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Abstract

Starting with electron backscattered diffractiorB@D) data obtained from a warm
clock-rolleda-uranium deformation microstructure, a Potts MdDé&lo model was used
to simulate static site-saturated recrystallizatighile testing a number of different
conditions for the assignment of recrystallized lauwvithin the microstructure. The
simulations support observations that recrystalizauclei within a-uranium form
preferentially on non-twin high-angle grain boundaites at 450°C, and demonstrate
that the most likely nucleation sites on these bames can be identified by the
surrounding degree of Kernel Average Misorienta(idAM), which may be considered

as a proxy for the local geometrically necessasjodation (GND) density.
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1. Introduction

Uranium components are typically produced in a lsiminanner to many other metals,
starting from cast material that undergoes a sesfethermomechanical processes such as
forging, rolling, swaging and forming. Deformatipnocessing steps are frequently interspersed
with heat treatments to produce finer, recrystatliggrains and restore ductility. Along with
having significant effects on grain size and moipbg, thermomechanical processes can cause
significant evolution in a material’s crystalloghap texture. The crystallographic texture of

uranium is often of critical interest because the temperature allotrope, the orthorhombic



phase, has unique anisotropic properties includinggative thermal expansion coefficient along
one crystallographic direction [1 - 4]. A number ioivestigations in the last decade have
explored the microstructural and textural evolutioha-uranium during different types of
deformation [5 - 12]. Post-deformation recrystation phenomena and associated modeling
approaches are well documented for a number ofopmedhntly cubic metals [13 - 17], but
comparatively less study has been made into thrgstadlization processes governing metals of
lower symmetry. Lower symmetry crystal structureserally deform via several distinct modes
of dislocation slip and deformation twinning, tiedative activities of which are sensitive to grain
orientation and temperature. These slip and twopmodes certainly control the deformation
texture evolution, and in turn could impact the tie® evolution during recovery and
recrystallization. This is especially true fewuranium, which has four distinct dislocation slip
modes and at least three modes of deformation tagnmany with multiple slip systems or
variants [6, 18, 19]. While it is likely that reatallization inoa-uranium proceeds through a
process comparable to that of higher symmetry metdfiorts to establish the exact nature of this
process have been hampered by the limited amourgxpérimental data available in the
literature. A number of empirical studies on therystallization ofa-uranium were carried out
into the early 1960s, but the crystallographic uextanalysis was rudimentary [20 - 27] and the
data generated in these studies cannot be coddlatedividual grains in a manner necessary
for developing mechanistic models or improving uptie existing phenomenological
understanding. It was established, however, thatdrystallographic texture of annealed
uranium is dependent on the recrystallization tewrtpee [20].

Static recrystallization occurs by the migrationhadh-angle grain boundaries (HAGBS)

driven by the release of stored deformation endegding to a new microstructure of relatively



defect-free grains. It has been established tleahtitlei of recrystallized grains already exist in
deformed microstructures (or coalesce prior to ysetlization during static or dynamic
recovery) [13 - 17]. The nuclei do not always arage from the dominant crystallographic
orientations of the deformed microstructure, angthheir growth can lead to texture evolution.
Both the formation of these recrystallized nucled ahe stored energy that induces their
expansion through the deformed microstructure aeity impacted by the type and degree of
deformation, as well as grain orientation, sizeapgh and distribution. To establish an
understanding of recrystallization éauranium on a level comparable to cubic metalsaibtist
microstructural analysis of deformed and subsedyestrystallized samples is necessary.
Electron backscattered diffraction (EBSD) is an aldgool for characterizing
recrystallization as it provides statistically sigrant, spatially sensitive crystallographic
information at the sub-granular scale. This alldas construction not only of the sample’s
collective crystallographic texture, but also stunal features at specific locations, including
individual grain orientations, grain boundary getnmyieand intra-granular misorientation due to
deformation. Successful preparation eetiranium samples for EBSD analysis is notoriously
difficult [28 - 30]. In addition to radiological &ty concerns, the surface of uranium metal
rapidly oxidizes upon exposure to air. The chaleengf oxidation are exacerbated by the high
atomic number of uranium, which restricts the iat#ion volume of backscattered electrons and
prevents interrogation of the metal beneath all thet thinnest of oxide layers. Despite these
difficulties, high quality EBSD data of warm-rolled-uranium before, during, and after
recrystallization at 45€ has recently been publishéy one of the present authors [31].
Comparing the texture of the recrystallized mianasiure to that of select components of the

deformed microstructure, it was noted that the wmarylegrees of deformation present in grains



of different orientations does not immediately explthe observed crystallographic texture
evolution during recrystallization [31]. Insteatietcollective texture of points found along non-
twin HAGBs is a closer match to the recrystallizegture, suggesting that recrystallized nuclei
at 450C form primarily along these boundaries.

It is possible to simulate recrystallization wittammicrostructure characterized by EBSD
through a number of different techniques, includagdjular automata, phase field, and Monte
Carlo models [32 - 34]. Often, one of the biggebkallenges for all of these models is
determining the nucleation parameters governingfoimation and location of recrystallized
nuclei [34], which are hard to determiree priori and must be informed by comparing
experimental and simulated results. The simulation the present study were performed
utilizing a Monte Carlo (MC) technique known as tBotnodeling. MC Potts modeling is a
generalization of the simpler Ising model to systemth more than two states (e.g. unique grain
orientations) [35 - 37], and has long been usedginaulate grain growth phenomena within
recrystallized microstructures [35, 36]. Subsequexpansions of the model have been
successfully employed to simulate recrystallizates well as grain growth, starting from
deformed microstructures [38 - 41].

The Potts model begins with a 2D or 3D lattice, rheach point is assigned to a specific
grain and the lattice is sized so that each gramains a significant number of lattice points at
initialization. Driven by a minimization of energihe Potts model uses probabilistic methods to
test small changes on the local scale, prefergnti@eping changes that decrease the system’s
energy. When modeling recrystallization through Badts framework, the total energy of the

system can be expressed by the following Hamiltunia
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where E; is the stored energy at site(above a recrystallized ground statg),is the grain
boundary energy between sitegndj summed oveZ nearest neighbors (halved to prevent
double counting), and both energy contributionssaremed over alN-sites [40].

A simulation microstructure in the Potts model che populated directly from
experimental EBSD data, allowing each lattice sitde assigned a unique set of Euler angles
according to the measured orientation. For a 2Damguattice, each lattice point can be
considered to share 8 neighbors (including diag)n&Vhen two neighboring lattice sites in the
simulation are assigned to different grains, thatierface represents a grain boundary segment
with an associated grain boundary energy. For muskrials, the boundary energy can be
defined as a function of the grain misorientatibased on the Read-Shockley model [42, 43]
together with the energies of special boundarigsesponding to the coincident site lattice
model and additional elements as necessary.

If the simulation is being initialized by a comptiwaal technique (e.g. an N-site VPSC
model [39], finite element [41], or fast Fourieamisform based [44] full-field crystal plasticity
model) the stored energy from deformatidd, is straightforward. The assignment of stored
energy to lattice sites based on experimental idatagore complicated and requires extraction of
guantities related to deformation from the EBSD niHpe Image Quality (IQ) factor is a value
that measures the sharpness of bands in the b#tekedaelectron Kikuchi pattern used to index
EBSD patterns. 1Q is affected by gradients in theant of local elastic strain present at each
lattice point, allowing it to detect the differenbetween recrystallized and non-recrystallized
grains [45 - 48], and it is possible to derive amp@ical relationship between IQ and the stored
elastic energy for a material [40]. Stored energy @lso be related to the Kernel Average

Misorientation (KAM) of each lattice point in thérgcture [49 - 57]. KAM is defined for a



given lattice point as the average misorientati@mf other points of the same grain located
inside a surrounding kernel of specified size, @gsecond nearest-neighbor 5x5 grid, and
correlates with the underlying density of dislooai. When utilizing either 1Q or KAM, the
measured values must be placed in units of enéagyare properly scaled to the grain boundary
energyy, and both techniques have inherent problems; IfQwa&ry with factors such as the
surface quality of the prepared sample, EBSD paensieand EBSD pattern filtering, while
KAM only permits an indirect (though often accurfié, 57]) approximation of the total stored
dislocation density. In the case afuranium, which has propensity to rapidly oxidizeda
requires EBSD pattern filtering, KAM becomes thgital proxy for stored energy as it is less
dependent than 1Q on the surface state of the rab{20].

Once a microstructure and its governing energdimee been established, the Potts
model executes, in series, a string of indepentmrénts” at discrete lattice points within the
microstructure, following a randomized order withecevent executed at each site per simulation
time step. During each event, the simulation vahadomly select a lattice site neighboring the
event site and test the change of energy that waddlt from replacing the event site with the
neighboring site’s assignment, preferentially kagpithe replacement and growing the
neighboring grain when it decreases the energh®tystemAH < 0). Through this stochastic
process, the model is able to simulate evolutiorthef experimental microstructure and the
resulting crystallographic texture. There are, besv, several deficiencies to the standard
formulation of the MC Potts model, including cunwag artifacts related to the lattice, scaling of
simulation units to physical units, and the consept real time and temperature not being
explicitly tracked or handled. Improved formulatso of the MC Potts model have been

introduced to handle each of these issues and peatsqredictive power [58 - 61].



