, a simple shear along

the 48 angle produces elongated grains along the shearing direction. On the second pass,
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due to the 18@egree rotation, an equal and opposite shear strain is applied on the billet,
which realjusts the elongated grains to a more equiaxed structure. The comparison
between the textures of route 2C and route 1A shows a distinct difference in the low
angle spread of the major texture points in the pole figures. Therefore, subgrain-and low
angle gain boundaries are decreased, while ¥aghgle grain (>1¥) boundaries are
increased. The route 4C texture shows a further increase wahgié grain boundaries,

with the development of new density peaks away from the typical cubic texture. However,
the density of lowangle grain boundaries stayed very similar to route 2C. Those grain
misorientation distributions are commonly observed in-femperature ECAP of FCC
alloys. Early ECAP deformation (~1 to 2 passes) results in subgrain boundary formation
with low-angle grain boundaries. Then, with increasing number of passes, more
dislocations are deposited along the subgrain, andalgyle boundaries increase the

misorientation angle, leading to the development of moreelogrgy highangle grain

boundarie$216].
Strain rate:102s1, ED Strain rate:10*s, ED
200 - 40 200 2 40
= 150 [ 130 & = 150 | 130
g100 s 20 £ gloo ] 20 £
2 50 f 1w g 2 50 b w3
? J 1 & s J 1 =
0 10 0 10
0P 1A 2 4C 0P 1A 2C o)
ECAP passes ECAP passes
mYS mUTS mElongation mYS mUTS mElongation

Figure 3.6 Experimental tensile behavior data (yield strength (YS), ultimate tensile

strength (UTS) andelongation) of the asreceived sample (0 pass) and the ECAPed

samples after 1, 2, and 4 passes via route C at two strain rates. Data values for only
the ED tests are shown.
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To investigate the mechanical properties of-APOO after ECAP, tensile tests
areperformed at room temperature. Tensile loading is applied on specimens with their
major axes being aligned along either the extrusion direction (ED) or the flow direction
(FD) attwo strainrates@f Tt i andp 1T i . A summary of the yieldtress (YS),
ultimate tensile strength (UTS), and elongation is shown for each ECAP routgiat 10
and 10*i  strain rates irFigure3.6. The yidd and ultimate tensile strengths increased
from 50 MPa and 80 MPa to 130 MPa and 150 MPa after one pressing pass and to 160
MPa and 190 MPa after 4 passes, respectively. The higher strength of the ECAPed
material is attributed to the decrease in the gseie (HallPetch effect), where the flow
stress is inversely proportional to the square root of the grain size. The elongation
decreased considerably after one pass and remained almost unchanged with the increasing

number of ECAP passes.
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Figure 3.7 Engineering stress vs. engineering strain plots for the ECAPed AI100 alloy at

two different strain rates and along two directions for routes (a) 1A, (b) 2C, and (c) 4C.
(ED: extrusion direction and FD: flow direction).
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Figure 3.7(a) shows the experimental tensile responses of route 1A at two
different strain rates and along two different directions, extrusion and flow. Experimental
results show very little strain hamlag difference between the two directions and strain
rates. This type of hardening behavior was observed for similar Al alloys with ultrafine
grain structureFigure 3.7(b) and (c)show the experimental tensile responses of routes
2C and 4C, respectively. An increase in the yield stress and ultimate tensile strength is
observed with the increase in the number of passes, which can be attributed &nthe gr
refinement and increase in dislocation density. In contrast, a relatively perfect plastic
behavior is observed for all ECAP routes 1A, 2C, and 4C. The lack of strain hardening
could be due to the increased dislocation density after ECAP, which allonesigmamic

dislocation recovery in FCC alloys during tensile deformgdr].

3.3Modeling Methodology

3.3.1Summary of the CRCDD Approach

During severe plastic deformation, dislocation density increases drastically in
the polycrystal, leading to an increase in the internally stored energy. As deformation
continues, new grain boundaries are developed, and the internal energy is released by th
fragmentation of the parent grain into smaller grgd®. In prior work, Kobaissy et al.
[207] proposed a grain fragmentation model based on a cplststicity (CP) scheme
coupled with a continuum dislocation dynamics (CDD) model to capture the
microstructural behavior during the ECAP process. The behavior of each crystal is
described by crystal plasticity. The Taylan [162] [161,163]homogenization scheme

is used to capture the overall respongthe metallic polycrystal. The polycrystal Cauchy

stress is expressedffs —Bg 0 4|® whered  andd{ B correspond to the weight
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factor and the Cauchy stress of e crystal, respectively, and is the total number of

crystalsln this scheme, the addition of the elaﬁ and the plasti-;E velocity gradient

tensors in each grain is assumed to be equal to the macroscopic velocity gra‘%nt
l§ 4 . The stress in a metillsingle crystal is defined by the second Rigiechoff

stress tensor, which is expressedifas ~ 8F , where” is the fourthorder stiffness

tensor of the single crystal afd is the elastic Greehagrange strain tensor. The Cauchy

z

stress in each crystal can be written ther| & — 1*5 . In this work,F

represents the deformation gradient tensor, which can be decomposed multiplicatively

into elasticy and plasticg deformation gradient tensors as 3 3 [166]. The

evolution of the plastic deformation gradignt can be expressed in terms of the plastic

velocity gradientensord as follows:s 4 3 ,withd B 1 f for materials
deformingonlybyslip. i s the slip shear rfte don the s
is the Schmid tensowherel and= are the slip direction and the slip plane normal of

the fisd slip system, respectively.

A continuum dislocation dynamic model is coupled with the crystal plasticity
model for the purpose of capturing the evolution of dislocation densities. The Orowan
relationship[169] is used to describe the effect of mobile dislocation density and glide
velocity in the formulation of the plastic shear rate: ” O , where’” is the mobile
dislocation density in the slip/sten i éandb is the magnitude of the Burgeector.

The dislocation glide velocity0 o n sy dd eam bef written asv

U — | "Q®¢, wherev is the reference velocity is the strain rate sensitivity

factor,t i s the resolved s h,eaatnidthetlgeshold msolves| i p s

stress of tiloe canlbe gecomposetl additivdly into three stresses, the
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initial critical resolved shear stregs, the HallPetch stres§ , and the shear stress
responsible for the materialtoeningt . Hence, the threshold stress on each slip system
Asdo i s e¥kprtestsed . Bhe HallPetch stress is expressed in terms of
the HallPetch parametét and grain siz® ast 0 ‘O 2.Inaddition, the hardening
stress resulting from the longnge interactions between dislocations is expressed as

~ —
[ 1]

T B | "Ow ,Where isthe interaction matrix, is the BaileyHirsh
coefficient,G is the sheamodulus,. is the number of slip systems that interact with

t he s iip 0s3asidéhentotd statistically stored dislocation density, defined
as the sum of the mobilé () and the immobile”( ) dislocation densities in the slip
system AT o ” (). During plastic deformation, both the mobile and the
immobile dislocation densities can evolve. The evolution laws for these two quantities

are described by Li et dlL71] and are represented below in equatié@¥) @nd @.2).

o ojdb g Y 0 ) ojd ] stgt o rojd (31)

ojeok | stgt "ojeok | Y™ "0 (3.2)

In these equationsis the mean free path of dislocatioi¥ss the critical radius
for dislocation annihilation) is the matrix that describes the probability for the cross
dip mechanism to occur, andis a constant set as 0.Six dislocation mechanisms
contributing to the hardening behavior of the material are described by the rate equation
(1), which depends on six material parameters (| ). The first terncaptures the rate
of multiplication and generation of mobile dislocations resulting from the propagation of

resident dislocations and the production of new dislocations due to-Resatksources.
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The second term describes the annihilagbtwo mobile dislocations of opposite signs.
The immobilization of mobile dislocations due to the formation of dipoles and junctions
IS captured in the third term, while the mobilization of immobile dislocations due to the
breakup of pinning points, jutions, and dipoles is described in the fourth term in
equation 8.1). The fifth term accounts for the cresl§p mechanism that occurs when a
screwdislocation on one slip plane jumps to another slip plane during plastic deformation.
Finally, the annihilation of mobile and immobile dislocations due to their interaction is

presented in the sixth term.

3.3.2Grain Fragmentation Modeling

Severe plasticleformation alters the microstructural and texture properties of
polycrystalline materials by evolving the dislocation density and grain size. In the
proposed approach, material hardening results from the evolution of the dislocation
density and reductioof the average grain size that hinder the movement of dislocations.
We differentiate between two types of dislocations: the statistically stored dislocations
(SSDs) and the geometrically necessary dislocations (GNDs). SSDs are dislocations that
are randomy trapped within a grain, while GNDs are dislocations that accumulate near
the grain boundaries. GNDs account for the effect of the neighboring grains by the
additional storage of materials defects that hinder the movement of mobile dislocations
and thus educe their mean free path. SSDs give rise to homogeneous stress and strain
fields [159], while GNDs contribute to an inhomogeneous state of stress and strain that
accommodates the lattice curvature during the-umaform plastic deformatioffil 73].
The GND effect is implemented in the mean free path of the moving dislocations and

written as followqd157,158]
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(3.3)

whered is scale factor accounting for the roniformity of the dislocations

distribution in the crystal) is a weight matrix fully populated by ones for simplicity,

and ” denotes the density n@r nmnadf | GNDesx pare ¢

terms of the chyebess ptoenrds onrgo[165pas,s| i p syst em

L (3.4)

IoF o)

The evolution of the Nyebs tensor for
gradient of the plastic velocity gradiett
| @O id®™ or| Q0 (3.5)

whereQ denotes the permutation tensor; is the derivative of the plastic

velocity gradient and is obtained using the crdifference methoflL59].