This paper uses small modifications to the standemplementation of the Potts MC
model and EBSD data from warm-rolleelranium originally published in Ref. [31] (Fig. i)
simulate textures that result from different assignts of recrystallized nuclei within the
deformed microstructure. By comparing the textwiesulated from different nuclei assignments
to experimental recrystallization textures, the mid®ly location of recrystallized nuclei in the
warm clock-rolleda-uranium microstructure are determined. The smecibnditions used to
best identify the nuclei can then be used to infoow recrystallization progressesdfuranium
deformation microstructures simulated using cryglasticity based computational techniques.
2. Experimental methods

The experimental EBSD maps presented within tApepwere acquired during the study
in Ref. [31]. Theo-uranium samples were warm clock-rolled at 300°@ight equivalent strain
passes, with rotations of 0°, 90°, 135°, 225°, 27WB0°, 45°, and 135°, resulting in a final
reduction of approximately 50%. Clock-rolling is d#mn to produce less in-plane texture
anisotropy than unidirectional rolling of uraniu®2] [63]. The warm-rolling temperature was
considerably below the threshold that static reetiy®ation is observed to occur within uranium
samples rolled to similar levels of deformationthmiecrystallization taking approximately 100
hr. to complete at 380°C and becoming kineticallgited below 350°C [20]. In addition,
dynamic recrystallization is not expected below “4DJ64]. The recrystallized condition
presented was heat treated under vacuum in a quiiacbmeter at 450°C for 2Geconds. To
match the input format of the MC code, the EBSDadaas transformed from a hexagonal to a
square grid using Oxford Instruments HKL Channedditware, with spatial aliasing during
conversion acting as a high-pass filter. Analysiexperimental and simulated EBSD data was

carried out using the MTeX MATLAB toolbox [65].



3. Computational methods

The simulations conducted for this paper were geréd using modifications to a
standard implementation of Potts MC code develdpedrain growth simulations, outlined in
Ref. [66]. A complete version of the modified codes been made available as open source
Supplementary material. The most significant complication in adopting 8tandard Potts model
to include recrystallization arises during scermidere the neighboring site selected during an
event has not yet recrystallizell, & 0). The dislocation network responsible for stoeeergy
will not move along with evolving grain boundariesa deformed microstructure, and a grain
boundary moving through a site will clear it of @gisting dislocations (setting = 0). As a
consequence, any instance during which a siteassigned to the grain of a non-recrystallized
neighboring site will create a new recrystallizadtleus via the bulge mechanism, a process
typically limited to low-temperature or high-stresmditions [67]. To model recrystallization via
site-saturated preexisting nuclei, as expected-imanium, the deformed sites in the simulation
must be held static [39] and all events where #lecsed neighboring assignment belongs to a
non-recrystallized grain terminated with no chat@mthe microstructure.

When a Potts recrystallization model is initiatednfi experimental EBSD data, it is
necessary to introduce a scaling factor betweerbdo@dary energy, and the experimentally
determined stored energy valu€s, so that both are in commensurate units. As tbadirg
factor is difficult to calculate, it can be notdtat in sufficiently deformed systems the stored
strain energy is much larger than the interfacrergy € >> y). Therefore, as a first-order
approximation, this difference in magnitude coneatly eliminates the need to determine a
scaling factor as, in this limit, any event whereearystallized grain expands into a deformed

site hasAH < 0 and the release of stored energy always owegs the creation of any new



boundaries. This approximation yields a particylatraightforward adaptation of the standard
Potts model to the recrystallization process; wigerecrystallized grain will always expand into
a deformed site if presented the opportunity, deéut sites are otherwise held static, and
standard grain growth behavior can occur betweemystallized grains that have already
impinged upon one another.

Due to differences in the driving forces behindrystallization and standard grain
growth, boundaries moving in response to recrystibn will have a considerably higher
velocity. As a boundary is only able to travel datice site during an event in the simulation,
differences in boundary velocity are accounted dtatistically over a number of events by
scaling the probability of each type of event sedieg. While eliminating grain growth entirely
is a reasonable approximation for the simulationthis study, given the relative speed at which
recrystallization occurs im-uranium at 450°C [20], the statistical nature & tMC model
produces ragged unphysical grain boundaries imileeostructure if grain growth is completely
ignored. A reduced grain growth probability wadizid in this study, where only one fifth of
energetically successful attempts (which occurempfiently if the grain boundary is smooth)
were allowed to proceed. This was sufficient tovide more realistic boundaries in the
microstructure but had no discernable impact on tihd@ure compared to recrystallization
simulations run with grain growth completely igndre

Allowing recrystallized grains to expand into defed sites with 100% probability
effectively fixes the velocity of the recrystalltzan boundaries to a constant and treats the
deformed microstructure as a mean field. OthersRottdel based simulations have considered
modifications to the recrystallization probabiliyring each event based on the stored energy

released by the deformed site) [38 - 40], as the velocity of a recrystallizingundary will be
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proportional to the driving forcg68]. Comparing the number of simulation stepshwite
experimentally observed time to complete recryigition [31]reveals that the recrystallization
boundary velocity is approximately 5 nm/s, withite s 0.5um and 1 time step 100 s. This is
consistent with the largest grains (which have growith the least impingement) in the
experimental recrystallized structure reaching imam radius of 50um in 10,000 s. For
comparison, grain growth in-uranium occurs at a rate of approximately 0.05snat/550C
[69], and will be even more negligible at 460

The advantage of reducing the Potts recrystalbmathodel to this simple form is that
reasonable predictions of recrystallization texsuran be made without focusing intensively on
establishing a large number of model parameteraumber of different criteria for assigning
recrystallized nuclei within the deformeduranium microstructure were tested in an effort to
find the best match to the experimental recryZaiion texture. Recrystallization “nuclei” in a
site-saturated model do not arise from a randommtaky activated stochastic process; rather,
they are already present within the microstrucagsub-grains, supplying that the EBSD pattern
is acquired with a suitable spatial resolution &ptare them (after some recovery, as in the
present study [31]). Designating nuclei as rectlyzéa in the model requires assigning an
energy ofE; = 0 to the desired sites at the start of the sinatatallowing them to inherit the
crystallographic orientation of the site in the atefied state [40]. The nucleation criterion that
provides the closest match to the experimentalystaltization texture will identify the
conditions that make a given sub-grain more likkBn others in the microstructure to becoming
a recrystallized nucleus.

Recrystallized nuclei often form preferentiallyhaterogeneities within a microstructure

such as grain boundaries. Several nucleation donditrelated to HAGBs were tested, such as
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including or excluding twin boundary sites. For {harposes of this paper, the definition of a
HAGB was chosen as a boundary with misorientatior208, as the deformed-uranium
microstructure exhibits considerable intragranul@sorientations. Significant misorientation
variations also occur along twin boundaries, sarivwere categorized very simplistically as
any boundary within a 60°- 80° misorientation windoA map of HAGBs and twin boundaries,
following this designation, is presented in Fig.l2can be seen that this conservative twin
identification strategy is sufficiently broad totegorize boundary types in the microstructure. A
model refinement to handle twin identification wdbuleed to be adapted if that were not the case
[70]. Grain boundary sites were defined as beimgssed from a minimum of two neighboring
sites and no more than six by a qualifying misdagan angle; suppressing nucleation from
experimental noise in the raw EBSD data.

Another set of nucleation conditions was employ@dest whether nucleation occurs
preferentially at points in the microstructure widinge stored energies. For the purposes of this
study, stored energy was determined by KAM valuasgia 3x3 grid with a 10° grain boundary
threshold. This choice of KAM kernel assumes thaysallized nuclei are not larger than a
single site (at the 0.nm step size), and focuses only on the misoriemtaiom the most
immediate neighbors. The 10° threshold likely sussi some low angle grain boundaries into
the KAM, but is necessary due to the degree ofagranular misorientation present in the
microstructure. A KAM map of the deformed microsture is presented in Fig. 3. KAM values
are heterogeneously distributed about the microstre and several regions are comparatively
low in deformation. Sites with the highest KAM tetal appear in clusters, strings, or bands
located within areas of the deformed microstructuitd a large number of non-twin HAGBS.

The distribution of KAM values is approximately logrmal (Fig. 4). About 3.5% of sites in the
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deformed microstructure are calculated to have &Kk O, which occurs due to experimental
noise creating points that have greater than 1@bmantation with all neighboring sites within
the kernel. As recrystallized grains are definedBpy O for modeling purposes, these grains
were assigned ;& 0 to ensure that no unintentionally recrystatlizeétes were created. A
probability function has been proposed for handhngleation base on stored energy conditions

in Potts recrystallization models:

Eq. 2 n;=1-— exp (—ﬂ)

E,—Eq

where g is a threshold of stored energy thanttist exceed for nucleation to take place, and E
is a parameter that controls the form of the funrc{39]. In the case that,Epproaches f the
nucleation probability reduces to a simple threghalsimple threshold condition was utilized in
this study because the available EBSD data isangélenough to meaningfully fit a set qfdad

E, parameters.