96



(@) (b)

Figure 3.8. (a) Subdivision of grain into 9x9x9 subgrains, and (b) schematic
representation of the polycrystal.
A grain fragmentation model was recently proposed by Kobaissy[@0&].to
predict the microstructural, texture, and mechanical behavior of cubic material during
ECAP. The mdel is based on the lattice curvature approach proposed by Tét[1é8al.
and extended to account for the grgnain interaction. This approach represents the
initial microstructure by cubic grains with predefined grain size. Furthermore, with
increasng plastic deformation, the Kobaissy et @07] approach accounts for the
development of the misorientation angle between the center of a grain and its boundary.
When a thresbld misorientation angle is reached (i.e. 5°), the subgrains are then
considered as new grains with different orientations from their parent grain. The model
assumes that a grain fragments into four grains of equal size. In this work, the grain
fragmentaibn procedure is improved to better mimic the experimental observations: a
grain is subdivided into nine subgrains with a gifa@undaryfree central subgrain. The
subgrains are assigned their parent grain orientation before deformation. The subgrains

are onsidered as new grains when the fragmentation criterion is satisfied (misorientation
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angle exceeds 5°). Each parent grain is allowed to split up to a maximum of 9x9x9=729
new grains (3 fragmentation level&jqure3.8(a)). Depending on the neighboring grains,
the subgrains of a parent grain can exhibit different levels of fragmentation. In our
simulations, the initial polycrystal microstructure isadetized into a uniform 2D grid of
squared grains, as represente#igure3.8(b). Each grain in the grid is assigned a grain
size, orientation, initiadislocation density, and position whereby the neighboring grains
are identified. It is assumed that the middle subgrains are not affected by the neighboring
grai ns, whil e t he neighboring grainso ef
calculation of he remaining subgrains by adding the GND effect. It is also assumed that
the accumulation of GNDs at the grain boundary is associated with the induced
misorientation angle according to the relation proposeddnyjnenberg et al. (2015)

— 7 z0zdo (3.6)

where D is the grain size and b is the magnitude oBthigers vector.

3.4Results andDiscussions

In this section, the numerical results are presented, analyzed, and compared with
the experimental ones. First, the model parameters are identified by fitting both the tensile
stressstrain response and thextigre results. The identified model parameters are then
used to conduct ECAP simulations with route C through a different number of passes.
The predicted texture evolution is then compared to the experimental results, and the
strain hardening, dislocatiotkensity evolution, and slip system activity are extracted.
Finally, the mechanical behavior of the ECAPed aluminum is simulated and compared to

the experimental mechanical behavior results.
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3.4.1Calibration of Model Parameters
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Figure 3.9 Experimental and simulated true stresgrue strain behaviors at two different
strain rates I and )

The initial microstructure of the polycrystal aluminum alloy presented an
average grain size & ‘ ¢ and its initial texture, represented by the (100), (110), and
(111) pole figures, is shown Figure3.2. The model parameters are identified by fitting
the simulated tensile true strdsge strain curves and the resulting texture to the

experimental ones. As mentioned previously, the tenssks t@ere conducted at room

temperature along the rolling direction for two different strain rgtes, i and
p 1t i .The deformation gradient tensor can be written as:
Q us T (3.7)
O nm Q! Tt
1 T Q !

where- is the strain rate antlis the time increment.
The comparison between the experimental and the numerical tensile true stress

true strain curves is presented kigure 3.9. An excellent agreement between the
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numerical and the experimental results for both strain rates is observed. It is worth
mentioning that the model parameters are calibrated on the expefimesii#s
interrupted at the ultimate tensile strength (UTS), since the stress state deviates from the
uniaxial loading condition with the propagation of the plastic instability. The UTS values
forthepmi andp m i strain rates are equal to 93Pd and 107 MPa,

respectively.

Table 3-1 List of properties and calibrated model parameters of aluminum alloy.

Parameter Definition Value (unit)
F.F F Elasticity constants 106800 6070Q 28000MPa
H Shear modulus 26000MPa
K Hall-Petch coefficient 1.0MPax & 7
D Average grain size 80um
b Magnitude of Burgers vector 286 T m
3 Strain rate 0.01i for ECAP
W Initial critical resolved shear stress 12 MPa
t Strain rate sensitivity 0.01
£ Numerical constant 0.8
q Ratio of the latent hardening rate to theself 1.4
hardening rate
o Reference strain rate 0.001m/s
e Bailey-Hirsch hardening coefficient 0.07
) Dislocation multiplication coefficient 0.02
) Dislocation annihilation coefficient 1.0
) Immobilization coefficient 0.002
) Mobilization coefficient 0.002
) Crossslip coefficient 0.003
) Mobile-immobile annihilation coefficient 1.0
. Initial mobile dislocation density on slip pTl Q&
system
Initial immobile dislocation density on slip pTT Q&
system
Initial geometrically necessary dislocation p m &
density
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Figure 3.10 Comparison of the measured and the simulated textures of the tensiled-as
received samples at two strain rates. Note the experimental results are repeated here for
the sake ofvisual comparison.
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The numerical texture is also compared to the experimental textures for both
tensile loading conditions (the texture is measured in the gage length away from the
necking area)Figure 3.10 shows the capability of the model to reproduce all the main
texture components. The difference in the intensity levels may be attributed to the
difference in the number of grains used to ghetpole figuresTable3-1 lists the model
parameters that are used to generate the optimal fit between the numerical and the
experimental resultsThe initial SSD and GND densities values are taken as

¢ pmd andp® p T A ,respectively.

3.4.2Predictiors of ECAP

3.4.2.1Texture

Table 3-2 Main ideal orientations, represented by their Eulerangles and Miller
i ndices, of FCC crystals in ECAP wit

Notation Euler angles Miller indices
Q)
. n . ED ND FD
= 5 80.26 45 0 TTp ppY ppT

170.26 90 45

I,

P 9.74 45 0 ppw TTp ppTt

99.74 90 45

= 45 35.26 45 wpT pp pPPC

= 225 35.26 45 wpT pp @ PPG

e 45 5474 45 pupp XCPW  PPp
165 5474 45

e 105 5474 45 pupp XCPW  pPP
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225 54.74 45

e 135 45 0 o001 ¢COo ppm

45 90 45

The polycrystal texture changes significantly with the severe plastic deformation
induced by the ECAP procesghe considerable change in the texture results in an
evolution of the material s mechanical an
factors, such as processing route, number of passes, die angle, etc., affect the evolution
of the texture. In this work, aluminum alloy is ECAPed up to four passes through route
C. A TaylorLin model combining crystal plasticity and continuum dislocation dynamic
approaches is used to predict the texture evolution during ECAP. The predicted and the
experimental texture are compared by analyzing the presence and location of the ideal

orientations of the shear texture listed'able3-2.

Figure 3.11(111) key pole figure representing the ideal orientations after one pass
of ECAP.

The ideal orientations of ECAP textures were studied by several investigations
[219,220]and found to be CCWbtated by an angle- [5j ¢ around the flow direction

(FD) in the (111) pole figure. The main ECAP texture components, similar to simple
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shear texture components, are distributed along fibers in the orientation space and are
represented in the (111) pole figure Figure 3.11 [221]. Figure 3.12 shows the
experimental and the predicted textures after one pass of ECAP. The experimental texture
is measured using the electron bachttered diffraction (EBSD) method and then
plotted, siniarly to the predicted texture, using the MTEX software. A good agreement
between the experimental and the predicted texture can be noticed; furthermore, the
predicted texture exhibits all the ideal ECAP texture orientation components. All ideal
componerg were captured by the model; howevrfol components were missing

from the measured texture. In addition, some intedsitgl differences between the two
textures were observed, which may be attributed to the different number of grains used

to plotthe pole figures.

Experimental Modeling

1A

2C
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Figure 3.12(111) pole figures of the measured and predicted textures after 1, 2, and
4 passes of ECAP via route C. Note thexperimental results are repeated here for
the sake of visual comparison.

The postmechanical properties of aluminum ECAPed through route C after four
passes is studied. Under route C, also called the reversal route, the shear direction is
reversed between consecutive passes while maintaining the same plane of shearing. The
texure symmetry under route C is maintained
homogeneous and the sample is rotated around the axis of symmetry (FD). This texture
symmetry, also called monoclinic symmetry, exhibits a shkartexture in which the
texture after evemumbered passes is recovered and the textures afterunalokered
passes resemble the fiysdss textur¢30,222] The masured and predicted textures of
the aluminum ECAPed through route C after two and four passes are preséingeadan
3.12. The ideal shear texture components are observed in the measured textures of the 2C
and 4C ECAPed aluminum. Furthermore, a good agreement with the predicted texture is

observed, with a difference in the intensity levels of a factor of two.

3.4.2.2StrainHardening Behavior

In the last decade, modeling the straardening behavior of materials subjected
to severe plastic deformation was of interest in many investigations. Dislebasen

models were proposed for that purpfis48,223 225]. Using the continuum distation
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dynamicsbased grain fragmentation mo@207], the insitu mechanical response of the
material during the ECAP process is predictédure 3.13 depicts the predicted von
Mises stresson Mises strain curve as well as the strain hardening rate versus von Mises
strain for the four ECAP passes. The predicted strandening behavior fdws the
expected behavior of a polycrystalline material as reported in the litefad8g£25]
Although the elastic region (ends at a strain of 0.2%) is very small compared to the plastic
region, the elastic behavior is predicted by our simulations, since the elastic deformation
is accounted for by the Taylarn CP-CDD model. Initially, the straiardening rate
shows a fast linear decrease up to 20% of strain, followed by a slower continuous decrease
until the end of the first pass. The decrease in the dteathening rate wit increasing

strain was suggested to be induced by the dynamic recovery pf@2&pd-igure3.13

shows that the 1A aluminum exhibits a different sttzandening behavior when ECAPed
through route C, compared to theraseived material when ECAPed. The different
hardening behavior is attributed to the evolution of the microstructure and texture afte
the 1A ECAP pass, where the majority of the grains are rotated to their ideal positions,
which leads to a decrease in the Taylor faf2@6]. In the 2C pass, the rate of strain
hardening decreases rapidiytiliit reaches a platedlike behavior after a strain of 20%.

In the third ECAP pasdsigure 3.13 shows a decrease in the yield stress and a linear
stran-hardening behavior due to the texture developed in the second pass, where the billet
is rotated by 180° between consecutive passes.sirherhardening behavior in the
fourth pass mimics the behavior in the second pass, which can be explained by the

monoclinic symmetry after even passes via route C, as illustrated in &:#do.1
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Figure 3.13 Predicted hardening behavior of aluminum alloy during four passes of ECAP

During plastic flow, the dislocation motion is affecteher by shortange
barriers, such as vacancies and interstitial atoms, or byrémge barriers, such as
grain/subgrain boundaries and forest dislocations.-aogle boundaries subgrains are
formed by the accumulation of dislocations. The immobilizatid dislocations at the
subgrain boundaries results in an increase of the misorientation angle and hence the
formation of new grains. The dislocation density evolution is influenced by the
microstructural change (grain size decrease) induced by the gtastie deformation.

In fact, the movement of the mobile dislocations is hindered by the increasing volume of
grain boundaries[227]. Recently, several studie§228 232] characterized the
microstructural evolution of aluminum alloys and measured the dislocation density for
several ECAP passes via different routes. The studies reported a major increase in
dislocation density after the first pass where grain fragmentatitne imain deformation

mechanism. However, a gradual increase was reported for the subsequenBpassks.



on the literature[228/ 232], the SSD density was reported to reach a value of
¢& p 1 & afterthefirst pass, which is less than the egtedicted by our proposed
model. We can explain the difference between the experimental and predicted SSD
density by the fact that the proposed model does not account for the dynamic recovery
process contributing to moderate the plastic hardening d#@8P processing. A
recovery factor was applied before each pass to reduce the dislocation density and hence
account indirectly for the dynamic recovery process. The same recovery factor of the
dislocation density between passes under route C (saj@28swas assumed; thus, the
dislocation density valuesame p m & ando® p T & afterthe second and the

fourth pass of ECAP via route C.
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Figure 3.14 Dislocation density evolution during the four passes of ECAP.
Figure 3.14 shows the evolutions of mobile, immobile, and geometrically

necessary dislocation densities as a function of the strain for the different ECAP passes.
During the 1A pass, the densities of the mobile dislocations and the GNDs exhibit a

similar evolution, ahough the initial value of the GND density is 10 times greater than
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that of the mobile dislocation density. During the 1A pass, grains are subjected to severe
plastic deformation, which drastically increases their internal energy, leading to grain
fragmenation as a relief mechanism. Consequently, the coarse grains are fragmented into
smaller grains exhibiting different dislocation densities than the parent grains. The
increase in the dislocation density is predictedFigure 3.14, where both mobile
dislocations and GNDs increase similarly up to a strain of 80%. After this strain value,
most of the grains are fragmented, so the mobile dislocation ewotate decreases since

the GNDs now act as obstacles at the grain boundaries. During each pass, the generation
and the multiplication of dislocations will lead to an increase in the dislocation density,

which is predicted by the current modeFigure3.14.

3.4.2.3Slip Activity
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Figure 3.15 Relative slip system activities during ECAP.
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Figure 3.16 Predicted volume fraction of grains with at maximum three, four, five, six,
seven or eight active slip system during four ECAP passes.

Dislocation motion usually occurs on a specific slip systevhich is a

combination of slip plane and slip direction. The movement of dislocations initiates the

plastic deformation, implying that several slip systems are activated. In FCC metals,

twelve slip systemsp p fp p@may be activated when the resolved steggss on a

specific system exceeds the critical resolved shear stress, which is responsible for a

dislocation movement. In the present work, crystallographic slip is assumed to be the

main deformation mechanism that induces plasticity. The activitymEgitems affects

the texture evolution and the lattice reorienta{i@®3]. Figure 3.15 shows the relative

activity of the 12 slip systems, represented by the four slip planes, obtained numerically

for

t

he

four

passes

of

ECAP.YOl iBaculntedlags t i v e

the average of the slip system activity for all grains in the polycrjz34l:
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wherel "(s the total number of grains ands the weight factor of the grain.

For all passes, all of the slip systems are activated, with some slip systems
dominating others. In ther§t pass, all slip planes have approximately similar relative
activities up to 50%, after which thppp slip plane becomes more active and thegp
slip plane becomes less active, whife p pand pp p remain unchanged. Other slip
systems show an almost stabdtative activity during the first pass. Different relative
activities are shown in the second pass due to the developed texture and to the rotation of
the billet by 180 between ECAP passes. We can notice that the relative activities of the

ppp and pp p slip planes exhibit an opposite evolution. The relative activity of the

pp p slip plane shows a noticeable increase with strain, while the relative activity of

ppp sl i p plane shows a slight decrease witdt
could be eplained by the multiplication and annihilation of dislocations on those slip
systems.Figure 3.15 shows a similar relative activity evolution for the different slip

planes in the 2C and 4C passes, since a similar initial texture is used for both passes due
to the texture symmetry in rou@ after an even number of passes. In contrast, different
relative activity evolutions are observed for the 3C pass since the initial texture of the

billet is rotated 180°.

During ECAP, the shearing plane, defined at the two intersecting ECAP
channels, aréhe macroscopically most stressed plane. Thus, dislocations with different
Burgers vectors are developed mainly at this plane and its surrounding in which slip
systems are activie35]. As mentioned previously, strain hardening is induced by the
activation of different slip systemg36], and in order to accommodate for strain

incompatibilities during plastic deformation, a minimum of five activated slip systems
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are required237,238] The volume fraction of grains deforming by three, four, five, six,
seven and eight slip systems are predicteligure 3.16. In the first pass, most of the
grains deform with either six or eight slip systems which could be attributed to the high
stress applied to the coarse grains ingblycrystal. However, for the second, third and
fourth passes, the volume fraction of grains slipping by eight slip systems has decreased
considerably while grains deforming with four slip systems has increased. This could be
attributed to the presence fafie grains resulted from the fragmentation process. After
the second pass, only little change is observed in the volume fraction of grains since the

texture have reached its ideal ECAP components.

3.4.2.4GrainSize

A microstructure with ultrdine grain size varying from a few microns to
submicron can be obtained from severe plastic deformation processes such as ECAP.
With a high level of plastic strain, the high internal energy stored in the grains is the result
of the high dislocation densities thabprote the formation of obstacles (GNDs) that
hinder the motion of mobile dislocations. The increase in the internal energy of the grains
leads to an increase in the misorientation angle between subgrains, and grain
fragmentation occurs when this angle tez a critical value (i.e., the misorientation
angle exceeds 5°). The new grains are formed with a microstructure distinct from their
parent grain in terms of dislocation density, grain size, and orientation.

In our grain fragmentation model, grains arddivided initially into nine
subgrains having similar microstructure and orientation to their parent grains, where each

subgrain is assigned ottieird of its parent grain size. As explained in secBdh2 each
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grain is allowed to exhibit three fragmetnba levels, i.e., 9x9x9=729 new grains. Thus,

a polycrystal with an average grain size of 86can reach 80/27=2.96 das a minimum

value after one pass of ECAP. After the 1A ECAP pass, the HB&iBured average

grain size of the aluminum alloy isuod to be equal to 1.45 & while the predicted

value is equal to 3 & An additional fragmentation level is necessary to capture the grain
size after the first pass well; however, it is difficult to implement due to computational
limitations. A bettergrain size prediction is achieved for the 2C ECAP pass. The
experimental and the predicted average grain size in the 2C ECAP pass are equal to 1.11
‘ aand 1.02 @ respectively. Furthermore, a good prediction of the average grain size

is obtained athite 4C ECAP pass, with an experimental value of O&/and a predicted

value of 0.675 &

3.4.3PostECAP
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Figure 3.17 Predictions of the stressstrain behavior of the ECAPed sample after one pass
at two strain rates and along two directions (ED: extrusion direction and FD: flow
direction).