All simulated results presented in this paper wexecuted over 100 MC time steps
unless otherwise noted, which was sufficient fog timulated microstructure to completely
recrystallize. Three separate simulations wereatuevery nucleation condition and averaged to
provide a representative crystallographic texteriodic boundary conditions were imposed to
address lattice sites at the edges of the EBSD datthe percentage of grains that contact the
boundary at initialization is sufficiently small t@duce any associated artifacts. Orientation
distribution functions were calculated from the estmental and simulated microstructures with
a 5° angular resolution using the MTeX softwarekpge.

4. Results
The deformed microstructure of a warm clock-roldedranium sample (Fig. 1) was used

to initialize all of the simulations presented withthis paper. Numerous thin and often
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serpentine deformation twins of several modes srsgmt within most grains. Significant (>10°)
intra-granular misorientation gradients occur withbth the parent grains and twins. The map is
orientated in the transverse direction (TD), andirgr appear elongated along the rolling
direction (RD). The crystallographic texture of #heformed microstructure is presented as pole
figures in units of multiples of a random distrilmt (MRD). Due to the limited number of
grains collected in an EBSD scan, the rolled ptatethotropic symmetry has been imposed on
the pole figures presented throughout this papele Rgures are all presented in the form of
stereographic equal angle projections to matchHdheat of previous uranium recrystallization
studies [20]. In addition, the complete orientatéhstribution functions (ODFs) used to compute
all of the pole figures in this paper can be foas@upplementary material.

In order to unambiguously discuss the crystallogi@pgexture, it is advantageous to
introduce a graphical legend of distinct texturenednts (*) that appear repeatedly between the
deformed and recrystallized textures (Fig. 5). Thestallographic texture of warm clock-rolled
uranium (Fig. 1) is characterized by a strong atignt of (010) poles along RD (*C, and the
more diffuse *D), and collection of (001) poles n¢lae normal direction (ND) with a clear
splitting along TD (*G). If the texture were soletpncentrated at elements *C in the (010) and
*G in the (001) pole figures, geometry would dietélhe presence of strong elements at *B in
(100). Instead, *B is relatively weak comparedhe stronger four-fold element *A in the (100)
pole figure in the deformed state. These *A feawerrespond geometrically to the arm-like *E
elements in the (010) pole figure, rotating abowgsadefined by the two very strong *G texture
elements. Other features of note are a weak *Rutext the (010) pole figure, and a smooth,

strong intensity across features *H-*K in (001).
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For comparison, Fig. 6 presents an EBSD map otlitek-rolled material recrystallized
at 450°C for 10seconds and determined to be 91 % transformed (it remaining percentile
being highly recovered) [31]. The deformation twarsd intragranular misorientation gradients
prevalent in the deformed microstructure have beptaced by a finer grained microstructure of
relatively defect-free grains. There is notablestdung of like-sized grains in bands along RD.
This clustering is attributed to the inhomogenedistribution of recrystallization nuclei in the
deformed microstructure [31]. The observed textageees well with previously published
textures for similar recrystallized warm clock-eal material (50% reduction at 330°C,
recrystallization at 550°C [7]). Overall the texuis considerably weaker than that of the
deformed state. This is best observed in the (pdlg figure where the split TD texture (*G)
drops from a maximum of 10 to 5 MRD, elements *Heliappear, and the intensity spreads
outward in a diffuse halo across much of the paleré. The ring-like *K element remains
weakly present, strengthening where it connectsptbeninent *G elements. In the (010) pole
figure, the axes remain preferentially orientedngldahe rolling direction, but the maximum
intensity has weakened from 7 to 4 MRD, and thengfer *C element has disappeared into the
more diffuse *D, while the arm-like *E extensionave retreated. With the loss of *E in the
(010) pole figure, the associated *A elements ef (ttD0) are much lower in intensity, while *B
has maintained its original intensity and has bextime strongest remaining feature. Both the *A
and *B elements in the (100) pole figure, as wslltlee strong *G element in the (001), have
experienced a geometrically correlated angularaspredong the TD direction (rotating grain
orientations about an axis defined by the (010)fd *D elements along RD). Element *F has

disappeared completely in the recrystallized micuzsure.



15

The goal of this study was to identify sites in theformed microstructure that are the
most likely to form recrystallized nuclei, and telky discern factors influencing recrystallization
in the a-uranium system. To identify these sites, a nundfedifferent assignment conditions
were tested using the Potts recrystallization mathely HAGBs sites excluding and including
twin boundaries, sites with KAM above differentdbhold values, or combinations of several of
these conditions. The simulated textures from thdifferent nuclei assignments were then
compared to the experimental recrystallization uextto determine the closest match and any
informative trends. For labeling purposes, the HAGBdition includes only the boundary sites
designated as HAGBs in Fig. 2 (excluding twin baannek), while the HAGB + Twins condition
includes all of the boundary sites. For each doorinuclei were placed only at sites that
simultaneously satisfied all applicable conditioaekted to the location of grain boundaries (Fig.
2) and their KAM values (Fig. 3). The number of lmu@ssigned per simulation in the presented
work was held constant at ~1200, regardless of nheleation conditions, by applying a
probability of success to each nucleation site dagmon the total number of qualifying nuclei.
This cap is the approximate number of nuclei neddeceproduce the observed experimental
recrystallized grain size, and also matches thebeunof nuclei found in the condition that
provided the best texture prediction.

It was hypothesized in the original EBSD study tleatystallized nuclei form along non-
twin HAGBs in the deformed microstructure at 460[31]. The closest match to the
experimental crystallographic texture (over anrentnicrostructure) occurs when the selected
nuclei are non-twin HAGB sites with KAM > 9, sugtjag that nucleation does not occur
homogeneously along these boundaries. The simulexédres from a selection of the explored

nucleation conditions are compared in Fig. 7. Bafcthese conditions will be discussed in the
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following paragraphs. Difference pole figures frtime experimental recrystallized texture for all
conditions can be found & ipplementary material. To aide in interpretation of Fig. 7, Fig. 8
graphically displays the strength of the distirectttire elements identified in Fig. 5 for each of
the pole figures. Depending on the texture elemttie MRD values in Fig. 8 are either the
maximum (*A, *B, *F, *G, *H) or minimum (*J) foundwvithin each element, or the value at a
specific representative location (*C, *D, *E, *IKJ marked in Fig. 5. It is important to note the
size and importance of each element is not equdltl@ese numbers do not capture changes in
the spread or shape of the elements that are Issin@d in the pole figures themselves.
Nonetheless, this semi-quantitative chart helpgdoalize related trends and variations between
the pole figures.

The HAGB: KAM > 9 condition for recrystallized nlec (Fig. 9) is able to replicate
many of the differences experimentally observedwvbenh the deformed and recrystallized
textures. In the (010) pole figure element *F haappeared, both the *C and *D elements in
(010) have weakened from the deformation textung, the arm-like *E extensions are less
prominent than in the deformed state. In the (Qdd¢ figure, the primary difference between
the simulated and experimental textures is the @uination of intensity directly along RD (*C)
rather than being spread across the broader *Deglerds with the experimental texture, the
loss of *E in the (010) pole figure has led to aresponding decrease in the associated *A
elements of the (100) figure, leaving *B as themsgest remaining feature. Larger disparities
occur in the (001) pole figure, despite the simadadnd experimental textures undergoing a
qualitatively similar evolution. The strong *G texé of the deformed microstructure remains the

most intense element and has decreased in interzity not by the same extent as the
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experimental observation. Elements *H-*K have Iassgnificant portions of their original
intensity, but unlike the experimental texture ythave not completely disappeared.

The simulated microstructure in Fig. 9 produces d¢lustering of grains of similar size
seen in the experimental microstructure (Fig. @)isTclustering arises from a heterogeneous
density of recrystallized nuclei within the defomnmicrostructure. Larger recrystallized grains
are located in regions of lower deformation (Fijy.&& the lower density of resulting nuclei will
not impinge upon each other immediately during ghowConversely, regions with smaller grain
sizes correspond to areas of greater initial dedtion, where the density of nuclei is higher and
there is little room for each nucleus to grow. Biggams of the experimentally measured and
simulated grain sizes both exhibit log-normal dhsttions, but the mean grain size of the
simulated microstructure is larger (164n°) than that of the experimental (100m?).
Differences in the grain size distributions are sistent with effects introduced by limiting the
simulation to 2D. In a 3D microstructure grains leated above and below the 2D plane will
result in a smaller cross-sectional area per dg@ira given density of nuclei. While modeling
3D microstructures would offer improvements, theemsive characterization needed to acquire
such data is not always feasible. 2D simulationmaia an efficient means for studying
phenomena and establishing support for experimgmntatified trends.