As illustrated in section3.4.2.2 different microstructural features of the
polycrystal are developed after severe plastic deformation. As the plastic strain increases,
dislocations start to accumulate at the subgrain boundaries, formingnigie grain
boundaries. At higher levels ofain, the misorientation between subgrains increases and
new grains are created with relatively low dislocation density. Grain fragmentation occurs
in order to release the stored energy in the polycrystal during deformation. As a
consequence of grain fragmtation, the new fine grain boundaries hinder the dislocation
movement by pinning them at the boundaries, thus reducing the mobile dislocation
density. In order to predict the mechanical properties of the ECAPed samples, several
simulations were performeéigure3.17 shows the true stre¢sie strain curves of the
ECAPed aluminum alloy for one pass at room temperature. The model was used to predict
the flow stress up to the UTS, since no damage formulation that can predict the flow stress
response after necking is indeed in the current model. Although the predicted grain size

after one pass is 3 ¢ simulations related to the measured grain size (1.dbwere

performed for the sake of comparison with the experimental data. An excellent agreement
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can be seen betwe the predicted (1.45 & and the measured tensile behaviors.
However, a shift of around 20 MPa is revealed between the predicted)(and the
measured tensile behaviors. This shift can be explained by théé&tal relationship,
where the flow stss is inversely proportional to the square root of the grain size, i.e.,
larger grains lead to smaller stress. In addition, it can be seerFfgure 3.17 that the
predictions in the extrusion direction are better than the predictions in the flow direction
due to the texture developed during the ECAP process. The tensile behavior of the
ECAPed aluminum alloy after 2C is plotted Figure 3.18. For both strain rates, the
modelgenerated curves are in accordance with the experimental curves for both the
extrusion direction and the flow direction. Siarlly, the predictions after the fourth pass

of ECAP are in excellent agreement with the experimental results for both strain rates and

both directions, as shown kigure3.19.
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Figure 3.18 Predictions of the stressstrain behavior of the ECAPed sample after second
pass at two strain rates andilong two directions (ED: extrusion direction and FD: flow
direction).
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Figure 3.19 Predictions of the stressstrain behavior of the ECAPed sample after
fourth pass at two strain rates and along twalirections (ED: extrusion direction
and FD: flow direction).

3.5Conclusions
In this work, the material mechanical, microstructural and textural behavior

during equal channel angular pressing (ECAP) processes are modeled usingseateulti



frameworkthat couples a crystal plasticity (CP) scheme with a continuum dislocation
dynamis (CDD) model. The proposed medicale approach predicted the texture
evolution, the statistically stored dislocations (SSDs) and the geometrically necessary
dislocations (GNDs) densities evolutions, the microstructure evolution and finally the
mechanicaproperties of the SPD processed material. The strain hardening in the model
was considered to result from both the increase in the dislocation density and the grain
fragmentation. The grain fragmentation process was modeled by accounting for the grain
gran interaction and incorporating the concept of the geometrically necessary
dislocations (GNDs) into the mean free path of the dislocations. GNDs result from grain
boundaries restricting the free deformation of a grain, causing an internal plastic
deformaion gradient that subsequently leads to grain fragmentaticoomdmercial Al

1100 billet, with rolling texture, was ECAP processed at room temperature using route
C. After a single pressing, a considerable refinement of the microstructure was observed
(grain size was reduced by 55 times), and the texture transformed into dilshéaxture

rotated by an angle of 45°. The average grain size after one pass reduced fr@rto80

1.45* dand reached 0.7 aafter four passes. The yield strength of theezsived Al

alloy increased drastically from 80 MPa to 130 MPa after single pressing and to 160 MPa
after four passed.he proposed model parameters were calibrated using the tensile true
stress trusestrain curves of the unprocessed material at two stedgs. The ECAP
processed aluminum microstructure, texture and dislocation densities were predicted. The
model predicted increase the dislocation density during each ECAP pass, through
generation and the multiplication of dislocations. Both mobileodaions and GNDs
increased similarly up to a threshold strain, beyond which the mobile dislocation

evolution rate decreased. After three ECAP passes, the dislocation density increase rate
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slowed down significantly. The mechanical properties of the ECAPegsed materials
was predicted successfully by using the predicted texture, microstructure and dislocation

densities.



CHAPTER 4

ON THE MODELING OF THE ANISOTROPIC BEHAVIOR
OF MAGNESIUM AZ31 ALLOY SUBJECTED TO ECAP

4.1 Introduction

The race for producing energy efficient vehicles is prompted by the need to
reduce greenhouse gases and increase electric cars range per charge. Magnesium (Mg)
alloys are considered as promising alternative to conventional metals and excellent
candidatesa save structural weight due to their low density, high specific stiffness and
strength, good shock absorption capacity, and good recyclaljility,239,240]
However, the widespread applicatiof &g alloys is hindered by the limited
understanding of their deformation beha\it4,239] Indeed, Mg alloys processed by
hot rolling or hot extrusion develop strong basal texture which leads to poor formability,
low ductility and high anisotropy at e temperature (RT)241i 244]. These
unfavorable properties are the result of the low number of active slip/twin systems during
deformation. In general, the deformation in hexagetwde packed (HCP) metals, such
as Mg, is accommodated by the following slip systems; basal g gnQ prismatic

p urt & grQpyramidaldO p pp ¢ gndand pyramidafld XO'p ge & goGand
twin systems; extension twinp p¢ O p@and contraction twin p mp @ PO
[245,246]

At room temperature, the deformation of Mg is accommodated by mainly two
independentt 1t idp @mObasal slip systems. The activation of additional deformation
modes such as ndrasal slip and twinning are needed to satisfy the Taylor criterion for

homogeneous plastic deformation of a polycrystalline aggregate that requires the

12C



activation of five indepndent slip systenj238,241,247]However, the activation of the
different deformation modes depends on external factors (such as loading direction, strain
rate and temperaturg 03,248 255]) and structural parameters (such as dislocation
density, crystallographic orientation and microstrucf@dd ,252,256258]). The plastic
anisotropyexhibited by Mg alloys is the result of substantial variations in the critical
resolved shear stress (CRSS) needed to activate the deformation modes via dislocation
glide or twinning. Numerous studies reported estimations of the critical resolved shear
stresses (CRSS) that needs to be achieved to activate dislocation movement on a specific
slip system and to activate twinnif@45,259 263]. The results in the literature indicate

that the basal slip is the easiest system to activate, followed by extension twinning,
prismatic and pyramidakXand finally pyramidalio  ¢XO' Accordingly, basal slip and
extension twin are the main active deformation mechanisms during uniaxial
tension/compression testing of randomly texteikégl polycrystals at low temperatures

and low strain rate$95,259,264266]. Lou et al.[267] reported that the plastic
deformation of Mg alloy during uniaxial tension results primarily from the activation of
basal slip with secondary wwibutions from other nobasal slip and twinning.
Furthermore, during iplane compression twinning activity was found to be initially
predominant, as strain increases basal slip to becomes the predominant deformation mode
[267]. Moreover, as processing temperature increases the CRSS of thasabrslip
systems (prismatic and pyramidal) decreases which results in an increase in their activity
[245,261,266,26870]. Additionally, the ductility of Mg alloys mechanisms is enhanced

at higher temperatarwith the activation of intergranular deformation mechanisms such

as grain boundary sliding (GBS) and dynamic recrystallization ()R%6,249,261,27i1

273]. TexturedMg polycrystals exhibit anisotropic deformation induced by deformation
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twinning [10]. Extension twining accommodates the deformation of strongly textured
Mg alloys, with a parallel-axis to the normal direction (e.g., rolled Mg sheets), at low
strains during uniaxial compressive loading along the rolling dire¢#ddi 276]. Al-
Samman and Gottste]@49] studied the limited formability of magnesium AZ31 alloy

by compessing several samples with different initial textures at room temperature. It was
reported that the strain was accommodated by the basal and prismatic slip as well as
twinning with various activation rate varying from one sample to another leading to
different mechanical behavioj249]. A strain rate stiy, conducted by Ulacia et al.
[246], reported that extension twiing in a compressed Mg alloy along the rolling
direction (RD) is enhanced at high strain rates (@ ) even at very high temperatures
(~400 °C), however, this mechanism exhibits a transition into slip at low strain rates when
processed above ~ 200 .°Oogan et al.[277] reported that twin activity is highly
dependent onrgin sizeand upon grain refinementhe ensiof compression yield
asymmetry was decreabavhich indicates that more slip activity is involved during
deformation.