Relaxing the HAGB: KAM > 9 condition to include itwboundary sites or all points in
the microstructure with KAM > 9 produces two neddgntical simulated textures, both of
which are similar to the HAGB: KAM > 9 conditionhik is because nearly all sites with KAM
> 9 occur along boundaries within the microstruefwo removing the requirement to be located
on a grain boundary makes little difference. TWwe &lternative KAM > 9 conditions both have

textures with weaker *B elements relative to HAGBAM > 9, stronger *D elements, and *J
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and *K elements that have not reduced to the saxtente All of the KAM > 9 conditions,
however, are able to replicate the most notabldugeas from the deformed microstructure:
weakening of all elements in the (010) and (001¢ figures, including the near disappearance
of *F and *J, and the retreat of elements *E andifiAavor of *B. The importance of including
a KAM nucleation condition is highlighted by thextigres simulated using only boundary
conditions, HAGB or HAGB + Twins. In both of thesases all the elements of the (001) poles
are nearly unchanged from the deformed state. Ehelément of the (010) pole figure remains
pronounced, and the *F element that disappearsriex@etally remains close to its original
strength. The (100) *B element becomes weaker gvan the deformed state. Thus, nucleation
using only HAGB conditions is unable to fully acobdor all aspects of the observed texture
evolution ina-uranium during recrystallization. The inclusionenclusion of twin boundaries as
potential nucleation sites results in relativelptbeivariations in the simulated textures.
Maintaining the non-twin HAGB condition and adjustithe KAM threshold to different
values, it can be seen that the KAM > 9 threshobvides the closest texture to the experimental
result. With increasing KAM thresholds, the prommh&G, *J and *K elements of the (001) pole
figure steadily reduce in spread and intensity,levkhe relatively minor *I and *H elements
exhibit no clear trend. All threshold conditionsldve KAM > 9 exhibit stronger *E and *D
elements in (010) than the KAM > 9 condition. Witlecreasing KAM thresholds, the *A
element of the (100) grows increasingly prominemd axhibits less spread. Finally, applying
pure grain growth modeling in the absence of raalyzation to the microstructure and running
the simulation until reaching a comparable graie 600 MC time steps) results in a texture

that is similar to the HAGB + Twins condition, withe exception of a stronger *I and weaker *J
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element in the (001) pole figure. All of these ttersupport the conclusion that grain boundary
sites with the highest KAM values serve as rectlygstion nuclei.
5. Discussion

Textures simulated by nucleation along non-twin HBSGn the deformedi-uranium
microstructure approach the experimental recrysgibn texture as previously hypothesized
[31], but only by identification of preferentialtes with large stored energies (KAM > 9). KAM
thresholding actually appears to be the more ingpoitb identifying the nucleation sites than the
presence of a HAGB, as the textures generated ositlyga KAM > 9 threshold are closer to the
experimental texture than those generated usingtbel HAGB conditionThis is partly due to
the fact that KAM > 9 sites exist almost exclusyvats a subset of HAGB sites so the conditions
cannot be separated. While the simulated resutsable to capture a large portion of tinre
uranium recrystallization behavior, failure of thienulated recrystallization texture (Fig. 9) to
completely replicate the experimental texture (Fp.suggests that improvements can still be
made to the model.

One major difference remaining between the simdlated experimental textures is the
continued presence of the *H, *I and *K elementstled (001) pole figure. By separating the
simulated HAGB: KAM > 9 texture into contributionmovided by recrystallized grains of
difference sizes, it is clear that the *H, *I and &lements originate from only the largest ~15%
of grains in the microstructure (Fig. 10, Grain806 um?), which make up about half the areal
fraction. Large grains in the simulation form agstérs within the least deformed regions, where
a low density of recrystallized nuclei allows ftretfew existing nuclei to expand significantly
before impinging upon each other. Failure of thewutation to capture the experimentally

observed disappearance of the *H, *I and *K elermentay originate from the misidentification
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of some sites in these regions as recrystallizedenand their subsequent disproportionate
growth. Close inspection of KAM values (Fig. 3) sl®isolated points with KAM > 9
occasionally occur in regions of otherwise low defation where twins of different modes or
variants cross each other, and are likely the pginsaurce of such spurious nucleation sites.
Replacing the constant recrystallization boundaglpesity with a version scaled by the stored
energy released, as discussed in the previoumsectuld help suppress the contribution of the
larger grains in the current simulation, as theirclai are located within regions of low
deformation where the recrystallized grains woukgpaaxd more slowlyA 3D initial dataset
could also rectify the problem by providing nucleatsites within material above and below the
present section plane.

In the absence of the larger grains, the remainfi¢he simulated microstructure (Fig.
10, Grains < 30Qum?) is close to the experimental recrystallizatioxtiee. The only remaining
difference is the predominant *C and *G elementsh# texture remain approximately 60%
more intense than expected. Texture strength caxpeessed quantitatively as a texture index
(Jopp) that will take the value of 1 at complete randroation, and infinity for a perfect single
crystal [71]. The deformed microstructure (Fighas a texture index of 5.9, which weakens to a
recrystallized state of 2.6 (Fig. 6). For comparisbe HAGB: KAM > 9 texture (Fig. 9) has a
value of 4.3, and the Grains < 3@@n’ subset has a value of 4.1. None of the nucleation
conditions tested were able to match the degreamafomization observed experimentally. This
is because the simulation currently selects reallitd grain orientations from a sub-set of the
orientations present in the deformed microstructubs there are few grains oriented
significantly away from ND in the (001) pole figuia the deformed microstructure, it is

impossible for those orientations to appear duthmg simulation. One possibility is that the



21

EBSD map was not acquired at a sufficient resatutm capture all of the possible sub-grain
orientations that would later become nuclei, arat ih systematically failed to identify sub-
grains with more random orientations.

Another possibility is that the deformation microsture in Fig. 1 has not completed
recovery and that the dislocation walls that sdpasab-grains are still forming. In order to
acquire a well-indexed EBSD pattern, the defornmatiocrostructure was annealed at 450°C for
30 seconds prior to analysis [31], which was belieto be sufficient for dislocations to form a
recovery microstructure and establish sub-grainnbaties. Due to the complexity of
deformation modes in-uranium, and the large intra-granular misorieotadistill present in Fig.

1, this assumption may be incorrect. If dislocagionontinue to rearrange prior to
recrystallization, a broader spread of site origoma than observed in Fig. 1 could be formed.
The deformation modes active #ruranium are complex and highly dependent on teatpe
and nature of the applied stress [5 - 10]. Warnelkclolling at 300°C is expected to result in
high activity of the [100](010), [100](001) an{;sl(lio){llo} slip modes, in addition to
deformation twinning. A tilt wall sub-grain boungaformed by [100](001) “floor” mode
dislocations will rotate the c-axis of the matef@iming a sub-grain in the c-a plane about the b-
axis. For the texture of clock-rolleduranium, with a strong alignment of the (010) axiisng
RD, evolving floor mode tilt boundaries would thiere lead to the experimentally observed

spread of *G elements in the (001) pole figure gldD. Tilt walls of the [100](010) “wall” and
%(1i0){110} “chimney” modes would both result in analogousations about the c-axis and

spreading of the *C element away from RD. Throtdighse mechanisms it possible that the
nucleation sites identified in the model would exgece rotation away from the strong *C and

*G features before the onset recrystallizationhesr tsub-grain boundaries form, explaining the
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observed differences between the experimental stdhigation texture (Fig. 6) and the

simulated recrystallization texture (Fig. 10, Ggin 300um?). It is important to note that this

potential mechanism, involving the formation of syrhins during recovery and their rotations
from the deformed parent grain matrix, is distifttm continuous sub-grain rotation during
dynamic recrystallization. None of the possiblg@larations for why the model fails to capture
the randomization is exclusive and further worklerxpg the effects of EBSD scan resolution
and recovery times will be needed to sort out tredative contributions.

Recrystallization textures iguranium are expected to be temperature dependased
upon prior results obtained on material which walgl straight-rolled (at room temperature) and
recrystallized using a range of different heatttrests (Fig. 11) [20]. As a consequence, care
must be taken when extrapolating some results preden this paper to other temperature
ranges. The deformation texture of cold straighiedoo-uranium is relatively close to the warm
clock-rolled texture, with strong alignment of (QJdong RD, a four-fold *A element in (100),
and a split TD *G element in (001). Where the waclock-rolled deformation texture has
equally strong intensity along elements *H-*K, tleld straight-rolled texture has a very
prominent *H element, moderate *K, and notably werak and *J elements. Recrystallization at
380°C (300 hr) results in only minor evolution hrettexture, primarily weakening of the *I and
*J elements and appearance of the *B element.drk stontrast, recrystallization at 450°C (15
hr) results in the complete disappearance of trengt*H element along with *I and *J, in a
comparable trend to the warm clock-rolled recryiziation texture at 450°C. To ensure the
difference observed between 380°C and 450°C didesotit from texture evolution during grain
growth, samples recrystallized at 380°C were sulpseity subjected to a 450°C grain growth

treatment, producing a stronger *B element but fatWer changes. There are at least two
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possible explanations for the temperature dependehthe a-uranium recrystallization texture.
Recrystallization at lower temperatures over lortgees is likely to result in a greater density of
nuclei forming within the microstructure, which dily means nucleation on HAGB sites with

lower stored energies. Additionally, the strong penature dependence of several hard slip
systems ina-uranium, e.g. the%(liO){llO} chimney mode, means that the recovery

microstructure may vary significantly with tempena and alter the orientation of sub-grains
that go on to form nuclei. If the contribution frotine number density of nuclei is dominant,
lower temperature recrystallization textures of warlock-rolled samples should resemble the
HAGB: KAM > 6 or KAM > 7 conditions, producing arshger *A texture and weaker *B.
Conversely, if sub-grain boundary evolution playtage role, a texture that does not fit the
KAM threshold based trend should be observed. yRé&alization of warm rolledi-uranium at
temperatures at 550 [7] produces a similar texture to 450°C, so retaljization experiments at
lower temperatures and longer times are necessaggtablish the temperature dependency on
crystallographic texture.