Although numerous experimental investigations helped unravel the mechanisms
of deformation controlling the plasticity of HCP metals, the effect of anisotropy is still
not well under®od. Consequently, mathematical models can be valuable tools to gain
insight into the HCP metals plasticity deformation mechanisms that are still challenging
to assess experimentallpver the past several decades, several phenomenological
[278,279]andphysicatbased144,260,280283] models were proposed to allow better
understandings the behavior of HCP metals under multiaxial loading conditions. A
phenomenological continuum plasticity model, implemented into a finite element

framework (ABAQUS), was developed by Lee eff2¥.8] to predict the anisotropic and
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asymmetric properties of maggium alloy sheets. The model integrated anisotropy by
modifying the DruckeiPrager pressure dependent yield surfaéd]. Furthermore, the
general stre$strain response of metal sheets, that includes the Bauschinger effect,
transient behavior and the unusual asymmetrg, wadeled mathematically by adapting

the twosurface hardening law model. Slip, twinning, and untwining observed when
testing HCP metals in tension/compression were considered by the model with simplified
relations between the state of deformation and tiisiories. Slip mode was reported to

be the dominant deformation mechanism during uniaxial tensile loading while twinning
and untwining modes were reported to be the dominant deformation mechanisms during
in-plane compression and compressiension loathgs [278]. Agnew et al[260] used

an elasteplastic selfconsistent (EPSC) crystal plasticity model to investigate the effect
of slip and twin activity on the anisotropic asymmetry of a commercial magnesium alloy
AZ31B. It was reported that accurate simulation of the anisotrop@vib@his achieved

by the activation of noiasal slip and deformation twinning which local contributions
dictate the development of intergranular strains. Dogan €f28h] used a hybrid
experimental and viscoplastic setinsistent (VPSC) crystal plasticity model to study the
anisotropic behavior and texture evolution of twall cast magnesium AZ31 all®heets
processed with equal channel angular plate extrusion at different temperatures.
Staroselsky and Anar{@82] developed a crystal mechanicased model implemented

in a commercial FEM model that accounts for both slip andriwwg mechanisms, to
predict the anisotropic plastic deformation and texture evolution of hcp metals. The
proposed model predicted that basal, prismatic, pyramitllip and extension twinning

are the dominant intragranular crystallographic mechanisnagldition, the effect of the

intergranular grain boundary accommodation was implemented into the model where it
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was shown that the crystal lattice reorientation during deformation influences
predominantly the strain hardening behavior of the materialsifin@ations also showed
that the rapid crystal lattice reorientation is induced mostly by the mechanical twinning.
Severe plastic deformation (SPD) processes are being used to improve the
mechanical properties of magnesium alld¢86]. Equal channel angular pressing
(ECAP) induces significant microstructural changes leading to enhanced ductility and
strength[22]. The ECAP process parameters used to control the levels of applied shear
strains and consequently the texture and microstructure evawi@) temperature,
number of passes, and back pres$28&]. Usually, severe pressing of ductile materials
such as Mg alloys is performed at elevated temperatures to prevent cracking and thus to
enhance the formability of the materj@88]. However, this could affect the grain
refinement mechanismand@e quent |y reduce the [288kpected
The effect of temperature on the mechanical response and microstructure evolation
pure Mg and Mg alloys has been investigated under various loading corjdi@r94].
Kwak et al.[290] showed that athe processing temperature is increased, both strength
and fracture tendency decreased, while grain size increased due to dynamic
recrystallisationA study conducted by Tan et §94] concluded that ECAP processing
of a rare earth magnesium alloy achieves the best comprehensive properties at a
temperature of 340 °C. Yamashita et §289] reported that both yield strength and
ductility are significantly enhancement after the first pass of ECAP, while negligible
improvement was measured with further pressing paf288]. Another ECAP
experiments were conducted by Cheng ef285]at 3 00 to study the
number of ECAP passes on grain refirent and material texture of Mg alloy. After 6

passes, the microstructure reached its finest state where the grain average size was refined
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from 10° &to 2.49° & Furthermore, the texture revealed a strongtii®d texture
where the intensity increased with the increase of the number of ECAP passes. ECAP
processing of Mg at low temperatures requires a meticulously controlleepbesdure.
Gu et al.[293] processed Mg alloy at room temperature by applying a-peessure
greater than the yield stress by a factor of three. The avgraigesize was reduced from
10° ato around 3 daafter only one pass. In addition, extension twins1@Zlowere
observed in the coarse grains while they were absent in small grains. X[2@2pkere
able to deform Mg AZ31 alloy without fracture up to 8 ECAP passes at low temperatures
by applying controlled back pressure. The microstructure was refined significantly and
an averag@rain size of I awas attained after 4 passes. As a result of this refinement,
the hardness of the material also increased, as expected by tiRetdhlrelationship.
Besides numerous experimental works, many authors attempted to model grain
refinemen mechanisn{141,147,148,85,207,296298]. Segal[185] proposed a model
that links the grain refinement mechanism to the mawoechanics of simple shear. The
grain subdivision criterion is assumed to be induced mainly by shear bands, caused by
the intensive applied shear strain, adlhas subgrain rotation, caused by crystallographic
slip during SPD. Another model, proposed by Zhu and Li@®86], concluded that grain
refinement mechanism is induced by the interaction of shearing plane with both crystal
structure and deformation texture. The accumulation of shear strain played an additional
role in inducing this mechanism during muléifECAP passes and different routes. The
aforementioned models neglect the effect of recovery and recrystallization processes
during severe plastic deformation. A grain fragmentation model proposed by Kobaissy et
al. [207,299] implemented the graigrain interaction effect by means of the

geometrically necessary dislocations accumulated at the grain boundaries. These
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accumulations were assumed to restrict the free deformation of the grain indteinal
plastic deformation gradient between the grain center and its boundaries which
subsequently lead to grain subdivision. Su €P&i8] proposed grain refinement model
for HCP crystalline structures at elevated temperatures and included the influence of
thermal processes such as continuous recovery, dynamic recrystallization, and grain
growth. Another grain refinement model based on dynamic stdligation principles
was proposed by Figueiredo and Lang@@00] where the creation of new grain sites is
preferred to nucleate along the grain boundaries and along twin boundarietczgtwa
Gajewska et a[301] preseited a computational procedure to model the texture evolution
using visceplastic selfconsistent (VPSC) scheme and grain refinement by applying a
simplified phenomenological model. Recently, Gzyl e{202] developed a multiscale
cellular automata finite element method to model the microstructure evolution at various
temperatures and strain rates during ECAP. The proposed approach assumed that the
nucleation of new grain sites is triggered when a criticlevaf dislocation density in a
certain cell is attained. While the stored energy in this cell is higher than that in another
cells, nucleation is favored, and the cell transforms into a recrystallized cell (subgrain)
which in turn lead to the formation néw grains.

Although it is reported that grain refinement reduces the anisotropic behavior of
Mg alloys, the associated mechanism resulting from the mechanical shear and strain
accumulation during severe plastic deformation such as ECAP, are not weléddyy
the existing constitutive models. It remains arguable if the existing models are
comprehensive and can sufficiently describe the grain refinement process and the grain
size anisotropic dependency resulting from severe plastic deformation canditothe

best of our knowledge, no grain refinement model for Mg alloys found in literature has
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accounted for the graigrain interaction which is expected to have a noticeable effect on
the grain refinement mechanism. In this work, a physically base@lraodounting for

the aforementioned effect is proposed to predict the mechanical behavior, the texture
evolution, and the microstructural development. The proposed model uses the crystal
plasticity (CP) model coupled with a continuum dislocation dynarf@3D) model.

Since twinning mechanism has a significant effect on the anisotropy of magnesium alloys,
this effect was modeled through crystal plasticity approach with maintaining the slip
modeling through the continuum dislocation dynamics approach. A geihement
mechanism is also integrated into the model in order to predict the formation of refined
grains during severe plastic deformation. Anisotropy evolution of magnesium is then
examined by predicting the mechanical behavior, dislocation evolatioithe slip/twin
systems activities of the ECAPed material. This study has contributed to the intricate
understanding of the deformation mechanisms and the mechanical properties of Mg AZ31
subjected to ECAP process. The paper is organized as folotketailed description of

the model combining the crystal plasticity, the continuum dislocation dynamics and the
grain refinement is presented in sectibf Sectiond.3 presents a comparison between

the experimental results with the predicted ones wherg/sasiaand discussion are

performed. Conclusions are drawn in secdah



4.2 Modeling approach

4.2.1Texture development

4.2.1.1Texture representation in Euler space

The mechanical properties of HCP polycrystalline metals are highly directional
and dependent orthe crystalographicorientation. The crystallographic orientation, or
texture, is controlled through material processing to design the optimal mechanical
properties A random texture with crystals positioned in all possible orientatiatis
equal frequencyresults into an isotropic polycrystalline material. Anisotropy in
polycrystalline materials is associated with crystals positioned in a privileged orientation
[303]. Indeed, the macroscopic properties of polycrystalline materials is an averaged
behavior over all the single crystal orientations. A fixed coordinate system is associated
to the crystal structure unit cell,

In principle,the crystal orientations descrited by various equivalemhethods
of representationTheir basic concept allows mapping the fixed coordinate system
associated to the crystal structure unit cell (crystal coordinates) to a global coordinate
system.The most commomethod of representing @tal orientation is by usinthe
Eul er 6 s a n gofieatatiom ok eadcrydtahie described by three elemental
rotationsaround the reference coordinate systéin X, Z) (see Figuret.1l). Three
elemental rotationare obtained by knowinthree diffeent angledabeled theBunge
Euler angle2 , , ande . Thus, the rotation matrices associangth each elemental

rotationare:

T T P (4.1)
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The transformation matrix Q that allows mapping the crystal coordinates to the

global coordinates is obtained by multiplying the trelmentalotationmatrices:
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Figure 4.1. Euler angle rotation representation in space