As crystal plasticity computational techniques havartetl to successfully prediot
uranium deformation microstructures [11, 12, 7Bhe of the remaining hurdles to simulating
the full thermomechanical history of uranium com@oats is developing an improved
understanding of nucleation processes within theen@d It is here that Potts modeling used in
conjunction with experimental EBSD data is ableptovide a key contribution by identifying
conditions within the microstructure at differeetrperatures and deformation conditions that
are most likely to form recrystallization nucleihdse conditions can then be incorporated into
microstructural simulations to extend them througtrystallization processes and predict final

microstructures, similar to Radhakrishnan et all].[4Thus, the application of Potts MC
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recrystallization models to EBSD data to screerpfeferential nucleation conditions within the
microstructure also has potential to help resobsies pertaining to the origination of the so
called “rare-earth” texture in Mg-RE, Mg-RE-Zn, alg-Ca-Zn alloys, which currently remains
unresolved [73].
6. Conclusions

A Monte Carlo Potts model was used to simulatecstatrystallization textures resulting
from annealing of warm-rolledi-uranium. In particular, different nucleation siselection
concepts applied to experimental EBSD data revedlet nuclei form, as previously
hypothesized, along non-twin HAGBSs in the deformedrostructure at 450°C. The nuclei do
not occur homogenously along the HAGBSs, howeved, ame preferentially located in areas of
large stored energy which are indicated by esggciaigh intra-granular misorientations
measured using the Kernel Average MisorientatioANK value. In the future, trends noted
between the location of the recrystallized nucléhin the deformed microstructure and the
resulting simulated textures can in turn be appitestudies on the temperature dependeney of
uranium recrystallization textures. Pinpointing thicrostructural conditions that can be used to
best identify nuclei withino-uranium can inform how deformation microstructusasiulated
using crystal plasticity techniques will respondéorystallization.
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Fig. 1 Experimental EBSD map and stereographic pole fgufethea-uranium warm clock-
rolled deformed microstructure adapted from datgimally presented in Ref. [31], with inverse
pole-figure (IPF) coloring along the RD directidnversion symmetry can reduce the IPF map
further by half, but has not been applied to mantantrast in the figure. The microstructure is
dominated by multiple modes of deformation twinniagd large intragranular misorientation
gradients. There is a strong alignment of the (@&@s along the rolling direction, and the (001)
axes along ND with a clear splitting along TD.



= =

e

g 4

= .| @
&

1 =]

=

=]

7]

Fig. 2 Map of grain boundaries designated either as HAGBEwins for thea-uranium warm
clock-rolled deformed microstructure seen in Fig. 1
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deformed microstructure seen in Fig. 1, exhibitmgapproximately log-normal distribution.
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Fig. 6 Experimental EBSD map and stereographic pole fgyafethea-uranium warm clock-
rolled deformed microstructure recrystallized a0%5 for 16 seconds, originally presented in
Ref. [31]. Inverse pole-figure (IPF) coloring i©ay the RD direction. The recrystallized grains
are clustered into like-sized bands across theasiiercture and the texture has evolved from the
deformed state, becoming notably weaker.
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Fig. 8 Trends in the strength of the different elementg.(B) between both experimentally
determined and simulated recrystallization textumsd in Fig. 7. Note: The importance of
each element is not equal and the values do natyalwapture changes to the spread or shape of
the elements, which are better observed in thepeaetive pole figures.
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Fig. 11 Experimental XRD stereographic pole figures ofignt cold-rolleda-uranium and
recrystallization textures at different heat treattnconditions, adapted from raw data presented
in Ref. [20] and converted into approximate MRDIsaalues for comparison.



Highlights:

Monte Carlo Potts modelling and experimental etectvackscattered diffraction data are
used to simulate the static recrystallization texthat results from annealing warm-
rolled a-uranium.

This study demonstrates that, consistent with miiservations, recrystallized nuclei in
a-uranium form preferentially on non-twin high-anglein boundary sites at 450°C.

In a new finding, nucleation along these boundasdsund to occur only at a highly
constrained subset of sites possessing the lallggstes of local deformation.

These nucleation conditions can be incorporatemianinitio microstructural simulations
to extend them through recrystallization processebspredict final microstructures.



Instructions for the RXMonteCarlo2D C++ Code

This code was written at the University of Virginia by Matt Steiner, Ph.D. in conjunction with Professor Sean
Agnew, Ph.D. It is being provided as open source material, and the authors ask that those wishing to use or build
upon the code cite the paper it was originally distributed with:

M.A. Steiner, R.J. McCabe, E. Garlea and S.A. Agnew, “Monte Carlo Modeling of Recrystallization Processes in
alpha-Uranium”, Journal of Nuclear Materials (2017)

This code represents an expansion of the grain growth code originally distributed with:

M.A. Steiner, J.J. Bhattacharyya, and S.R. Agnew, "The Origin and Enhancement of {0001}<11-20> Texture during Heat
Treatment of Rolled AZ31B Magnesium Alloys", Acta Materialia (2015)

And now includes recrystallization and recovery phenomena. These papers describe the functionality of the code and
will be a helpful starting point for those wishing to modify it. Newer versions of the code may be available and
we encourage those interested to contact the authors.

In addition to the obvious expansions in the code several changes have been made in the internal structure of the
program between versions. Energy and mobility terms are now calculated to the nearest 1 degree increments, saving
a great deal of computational speed. Grain orientation data now has all three Euler angles rounded into integer
steps at the beginning with a user set interval, which was necessary for recrystallization cases as each grain no
longer has one average value and computation costs are raised.

The RXMonteCarlo2D program supports all possible crystal symmetry groups. As distributed the code currently only
supports input and output in Oxford Instruments’ HKL Channel 5 .CTF format. The object oriented implementation,
however, should make expansion to other file formats straightforward. The program does not currently support any
common speedup algorithms (e.g. tracking boundary sites) as the 2D implementation keeps operation time fairly
manageable. A Read-Shockley grain boundary energy and mobility are currently hard coded into program. KAM values
are read into the program in the standard export format of Oxford instruments, one column header line followed by
four columns containing: index, X, Y, KAM.

The code is commented throughout to assist the programmer but a following overview of the class structure may
prove helpful:

RXMonteCarlo2D

Core class of the program including the main() call and all parameters that will need to be changed regularly,
including the files to load and print to, symmetry, the number of time steps, and the cyclic number of time steps
to print after

FileHandler
Responsible for loading information from a .CTF EBSD data file as well as printing back in this format. The
class that would need to be expanded if wanting to add additional file support.



MonteCarloEngine:
Handles the core of the Monte Carlo simulation. A number of different nucleation events and time step
functions are available, with comments describing how each operates.

GrainMap

Holds a matrix of the grain identifications of all pixel positions , as well as a list of all the grains in the
microstructure

Grain:

A grain object in the program. Has a unique identification number, set of three Euler angles, and a rotation
matrix relative to the reference frame.

MisorientationAngles:

Computes and stores the misorientation angle between all grains in the microstructure using proper symmetry.
The most computationally intensive step in the program. By computing and storing this data only once before
starting the MC simulation significant computational savings are made for most simulations, even if many of the
grains will never border. The handling of this class could be optimized significantly if the matrix were
initialized the first time each calculation is attempted rather than upfront. If the program is taking longer
than a minute or two to pass through the initiation of this class then implementing such an optimization may be
worthwhile to the programmer.

BoundaryProperties:
Computes and stores the mobilities and energies between misorientation angles based upon a Read-Shockley model.

Neighbors:
Used to calculate the position of neighboring pixels while imposing periodic boundary conditions

Matrix:
3 x 3 Matrix object, specifically introduced for storing rotation matrices. Can transform three Euler angles
in Bunge convetion to a rotation matrix using constructor. May need to add a new constructor if adding an input

file that is not in Bunge convention.



/*RXMonteCarlo2D.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include <iostream>

#include "FileHandler.h"

#include "MisorientationAngles.h"
#include "BoundaryProperties.h"
#include "GrainMap.h"

#include "MonteCarloEngine.h"

using namespace std;

int main ()
{
//set file location to load, file location basename for saving, and optionally a KAM file to load)
FileHandler file = FileHandler ("/cygdrive/c/Users/You/Folder/filename.CTF",
"/cygdrive/c/Users/You/Folder/printfileBaseName",
"/cygdrive/c/Users/You/Folder/KAMfilename.txt") ;

// From designations in Kocks "Texture and Anisotropy"

[/ —mmmm e
// Hexagonal 6 | 622, 32, 6, 3
// Cubic 3 | 432, 23, 3

// Tetragonal 4 | 42, 4

// Orthogonal 4 | 222

// Monoclinic 4 | 2

// Triclinic 4 | 1

//manually input symmetry of the sample
int symBranch = 4;
int symGroup = 222;

//simulation lattice temperature, recommended 0.6-0.7, prevents hang-ups on 2D square lattice w/8 neighbors
float symTemp = 0.66;

//mobility scaling factor (m <= 1) for grain growth portion of the simulation
float mobility = 0.2;

//Reads in the file, reduces it down to int type data of reduced order (e.g. Euler angles binned by 5) for
size, minimum of 1

GrainMap initialMap = file.InitialMap(5);

//prints the binned map to file for record (optional line)



file.PrintMapToCTFFile (initialMap,0)

//initiates MC Engine
MonteCarloEngine mcEngine = MonteCarloEngine (initialMap, symTemp, symBranch, symGroup,mobility) ;

//****************************************************************************************

// The following code is an example and must be editted. It demonstrates running
// multiple simulations from the same starting structure, which reuses the intense

// intialization calculations and saves computation time.
//****************************************************************************************

//enter MC steps to run, number of steps to save a new file after (repeating)
int timeSteps = 200;
int printEvery = 20;

//nucleates recrystallized grains, multiple functions available in MCEngine (see MCEngine.h)
//can be placed inside following loop for multiple instances
mcEngine.NucleateRXbyKAMThreshold(9,1);

//loop that executes a MC time step

for (int count = 1; count < timeSteps+l ; count ++)

{
//multiple alternate functions available in MCEngine (see MCEngine.h)
mcEngine.OneTimeStepRXOnlyHighMobility () ;

cout << "Iteration " << count << " run\n";

//prints an output file
if (count % printEvery == 0)

{

file.PrintMapToCTFFile (mcEngine.CurrentMap (), "runl-", count);
}

//reuses the initial map and calculations for another independent run of the simulation
mcEngine.resetMapTo (initialMap) ;
mcEngine.NucleateRXbyKAMThreshold (9,1) ;
for (int count = 1; count < timeSteps+l ; count ++)
{
mcEngine.OneTimeStepRXOnlyHighMobility () ;
cout << "Iteration " << count << " run\n";
if (count % printEvery == 0)

{

file.PrintMapToCTFFile (mcEngine.CurrentMap (), "run2-", count);



//****************************************************************************************

// End of example code

//****************************************************************************************

//ends main
return 0;



/* FileHandler.h*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#ifndef FILEHANDLER H

#define FILEHANDLER H_

#include <string>

#include "Grain.h"

#include "GrainMap.h"

#include "MisorientationAngles.h"
using namespace std;

class FileHandler
{
private:

string myInputFile;
string myOutputFileBase;
string myKAMFile;
string myFileHeader;
float myXStep;
float myYStep;

public:
FileHandler (string inputFileName, string outputFileName) ;
FileHandler (string inputFileName, string outputFileBaseName, string theKAMFileName) ;
GrainMap InitialMap(int myOrder) ;
void PrintMapToCTFFile (GrainMap myGrainMap, int addendum) ;
void PrintMapToCTFFile (GrainMap myGrainMap, string addon, int addendum) ;
void PrintMapToMapFile (GrainMap myGrainMap) ;
void PrintMapToGrainIDFile (GrainMap myGrainMap) ;
void PrintMapToKAMFile (GrainMap myGrainMap, int addendum) ;

b

#endif /* FILEHANDLER H  */



/* FileHandler.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

"FileHandler.h"
<iostream>
<fstream>
<string>
<stdlib.h>
<sstream>
"Grain.h"
"GrainMap.h"
<vector>
<math.h>

#include "MisorientationAngles.h"
using namespace std;

FileHandler::FileHandler (string inputFileName, string outputFileBaseName)
{

// sets the input file

myInputFile = inputFileName;

// sets the output file base name
myOutputFileBase = outputFileBaseName;

// defaults, to be set during InitialMap
myXStep = 1;

myYStep = 1;

myFileHeader = "";

myKAMFile = "";
}

//reads in standard files along with a Kernel Average Misorientation File (of Channel 5 txt export format)
FileHandler::FileHandler (string inputFileName, string outputFileBaseName, string theKAMFileName)
{

// sets the input file

myInputFile = inputFileName;

// sets the output file base name
myOutputFileBase = outputFileBaseName;

// sets the KAM input file
myKAMFile = theKAMFileName;



// defaults, to be set during InitialMap
myXStep = 1;

myYStep = 1;

myFileHeader = "";

}

GrainMap FileHandler::InitialMap (int myOrder)
{

// Initializes cell count variables

int myXCells;

int myYCells;

// starts the input procedure
string tempString;
ifstream myFile (myInputFile.c str());

// Stores header and initializes cell and step variables from CTF file
for(int line = 1; line < 16; line++)
{

getline (myFile, tempString) ;

myFileHeader += tempString + "\n";

if(line == 5)
{

tempString.erase (0, 6);

myXCells = atoi(tempString.c str());
bi
if (line == 06)
{

tempString.erase (0, 6);

myYCells = atoi(tempString.c str());
bi
if (line == 7)
{

tempString.erase(0,5);

myXStep = atof (tempString.c str());
}i

if(line == 8)
{

tempString.erase(0,5);

myYStep = atof (tempString.c str());
}i



// Creates temporary storage units for each row's data
short int *eulerAngl;

short int *eulerAng2;

short int *eulerAng3;

eulerAngl = new short int[myXCells*myYCells];
eulerAng2 = new short int[myXCells*myYCells];
eulerAng3 = new short int[myXCells*myYCells];

// Reads through tabular CTF data and stores Euler angles from each line

for (int row = 0; row < myXCells*myYCells; row++)
{

getline (myFile, tempString);

istringstream ss(tempString);

string tempClip;

//rounds Euler angles to nearest int "order" degrees
for(int col = 1; col < 9; col++)
{
getline(ss, tempClip, '\t');
if (col == 6)
{
float templ = atof (tempClip.c _str());
templ = roundf (templ/myOrder) *myOrder;
eulerAngl[row] = (short int) templ;
}i
if(col == T7)
{
int temp2 = atof (tempClip.c str()):;
temp2 = roundf (temp2/myOrder) *myOrder;
eulerAng2[row] = (short int) temp2;
bi
if (col == 8)
{
int temp3 = atof (tempClip.c str());
temp3 = roundf (temp3/myOrder) *myOrder;
eulerAng3[row] = (short int) temp3;
}i
}

//tracker
cout << "map row " << row << " read\n";

}

myFile.close()



//Program Status Update
cout << "Input File Read\n";

//initiates KAM value storage
float *theKAMValues;
theKAMValues = new float[myXCells*myYCells];

//KAM file input is in the standard export format of Oxford instruments, one column header line
//followed by four columns containing: index, X, Y, KAM

//runs 1if a KAM file needs to be read in
if (myKAMFile != "")
{
//sets second stream for KAM file
ifstream myFile2 (myKAMFile.c str());

//tosses first line (column titles)
getline (myFile, tempString) ;

//reads in each line
for (int row = 0; row < myXCells*myYCells; row++)
{

getline (myFile2, tempString);

istringstream ss(tempString);

string tempClip;

//grabs the KAM value in the last column
for(int col = 1; col < 5; col++)
{
getline(ss, tempClip, '\t');
1if (col == 4)
{
float templ = atof (tempClip.c_str());

//Adds a very small residual KAM for accounting purposes

//Allows differentiation from new nucleated recystallized grains with KAM=0
theKAMValues[row] = templ + 0.001;

}

//tracker
cout << "KAM row " << row << " read\n";



}

myFile2.close();
t

//runs if no KAM file, sets all KAMs to 0
else

{

for (int iteration = 0; iteration < myXCells*myYCells; iteration++)

{
theKAMValues[iteration] = 0;

}

//returns a GrainMap object initialized from the file data
return GrainMap (int (myXCells), int (myYCells), eulerAngl, eulerAng2 ,eulerAng3,

void FileHandler::PrintMapToCTFFile (GrainMap myGrainMap, int addendum)

{

//sets the file name to be printed to
ostringstream myFileName;
myFileName << myOutputFileBase << addendum <<".CTE";

//creates the output file
ofstream myFile (myFileName.str().c str());

//prints stored file header
myFile << myFileHeader;

//prints grain map back into CTF format
for(int y = 0; y < myGrainMap.GetYSize(); y++)
{
for(int x = 0; x < myGrainMap.GetXSize(); x++)
{
//prints "Phase" column data
myFile << "I1\t";

//prints X & Y positions with original step adjustment
myFile << myXStep*x << "\t";
myFile << myYStep*y << "\t";

//prints "Bands" and "Error" lines
myFile << "0\t0\t";

//finds corresponding grain and prints euler angles
Grain tempGrain = myGrainMap.GetGrainAtGrid(x,yVy):;

theKAMValues) ;



myFile << tempGrain.GetEulerAnglel () << "\t";
myFile << tempGrain.GetEulerAngle2 () << "\t";
myFile << tempGrain.GetEulerAngle3 () << "\t";