4.2.1.2Crystallographic Rotations associated with ECAP passes

ECAP processing of polycrystalline materials induces a significant texture
evolution associated with the severe plastic deformafidditionally, the severity of the
applied plastic deformation is affted by several processing factors, such as processing
route, number of passes, die angle, etc. Consequently, a considerable change in the
material 6s mechanical and anisotropgn c pro
this work, ECAP routes A, ahK were studied to investigate the mechanisms of
deformation controlling the grain fragmentation in Magnesium AZ31 alloy. Route A
consist of reinserting the billet into the ECAP channel without applying any rotation
between each pass. While in route K04 rotation of the ECAPeMillet is applied about
the extrusion direction axis before the third pass. The shear planes associated with each
route are described iRigure 4.2 where the X, Y, and Z planes denote the transverse
(extrusion) plane, the flow plane, and the longitudinal plane of the billet, respectively.
Routes A and K are not redundant shear strain processes since the applied shear
deformatia is not cancelled by consecutive passes instead it is accumulated after each
pass[22]. The effect of these processing routes on the distortion of a cubic element
(square sections in the three orthogonal planes) is preseritallled-1 and it is used to
illustrate the induced deformation. After ECAP processing, the square sections are
distorted, and the deformed configuration are represented schematidallyléd-1. For
instance, a billet pressed via route A in a 90° ECAP die exhibit a shear plane that is 45°
inclined with respect to the -Klane. As a result, the cubic element is distorted by
compressing the Xlane, shearing the-jflane and no deformation on thepfane (see
Figure4.3). The illustration of the crossectional deformation along the three orthogonal

planes are shown for routes A and K up to four passes. A close inspection for the shearing
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pattern in route A, shows that cressctions parallel to X and Y planes exhibibttouous
deformation with no shape recovery with increasing number of passes, while cross
section parallel to the-glane exhibits no deformation and their initial square shape is
maintained. On the other hand, the 90° rotation about the Z axis leadsstortion of

the Z plane, as illustrated for route K.

The accurate description of the of ECAPed material texture necessitates
applying a rigid body rotation before each pass. For instance, although no billet rotation
is applied in route A around the exdran direction, a 90° rotation of the texture around
the flow direction is needed to account for thengertion of the billet. For route K, a
double rigid body rotation of the texture is necessary before the third pass, one about the
extrusion directionand the other about the flow direction. Analytically, the rotation
matrix |'-, representing the Euler angles, should be multiplied by a rotation matrix before
each ECAP pass. Thus, the new transformation matrix becomes:

F 4 (45)

Where=| is the rigid body rotation matrix about desired specific axis.

Route A 4 pressing 39 pressing 2% pressing 1% pressing

I\ N

Route K 4th pressing 31 pressing 20 pressing 15t pressing

| TEX

H -, _"'.:;":;— / _k

Figure 4.2 The shear planes observed on the X, Y, and Z planes for 4A and 4K processing
routes
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Table 4-1 Distorted planes projected on X, Y and Z planes for routes A and K up to four
passes
Route Plane Number of pressings

0 1 2

Route A X

3
D ==
i —_ _— —
(]

Route K X

O 0o O odd

[]

J
= | =
=

o\ -
\

After 1 ECAP pass

Figure 4.3. Example of the projection of the three crossections viewed on X, Y and Z
planes

4.2.2Summary of grain refinement modeling
Modeling grain refinement is based on the concept that dislocation cell
structures, formed due to the application of plastic strain, are transformed into finer grain

structures. The increase in the misorientation between neighboring dislocation cells lead
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to continuous decrease in the grain size, and thus, resulting in significant material
hardening304]. Dislocation densityased models are commonly used in modeling grain
refinement mechanism since they incorporate the effect of dislocation evolution
mechanisms. The dislocation density and its evolution are considered to be the main
parameters affecting material hardening. We differentiate between the statistically stored
dislocations (SSDs) and the geometrically necessary dislocations (GNDs). The SSDs are
randomly trapped dislocations resulting from plastic strain. Its density evolution is
affected by 6 factors: (1) thproductionof FrankReadsource dislocations, (2) the
annhilation of two mobile dislocations, (3) the immobilization of mobile dislocations,
(4) the mobilization of the immobile dislocations, (5) the cislgs contribution, and
finally (6) the trapping of mobile dislocations. The GNDs accommodate the plastic st
gradient resulting from the misorientation between subgrains or grains. The concept of
GNDs was initially introduced bilye (1953)and then expanded Byshby (1970)to
explain the formation of dislocations accommodating the lattice curvature during the non
uniform plastic deformations. The GNDs are accounted for in our approach using the
effective dislocation mean free path proposediashi (2005andOhashi et al. (2007)

A multiscale model is proposed to incorporate the effect of SSDs and GNDs by coupling
continuum dislocation dynamics with a crystal plasticity framevj®89]. Accordingly,

the influence of both dislocation types is combined in a mean free path formulation as

described in Kobaissy et §207] by the following relation,

(4.6)
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whered$ is a constant, is the number of slip systems interacting with tfie system

fiio 7 s the total statistically stored dislocation density” is the density of the
geometrically necessary dislocation on t he
Dislocations arising from statistically stored sources contribute to the stress rise
within the crystal, while those trapped at the crystal boundaries such as GNDs contribute
to the lattice curvature accommodation. Based on this interpretation, a grain
fragmentation model was proposed by Kobaissy e{24l7] . The proposed model
predicted accurately the grain size, the texture and the mechanical properties evolutions
for FCC magrials coppef207] and aluminum[299] subjected to ECAP via different
routes. In this work, the Kobaissy et B107] model is extended to be used for HCP
materials (Magnesium AZ31 alloy) by accounting for different HCP slip systems and
twinning. In summary, the grain fragmentation model extended the lattice curvature
approach proposed by Toth et H48] by accounting for the grahgrain interaction
effect. The latter effect is considered in the computation of the GND densities using the
central difference method as proposed by Lyu et[Hd9]. The proposed grain
fragmentation model controls the evolution of thisarientation between neighboring
subgrains. Within the model, each grain is described initially by its grain size, orientation
and position with respect to the entire texture. The application of plastic strain develops
a deformation gradient between thenter of the grain and its boundary due to the
accumulation of dislocations at the grain boundaries. The majority of these dislocations
are stored as GNDs which hinder the dislocation movement and thus, lead to the
development of the lattice curvature lnétgrain. Consequently, a misorientation develops
between different areas of the grain leading to grain subdivision where each area is

considered as new grain when a threshold value of misorientation is reached.
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4.2.3Strain hardening model (Theoreticdlamework)

In this work, a multiscale model combining the crystal plasticity model with the
continuum dislocation dynamics framework is used to capture the behavior of HCP single
crystal and polycrystalline material. Dislocation slip and deformation twinare the
dominant deformation mechanisms in HCP materials. Thus, the formulation of the grain
fragmentation model described in our previous stuf@@g,299]is extended to account
for the different HCP deformation mechanisms. The essential feature of the crystal
plasticity model is that metals deform plastically by means of material flow due to
dislocation motion and then the materials deform elasticallycaeged with rigid
rotations Figure 4.4(a)) [164]. Hence, the deformation gradient can be decomposed
multiplicatively into elastic and plastic deformation components:

T 99 (4.7)
whereg” represents the elastic deformation associated with lattice rotatios and
represents the plastic deformation. The transition from the relaxed (intermediate) to the
current (loaded) configuration is accompanied by the rigid body rotation compJpznent
of the elastic deformation gradient whered* 3° andU represents the elastic
distortion.

Kalidindi (1998) proposed a scheme to incorporate deformation twinning in the single
crystal plasticity model as shown kigure4.4(b) [280]. In addition to the deformation
twinning, three slip modes, basal, prismatic, and pyramidal <c+a> contribute to the plastic
deformation. In the intermediate relaxed configuration, only one $ystem is shown,
however, multiple twin systems could occur at once. Plastic deformation accommodated

by twinned region causes part of the lattice to rotate. Following the assumption described
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in Figure 4.4(b), stresses in the twinned and untwinned regions of the crystals can be

expressed as

(4.8)

(4.9)

where” is the fourthorder stiffness tensor expressed in the crystal coordinate sytem,

is the second PiolKirchhoff stress andmis theelastic GreesLagrange strain tensors.

The subscripts o6t wbd

" ““ can be obtained from the stiffness tensor

transformation,

~0 = <4k”?
H =mA)>

»Eﬂ Lﬂ

Al >y

and

ount wo espedtiely. t o

by applying the following

(4.10)

where L? describes the transformation matrix from the untwinned region to the twinned

region and is denoted by

Lz w28 a7 (4.11)
where= ” represents the twiplane normal direction.
Loaded
configuration
= * p = * p *
F=F F4 F=F F/, \\-\F
nv n’ : n“ n Npin
it / ] It A "
FP f 7 111 FP T
> L - [
T ‘ = 1 A /
Initial Intermediate Initial Intermediate
configuration configuration configuration configuration
(a) (b)

Figure 4.4 (a) Schematic representation of the decomposition of the deformation gradient
accounting only for slip, (b) schematic representation of the decomposition of the
deformation gradient accounting for both slip and twinning mechanism$280].
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The Cauchy stress is réta to the second Pielarchhoff stress by the following

relation:

1 T ey A (412

| 7 o

30 (4.13
o g 19t L (4.14)
wherel is the identity matrix.