//prints "MAD", "BC" and "BS" lines, terminates line
myFile << "0\t0O\tO\r\n";
}
}
myFile.close ()

}

void FileHandler::PrintMapToCTFFile (GrainMap myGrainMap, string addon, int addendum)
{

//sets the file name to be printed to

ostringstream myFileName;

myFileName << myOutputFileBase << addon << addendum <<".CTE";

//creates the output file
ofstream myFile (myFileName.str().c str());

//prints stored file header
myFile << myFileHeader;

//prints grain map back into CTF format
for(int y = 0; y < myGrainMap.GetYSize(); y++)
{
for(int x = 0; x < myGrainMap.GetXSize (); x++)
{
//prints "Phase" column data
myFile << "I\t";

//prints X & Y positions with original step adjustment
myFile << myXStep*x << "\t";
myFile << myYStep*y << "\t";

//prints "Bands" and "Error" lines
myFile << "0\t0\t";

//finds corresponding grain and prints euler angles
Grain tempGrain = myGrainMap.GetGrainAtGrid(x,yVy):;
myFile << tempGrain.GetEulerAnglel () << "\t";
myFile << tempGrain.GetEulerAngle2 () << "\t";
myFile << tempGrain.GetEulerAngle3 () << "\t";

//prints "MAD", "BC" and "BS" lines, terminates line



myFile << "0\t0O\tO\r\n";
}
}
myFile.close ()

}

void FileHandler::PrintMapToMapFile (GrainMap myGrainMap)
{
//sets the file name to be printed to
ostringstream myFileName;
myFileName << myOutputFileBase << ".map";

//creates the output file
ofstream myFile (myFileName.str().c str());

//prints file header
myFile << myGrainMap.GetXSize () << "\r\n";
myFile << myGrainMap.GetYSize () << "\r\n";

//prints grain map into MAP format
for(int yv = 0; y < myGrainMap.Get¥YSize(); y++)
{
for(int x = 0; x < myGrainMap.GetXSize(); x++)
{
//prints X & Y positions with original step adjustment
myFile << myXStep*x << "\t";
myFile << myYStep*y << "\t";

//finds corresponding grain and prints grain ID
Grain tempGrain = myGrainMap.GetGrainAtGrid(x,y);
myFile << tempGrain.GetID() << "\t";

//terminates line
myFile << "\r\n";
}
}
myFile.close ()

}

void FileHandler::PrintMapToGrainIDFile (GrainMap myGrainMap)
{

//sets the file name to be printed to

ostringstream myFileName;

myFileName << myOutputFileBase << ".gid";



//creates the output file
ofstream myFile (myFileName.str().c str());

//prints grain list into GID format
for(int y = 0; y < myGrainMap.GetGrainListSize(); y++)
{

//prints grain ID

myFile << y << "\t";

//finds corresponding grain and prints euler angles
Grain tempGrain = myGrainMap.GetGrainAtID(y) ;
myFile << tempGrain.GetEulerAnglel () << "\t";
myFile << tempGrain.GetEulerAngle2 () << "\t";
myFile << tempGrain.GetEulerAngle3 () << "\t";

//terminates line
myFile << "\r\n";

}
myFile.close();

}

void FileHandler::PrintMapToKAMFile (GrainMap myGrainMap, int addendum)
{

//sets the file name to be printed to

ostringstream myFileName;

myFileName << myOutputFileBase << addendum << ".kam";

//creates the output file
ofstream myFile (myFileName.str().c str());

//prints file header
myFile << "X\tY\tLocalMisorientation\r\n";

//prints grain map into MAP format
for(int y = 0; y < myGrainMap.GetYSize(); y++)
{
for(int x = 0; x < myGrainMap.GetXSize(); x++)
{
//prints X & Y positions with original step adjustment, then the local KAM value
myFile << myXStep*x << "\t";
myFile << myYStep*y << "\t";
myFile << myGrainMap.GetKAMAtGrid(x,y)

//terminates line



ACCEPTED MANUSCRIPT

myFile << "\r\n";
}
}

myFile.close();



/* MonteCarloEngine.h */

//Written by Matt Steiner,

Ph.D (2016).

#ifndef MONTECARLOENGINE H
#define MONTECARLOENGINE H
#include "GrainMap.h"

#include "BoundaryProperties.h"
#include "MisorientationAngles.h"

class MonteCarloEngine

{

private:

float systemTemp;
vector<vector <int> >
GrainMap currentMap;
MisorientationAngles myAngles;
BoundaryProperties boundaryProperties;

myCoordinatePairs;

public:

isotropic m

float myTemp, int mySymmetry,
int myX, int myY):;

MonteCarloEngine (GrainMap myMap,
float FindBoundaryEnergy (int myID,

GrainMap CurrentMap () ;

void resetMapTo (GrainMap resetMap) ;

//Time step commands

//ignores all recrystallization behavior
void OneTimeStepStandard() ;

//RX
1)
void

OneTimeStepRXOnlyHighMobility () ;
//RX grains expand based on energy,
void

//RX grains expand based on energy,

scaling factor

void

//Same as previous but with a recovery mechanism added

void OneTimeStepRXOnlyWithKAMFactorHighMobilityWithRecovery (float myKAMfactor,

fractionAfterRecovery);

grains expand 100% of time into non-recrystallized regions,

released KAM energy set by factor

OneTimeStepRXOnlyWithKAMFactorDetailedMobility (float myKAMfactor,

Instructions & citation info in ReadMe.txt

int myGroup, float mobilityModifier);

standard otherwise

(RX mobility isotropic m

OneTimeStepRXOnlyWithKAMFactorHighMobility (float myKAMfactor) ;

float myMobilityFactor);

float

(RX mobility

uses a more detailed RX mobility approach with another added



void OneTimeStepRXOnlyWithKAMFactorDetailedMobilityWithRecovery (float myKAMfactor, float

myMobilityFactor, float fractionAfterRecovery);

//Nucleation commands

float twinAngle,

//nucleates only the high angle grain boundaries, with option to exclude twins
void NucleateRXbyBoundary (float probability, float minAngle);
void NucleateRXbyBoundary (float probability, float minAngle, float twinAngle, float twinWindow) ;

//nucleates based upon KAM, either as a threshold or using a function
void NucleateRXbyKAMThreshold (float recrystThreshold, float probability);
void NucleateRXbyKAMFunction (float myKAMThreshold, float myKAMExponent, float probability);

//permutations combining both the boundary and KAM nucleation conditions

void NucleateRXbyBoundaryKAMThreshold(float recrystThreshold, float probability, float minAngle);
void NucleateRXbyBoundaryKAMThreshold (float recrystThreshold, float probability, float minAngle,
float twinWindow) ;

void NucleateRXbyBoundaryKAMFunction (float myKAMThreshold, float myKAMExponent, float

probability, float minAngle);

void NucleateRXbyBoundaryKAMFunction (float myKAMThreshold, float myKAMExponent, float

probability, float minAngle, float twinAngle, float twinWindow) ;

b

//nucleates more sites based on shuffling, not for common usage
void RandomNonRXShuffle (int everyNumPoint) ;

#endif /* MONTECARLOENGINE H */



/* MonteCarloEngine.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include "MonteCarloEngine.h"
#include "GrainMap.h"

#include <vector>

#include <iostream>

#include <algorithm>

#include <cstdlib>

#include "Neighbors.h"

#include "BoundaryProperties.h"
#include "MisorientationAngles.h"
#include <math.h>

using namespace std;

//initializes the MC Engine
MonteCarloEngine: :MonteCarloEngine (GrainMap myMap, float myTemp, int mySymmetry, int myGroup, float
mobilityModifier)
{
currentMap = myMap;
systemTemp = myTemp;
myAngles = MisorientationAngles (myMap, mySymmetry, myGroup) ;
boundaryProperties = BoundaryProperties (mobilityModifier);

//creates a vector of all possible coordinate pairs to be shuffled and iterated through
vector<vector <int> > tempCoordinatePairs;

for(int x = 0; x < currentMap.GetXSize(); x)

{
for(int yv = 0; y < currentMap.Get¥Size(); V)

{
vector <int> tempCoord(2) ;
tempCoord[0] = x;
tempCoord[l] = y;
tempCoordinatePairs.push back (tempCoord) ;

}
myCoordinatePairs = tempCoordinatePairs;

//seeds random numbers necessary for Monte Carlo simulation
srand (unsigned (time(0)));

}

//finds the boundary energy associate with grain with myID being located at location X,Y



float MonteCarloEngine::FindBoundaryEnergy (int myID, int myX, int myY)

{
float myTotalEnergy = 0;

//sums the boundary energy with each of the eight neighbors
for (int neighbor = 0; neighbor < 8; neighbor)
{
//gets the ID of the grain at neighboring position
int myNeighboringX = Neighbors: :GetNeighborX (neighbor,myX) ;
int myNeighboringY = Neighbors: :GetNeighborY (neighbor,myY) ;
int myNeighboringID = currentMap.GetIDAtGrid (myNeighboringX,myNeighboringY) ;