The effect of the stress distribution in the twinned region is incorporated into the Cauchy

stress equation by thiellowing rule of mixture,
1 p Q7 Q) (4.15

The twin region volume fractiohevolution equation is expressed by:

9 L (4.16)

[
where’ is the twin shear strain definedby Noj @& 6y j Vo for HCP
materials [ T ¢ for magnesium) and is the plastic shear rate.
The contribution of the twinning mechanism is also implemented in the formulation of
the velocity gradient where similar mathematical expressions are considered for slip and

twinning:
4 P 0 | o (4.17)

Where-|| O § = ,0 and= represents the slip direction and the slip plane normal

respectivelyTo incorporate the effect of the dislcoation density evolution, the slip shear



rate formulation used in this model follows the Orowan relationdl®®]. Thus, one can
write:

T QU (4.18)
where is the burgers vector magnitude in slip systerfvalues presented ifiable

4-2),” is the mobile dislocation density on slip systerandv is the dislocation glide

velocity on slip system and can be expressed as:

KA T
) 0 T i Qe QET t
Iy (419)

Y0 T Q¢ 1 T
U is the reference velocity,is the strain rate sensitivity constant, dndis the threshold
resolved stress on slip systemwhich constitutes of the initial critical resolved shear
stresst , the HaltPetch stres$ , and the material hardening stréss The HaltPetch
stress is inversely proportional to the square root of the grain size D and can be expressed
ast O j MOwherey is the HaltlPetch parameter related for each slip system.

The evolution rate of the mobile dislocation den8itycan be characterized by
five dislocation mechanisms that contribute to the material hard¢pdj. The five
mechanisms are described by the five terms presented in theatimhoevolution rate
equation (equation4(20)) where the first term represents the multiplication and
generation of dislocations. The annihilation of two mobile dislocations having opposite
signs is depicted in the second term whéfeis the criticalradius for dislocation
annihilation. During deformation, mobile dislocations can immobilize due to the
formation of dipoles (third term) while immobile dislocations can mobilize due to the
breakup of these dipoles (fourth term). Finally, the interactiomalfile and immobile

dislocations that lead to their annihilation is represented in the fifth term. Besides the
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evolution rate of mobile dislocation density, immobile dislocation density evolution rate

can be characterized by the last three mechren&s described in equatiah20).

” | ” b J dl_ c| 'Y ” l‘) | ” l‘) J d_ | s‘. s T ” l‘) J d_
| Y” "0
(4.20)
” ” l‘J J d_ | sl. S T ” l‘) J d_ | 'Y ” ” l‘)
Table 4-2 Burgers vector magnitude at different slip/twin systems

Slip/twin plane Burgers magnitude| Burgers value
Basal pIane:{OOO])< 11_2(> <a> a 3.2094 A
Prismatic plane§10_10)< 1_21(><a> a 3.2094 A
Pyramidal plane£11_22) <_1_1237% <c+a> W 6.12 A
Pyramidal planetension twin <c+a> S O 6.12 A
Pyramidal planes compression twin <c+a> S O 6.12 A

Twinning, unlike slip, involves a shear displacement of several interatomic
distances where it reorients the lattice abruf]y The shear displacemetiépends on
the resolved shear strebsand the slip resistandée within the grain. Thuswin shear
rate is expressed using the conventional constitutivateoudescribed by Asaro and
Needleman[164]. The plastic shear strain rate can be described by a rate sensitive

equation as follows,

Co IT— (o (4.21)



wherg’ and_represents the reference shearing rate and the rate sensitivity for twinning,
respectively. The resolved shear stresand the slip resistan¢e on twin system are
expressed as:

o

“ (4.22)

and
i Q7T (4.23)

whereQ is the strain hardening rate of twin systerdue to shear on the twin system
.
(O TN N 0! (4.24)
N describes the self and latent hardening behavior of slip/twin systems of a crysalline

andQ is the hardening rate of twin systénand can be written as follows,
N Qp — (4.25

where'Q, .., andi are twin hardening parameters for both extension and contraction
twinning.

The overall stress of the polycrystal is then calculated beyond the computation
of the crystal stress and strain information. The Talior[162,163]homogenization
method is utilized to average the Cauchy stress on the macroscopic level by assuming

that all grains possess the same volume, thus,
P
I & (429

whereq| is the Cauchy stress on thetgerystal andi  is the total number of grains in

the polycrystal.
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4 3 Results and discussions

In this work, the proposed approach is validated by experimental data generated
previously by the author805,306] For that purpose, we analyzed the behavior of a
commercial magnesium alloy AZ31B hatlled plate, annealed at 350 °C for 12h. The
as receivednaterial presented a basal texturg(re4.5(a)) with an average grain size
of 25° & After annealing, tensile samples were extracted from the plad machined
with their major axis being aligned with either the transverse direction (TD) or the normal
direction (ND) figure4.5(b)). Tensile tests were performed at two temperatures, room
temperature and 20C ata strainrateof p i [305]. The purpose of conducting
tensile | oading along different materi al (
anisotropy by the activation of different plasticity deformation mechanisms
expected, with r e 4306 thatloading akborig&D favork ertersgions | a w
twinning , while prismatic <a> is faved when loading along TRillets machined from
the hotrolled Mg plate, were ECAP extruded at a rate of 4.57 mm/min at 200 °C with a
back pressure of 20MPa. In order to achieve the same average grain size but with different
texture, two ECAP routes (raA and route K) were used and samples were processed
up to four passes. The ECAPsamples exhibited refined grains with an average grain
size ofp¢ T * @&in both routes. To investigate the mechanical anisotropy of the ECAP
materials, tensile specimens were machined from the ECAPed billets with their major
axis being with the extrusion (ED) and the flow directions (FD). Tensile testing was

achieved at roortemperature at a strain ratewf p i [307].
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4.3.1Pre-ECAP Model Parameters Calibration

In this section, the model parameters are identified using the true stress true
strain responses of tensile tgs¢sformel along TD and ND at room temperature and 200
°C. Thus, a set of true stress true strain responses of tensile tests performed on AZ31 at
various temperatures are fittedrigure4.6 with the numerical results of the Tayldin-
crystal plasticity continuum dislocation dynamics model. Since the set of model
parameters is not unique and different sets could fit the sapeximental results, a
robust identification method is required. Thus, the model parameters of magnesium were
initially extracted from literature and then modified to fit tweperimental results as
necessaryThe initial critical resolved shear stress $tip and twin deformation modes
were selected from Ayoub et §83]. However, the material parameters | and
the self and latent hardening matrjx of the continuum dislocation dynamics model
were obtained from Askari et aJ170] with some modifications. The HaRech
parameters for different slip systems of rolled magnesium were identified from Wang and
Choo[308]. The calibrated model parameters are presentddilie 4-3 for different
temperaturedn addition to fitting the tensile mechanical behavior, the relative activity
of slip and twin systems is analyzed and compared with the reported results in the

literature to confirm the reliability of the selected model parameters.

p mm

o = N W & U O N ©

[, 1

(a) (b)
Figure 4.5 (a) Initial texture of the asreceived magnesium AZ31 material, (bschematic
of asreceived material of magnesium showing the tensile directions along ND and TD.
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Figure 4.6 Stress strain responses of the agceived material tensile tested along normal

(ND) and transverse (TD) directions at (a) room temperature and (b) 200 C.
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Figure 4.7 Slip/twin systems activities of the tensiled aseceived material
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In Figure4.6, plastic anisotropy at RT is triggered by the activation of different
slip/twining mechanisms which are required to satisfy the TayloriontgLO], however,
at 200C, this effect is reduced since twinning effect vanishes with the increase of
temperature. At roortemperature, tensile loading along the normal direction (ND) favors
the extension twinningFigure 4.7(a)) which results in twinned grains leading ke t
minimization of the inducedeformation by other slip mechanisfi3®5]. The slip/twin
activity results of the TayleLin CP-CDD model are consistent with the predictions of
the VPSC mode[285,305] indicating that deformation by basal slip and extension
twinning are the dominant. Unlike the ND sample, prismatic slip is favored for loading
along the TD. However, prismatic slip could not fully accommodate tagisc
compresion promoted by the tensile loading along TD. Therefore, additional slip/twin
systems such as basal, pyramidal and contraction twin are necessary to accommodate this
deformation Figure4.7(b)). The high anisotropy shown between the ND and TD cases
is attributed to the suppression of extension twinning and replacing it with prismatic slip
mechanism. As a general trend, increasing the processing temperature induces a decrease
in the yield stength, an increase in the elongation to failure along with a thermal softening
of the flow stress, and a change in slip/twin systems activations. These effects are
attributed to the decrease in the critical resolved shear stress required to move dislocatio
along the prismatic and pyramidal <c+a> slip systems which leads to the satisfaction of
the Taylor criteriorf270]. At 200C, TaylofLin CP-CDD model indicated that the activity
of extension twin vanished and was repthbg the pyramidal slip when loading along

the ND (igure 4.7(c)). Similarly, a high pyramidal slip activity is revealed in the
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predictions of the samplloaded along the TOF{gure4.7(d)). These results are in good

consistency with the VPSC predictioi@95].

Table 4-3 List of model parameters calibrated at two temperatures T=25°C and

T=200°C.

Parameter T=25°C T=200°C

Initial shear resistance Basal 0.5

(MPa) Prismatic 55 40
Pyramidal <c+a> 70 35
Twin extension 30 35
Twin contraction 200
Basal 0.1
Prismatic 0.15 0.1
Pyramidal <c+a> 0.8 0.1
Basal 0.1
Prismatic 0.1 0.05
Pyramidal <c+a> 0.1
Basal/Prismatic/Pyramidal 1
Basal/Prismatic/Pyramidal 0.01
Basal/Prismatic/Pyramidal 0.002
Basal/Prismatic/Pyramidal 1

Final saturated stress’k Twin extension 38

(MPa) Twin contraction 400

Initial hardening rate i Twin extension 8

(MPa) Twin contraction 20

Twinning reference Twin extension p Tt p Tt

shearing rate - 7 ;¥ Twin contraction p T

Twinning hardening Extension/contraction twin 0.5

exponentk

Hall-Petch parameterK Basal 2.61 1
Prismatic 5.54 2.2
Pyramidal <c+a> 9.86 3.9

Twin rate sensitivity & 0.2
Slip rate sensitivity 0.02
Strainrate (Vv U pTt
Reference velocityl (v p T
Initial SSD density O 8 pm
Initial GND density (O pg pTt
Average grain size O 25
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4.3.2ECAP Model Predictions
The experimentally measured initial texture of magnesium alloy displayed in

Figure 4.5(a) is used as an input to the Taylan-CP-CDD model. The modeling
parameters used for ECAP modeling approach to predict the microstructural features and
texture evolution are the identifiggarameters in sectioh3.1. The predicted results
obtained from the calibrated parametersTiable 4-3 are then compared with the
measured (experimemtatexture for both routes A and K. In addition, the model

predictions such as slip/twin activities and dislocation densities evolutions are analyzed.

4.3.2.1Microstructural and texture predictions
Ultrafine grained metals can be produced by subjecting the material to severe

plastic deformation. ECAP is considered as one of the conventional processes that has
showed an effective strengthening in magnesium al[8@9]. In addition, thermo
mechanical processing with different ECAP routes of magnesium alters its
microstructural and texture proper{i@$0,311] In this work, magnesium AZ31 alloy

was ECAPRprocessed using routes A and K, at an extrusion rate of 4.57 mm/min and a
temperature of 200°C to prevent tfeemation of crackg307]. During ECAP process,

grain fragmentation is considered as the dominant deformation mechanism that results
into an ultrafine grain microstructure. Indeed, severe plastic deformation increases th
density of dislocations that are inhomogeneously distributed within the grains resulting
into a deformation gradient and lattice curvature. Accumulated dislocations at the grain
boundaries hinder the movement of mobile dislocations resulting in the gmadhe
necessary dislocations which lead to a misorientation difference between different
regions of the grain called subgrains. The evolution of the GNDs density is expressed in

terms of t h[&55]Nhich i durntisecaicslatad from the derivative of the
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velocity gradient using the central difference methdd9]. With further strain
application, the misoriented regions (i.e., subgrains) split and are considered as new
grains treated independently from their parent grain, with distinct microstructure and
smaller grain size. When the fragmentation criterion is satisfied ifnisgrientation
between the center of the grain and its boundaries exceeds 5°), the fragmented grains are
assigned their parentos di sl ocation den:c
misorientation calculated based on the accumulation of the GNDsa@agddsn[299].

To determine the density of the GNDs accu
position of the new grains are updated and the same calculation procedure is repeated.

In this model, processing via routes 4A and 4K led to grain size redudimor?B’ ato

around 4 daand 2.7 ¢ respectively. The predicted average grain size is in agreement
with the experimentally measured average grain size which was reported to be equal to
3.5° dand 2.3 d&after 4 passes via routes A and K, respectively.

The predicted ECAPed textures are comparedrigure 4.8 with the experimental
(measured) texturesh& measured texture of the material processed via route A showed

a rollinglike texture over the four passes where subsequent passes strengthen the texture
by reorienting its components into similar positions after each pass. The 4K measured
texture exhidis a rigid rotation with respect to the initial rolling texture about the
extrusion direction of the sample. This rotation is associated to the 90° rotation of the
sample applied before the third pass. The results of the textures predicted by the Taylor
Lin CPRCDD model rebuilt the experimental ones where the main features are
reproduced. The texture components predicted in the (0001) pole figure for both routes
4A and 4K are in good agreement with the measured texture. However, a small

discrepancy appeatis the (1010) pole figures of the 4A textures which could be



associated to the misorientation evolution in the grain during the fragmentation process.
In the strong peaks in the predicted -@@ pole figure of the 4K texture precisely
resemble the strgnpeaks in the measured texture while the weak peaks observed in the

measured one are more scattered compared to the predicted one.
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Figure 4.8 Measured (experimental) textures compared with the simulated ones for four
passes of route A and route K

4.3.2.2Microstructural behavior
For decades, SPD materials were of high interestntonerous industrial

applications. Thus, internal microstructural developments were investigated using
physicsbased modeling frame wofkgl8,223 225]. Studying strain hardening behavior
between ECAP passes gives a clear insigtat ihe influence of ECAP routes and the
effect of the rotations between ECAP passes. For that purpose, disldzzdeEthmodels
were proposed such as the one proposed in this work. During plastic flow, dislocations
movement are triggered when the resolsbdar stress exceeds its critical value. Their
evolution is influenced by the shednge barriers such as vacancies or by thetange
barriers such as grain boundaries. The microstructural changes of magnesium alloys due
to deformation via ECAP are direct consequence of the multiplication and
rearrangement of dislocations moving over different slip systems. In the initial stage of
deformation due to ECAP process, dislocations are rapidly generated and multiplied in
the coarse grains. With the increasf the plastic strain, grains divide into subgrains
demarcated by dislocation walls, named geometrically necessary boundaries (GNBs).
Further strain results in a misorientation difference between subgrains due to the
movement of the trapped dislocaticaleng the neighboring subgrains boundaries. The
increase in dislocation density due to high strain leads to the increase of the internal stored
energy which induces further grain refinement. Subsequent ECAP passes result in
increasing the fraction of newing grains due to the transformation of generated
dislocations within the grains into new boundaf&49].

Figure4.10depicts the relative activity of the different slip/twin systems activity

for routes A and K. In the first two passes, the same relative activity is predicted by the



model for both routes, wtl is expected since the same loading path is applied to the
sample. While in consecutive two passes, the differences in the relative slip/twin activities
are clear, which is also expected since different loading paths are applied associate with
the 90° rdation of the route K sample applied before the third pass. Twin relative
activities are predicted to be almost inexistent which is also expected due to high
processing temperature. Different deformation behaviors can be analyzed by applying
Schmid law wheh dictates that a slip/twin system can be activated whenever the resolved
shear stress on a slip/twin plane exceeds a CRSS &Rk Nan et al[313] reported

the calculated Schmid factors (SFs) for different loading directions and different slip/twin
systems in magnesium. The higher the value of Schaciif, the higher activation of
slip/twin system. Schmid factor can be calculated by the following relath6i@

wénj @ § iwheremand] are the angles between the slip/twin plane normal and the
slip/twin direction with the loadinglirection, respectively. ECAP process is a shear
process mechanism where the shear loading is applied at the intersection plane between
the two intersecting ECAP channesdure4.9). In route A, the sample is inserted to the
ECAP where the-axis is parallel to the extrusion direction, thus the shear stress direction
makes a 45° with the-axis. According to the SF values calculated in Nan et al. for
different deformation modes, basal slip systems have the maximum value followed by
pyramidal <c+a> slip then prismatic slip. The predicted results by the Tapld@P-

CDD model of the slip relative activities are consistent with the calculated values of th
Schmid factors. Among the four passes via route A, relative activities of each slip system
showed almost the same activities since subsequent passes strengthen the texture by
reorienting gr ai n sliketeature. €e tiga rotatoonf the daroplea r o | |

before the third K route pass leads the prismatic slip to dominate other slip systems where
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pyramidal slip activity becomes negligible. Since no rotation was performed between the
third and the fourth pass in route K, relative activity oftesltp system has exhibited
almost the same activity during the third and fourth passes

The predictions of dislocation density evolution along each slip system for both
routes are depicted iRigure4.11. The dislocation density first evolved rapidly during
the first two passes; however, its evolution rate has decreased in the next two ECAP
passes which can be attributed to the recovery of dislocation structure during consecutive
passeq314]. In addition, the formation of new grainsrohg the grain refinement
mechanism is characterized by the transformation of dislocation clusters into boundaries
resulting in a significant consumption of dislocations within the polycri3ial], which
explain the decrease in the dislocation density evolution rate with subsequent ECAP
passesFigure4.11 shows that dislocations evolving at the basal slip system exhibit the
highest density compared to prismatic and pyramidakgipems. This can be explained
by the easiness of dislocation movement and generation at the basal slip system due to its
low CRSS value. In the first two passes, dislocation density evolutions are identical in
both routes since route A and route K arentdl. However, in the third and fourth
passes, a significant drop in evolution of dislocation density along the pyramidal slip
systems is revealed between both routes. This can be related to the deactivation of

pyramidal slip system in route K after tbecond pass.
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Figure 4.9. Schematic of ECAPed samples showing the tensile loading under the extrusion
direction (ED) and the flow direction (FD)

Figure 4.10 Relative activity of slip systems as function of strain for four passes of route A
and route K
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