//add the energy to the sum
myTotalEnergy = boundaryProperties.GetEnergy (myAngles.GetAngleAt (myID,myNeighboringID)) ;

return myTotalEnergy;

}

//returns the current state of the grain map
GrainMap MonteCarloEngine::CurrentMap ()
{

return currentMap;

}

//Must be careful when invoking to pass a map generated from the CurrentMap function from the same data set
//By storing an early simulation state with CurrentMap this can be used to run multiple simulations without
//needing to reperform the intensive initialization steps
void MonteCarloEngine::resetMapTo (GrainMap resetMap)
{

currentMap = resetMap;

}

//runs one Monte Carlo trial on all grid locations in a random order
void MonteCarloEngine: :0OneTimeStepStandard ()
{
//randomly shuffles the order the grid will be tested
random_shuffle (myCoordinatePairs.begin(),myCoordinatePairs.end());

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//picks a random neighbor location

int randomNeighbor = rand()%8;



//finds the coordinates of the current location and the randomly picked neighbor
int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location][1];

int myNeighborX = Neighbors::GetNeighborX (randomNeighbor,myCoordX) ;

int myNeighborY = Neighbors: :GetNeighborY (randomNeighbor,myCoordyY) ;

//finds the grain IDs at the location and selected neighbor
int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY¥) ;
int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//only progresses further if the two locations belong to different grains

if (myCoordID != myNeighborID)

{
//establishes necessary quantities
float currentEnergy = FindBoundaryEnergy (myCoordID, myCoordX,myCoordY) ;
float alternateEnergy = FindBoundaryEnergy (myNeighborID, myCoordX,myCoordY) ;
float boundaryMobility =

boundaryProperties.GetMobility (myAngles.GetAngleAt (myCoordID, myNeighborID)) ;

//probabilities used for Monte Carlo step
float movementProbability;
float probabilityThreshold = (float)rand() / RAND MAX;

//if the new configuration is lower energy probability is Jjust the mobility
if (alternateEnergy < currentEnergy)
{
movementProbability = boundaryMobility;
}
//or if the new energy is higher it follow an arrhenius relation
else
{
movementProbability = boundaryMobility*exp ((currentEnergy -alternateEnergy) /systemTemnp) ;

}

//if the attempt clears the necessary probability the location flips to the new ID
if (probabilityThreshold < movementProbability)

{
currentMap.SetIDAtGrid (myCoordX,myCoordY, myNeighborID) ;

}

}

//runs one Monte Carlo trial in a random order allowing only recrystallized grains to expand, RX grains always
expand into non-recrystallized



//behaves just like standard time step if no KAM file is given (all points "recrystallized" with KAM
void MonteCarloEngine: :0OneTimeStepRXOnlyHighMobility ()
{

//randomly shuffles the order the grid will be tested

random_shuffle (myCoordinatePairs.begin(),myCoordinatePairs.end());

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//picks a random neighbor location

int randomNeighbor = rand()%8;

//finds the coordinates of the current location and the randomly picked neighbor
int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location][1];

int myNeighborX = Neighbors::GetNeighborX (randomNeighbor,myCoordX) ;

int myNeighborY Neighbors: :GetNeighborY (randomNeighbor,myCoordY) ;

//finds the grain IDs at the location and selected neighbor
int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY) ;
int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds the KAM at the location and selected neighbor
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;
float neighborKAM = currentMap.GetKAMAtGrid (myNeighborX,myNeighborY) ;

//only progresses further if the neighbor selected belongs to a recrystallized grain
if (neighborKAM == 0)
{
//1f selected location is also recrystallized proceeds as normal
if (pickedKAM == 0)
{
//establishes necessary quantities
float currentEnergy = FindBoundaryEnergy (myCoordID, myCoordX,myCoordY) ;
float alternateEnergy = FindBoundaryEnergy (myNeighborID, myCoordX,myCoordY) ;
float boundaryMobility =
boundaryProperties.GetMobility (myAngles.GetAngleAt (myCoordID, myNeighborID)) ;

//probabilities used for Monte Carlo step
float movementProbability;
float probabilityThreshold = (float)rand() / RAND MAX;

//1f the new configuration is lower energy probability is just the mobility
if (alternateEnergy < currentEnergy)

{

0)



movementProbability = boundaryMobility;
}

//or 1f the new energy is higher it follow an Arrhenius relation
else
{
movementProbability = boundaryMobility*exp ((currentEnergy -
alternateEnergy) /systemTemp) ;
}

//1f the attempt clears the necessary probability the location flips to the new ID
if (probabilityThreshold < movementProbability)

{
currentMap.SetIDAtGrid (myCoordX, myCoordY, myNeighborID) ;
}
}

//1f selected pixel is not recrystallized, recrystallized neighbor grows into it
else

{
currentMap.SetIDAtGrid (myCoordX,myCoordY, myNeighborID) ;

currentMap.SetKAMAtGrid (myCoordX,myCoordY, 0) ;

}

//runs one Monte Carlo trial in a random order allowing only recrystallized grains to expand based on KAM
(~dislocation energy) released and Read-Schockley
//mobility for recrystallization always m = 1
void MonteCarloEngine: :0neTimeStepRXOnlyWithKAMFactorHighMobility (float myKAMfactor)
{
//randomly shuffles the order the grid will be tested
random_shuffle (myCoordinatePairs.begin(),myCoordinatePairs.end());

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//picks a random neighbor location

int randomNeighbor = rand() %8;

//finds the coordinates of the current location and the randomly picked neighbor
int myCoordX = myCoordinatePairs[location][0];

int myCoordY = myCoordinatePairs[location][1];

int myNeighborX = Neighbors::GetNeighborX (randomNeighbor,myCoordX) ;

int myNeighborY = Neighbors::GetNeighborY (randomNeighbor,myCoordyY) ;



//finds the grain IDs at the location and selected neighbor
int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY¥) ;
int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds the KAM at the location and selected neighbor
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;
float neighborKAM = currentMap.GetKAMAtGrid (myNeighborX, myNeighborY) ;

//only progresses further if the neighbor selected belongs to a recrystallized grain

if (neighborKAM == 0)

{
//establishes difference in energy between current and tested conditions
//IMPORTANT : KAM energy contributes to the released energy, scaled by KAMfactor
float currentEnergy = FindBoundaryEnergy (myCoordID, myCoordX,myCoordY) pickedKAM*myKAMfactor;
float alternateEnergy = FindBoundaryEnergy (myNeighborID, myCoordX,myCoordY) ;
float boundaryMobility =

boundaryProperties.GetMobility (myAngles.GetAngleAt (myCoordID, myNeighborID)) ;

//removes the mobility barrier if the picked grain is not recrystallized, growth still limited by
the
//probability term if KAM is relatively low.
if (pickedKAM != 0)
{
boundaryMobility = 1;
}

//probabilities used for Monte Carlo step
float movementProbability;
float probabilityThreshold = (float)rand() / RAND MAX;

//if the new configuration is lower energy probability is just the mobility
if (alternateEnergy < currentEnergy)
{
movementProbability = boundaryMobility;
}
//or 1f the new energy is higher it follows an Arrhenius relation
else
{
movementProbability = boundaryMobility*exp ((currentEnergy -alternateEnergy)/systemTemp) ;

}

//1f the attempt clears the necessary probability the location flips to the new ID
if (probabilityThreshold < movementProbability)
{



currentMap.SetIDAtGrid (myCoordX, myCoordY,myNeighborID) ;
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

//runs one Monte Carlo trial in a random order allowing only recrystallized grains to expand based on KAM
(~dislocation energy) released and Read-Schockley
//mobility is modified by a multiplicative terms of myMobilityFactor*pickedKAM following the suggestion of paper:
// Y.B. Chun, S.L Semiatin, S.K. Hwang, Acta Materialia 54 (2006) p.3673-3689
void MonteCarloEngine: :0OneTimeStepRXOnlyWithKAMFactorDetailedMobility (float myKAMfactor, float myMobilityFactor)
{

//randomly shuffles the order the grid will be tested

random_shuffle (myCoordinatePairs.begin(),myCoordinatePairs.end());

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//picks a random neighbor location

int randomNeighbor = rand() %8;

//finds the coordinates of the current location and the randomly picked neighbor
int myCoordX = myCoordinatePairs[location][0];

int myCoordY = myCoordinatePairs[location][1];

int myNeighborX = Neighbors::GetNeighborX (randomNeighbor,myCoordX) ;

int myNeighborY = Neighbors::GetNeighborY (randomNeighbor,myCoordY) ;

//finds the grain IDs at the location and selected neighbor
int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordyY) ;
int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds the KAM at the location and selected neighbor
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;
float neighborKAM = currentMap.GetKAMAtGrid (myNeighborX, myNeighborY) ;

//only progresses further if the neighbor selected belongs to a recrystallized grain

if (neighborKAM == 0)

{
//establishes difference in energy between current and tested conditions
//IMPORTANT : KAM energy contributes to the released energy, scaled by KAMfactor
float currentEnergy = FindBoundaryEnergy (myCoordID, myCoordX,myCoordY) pickedKAM*myKAMfactor;
float alternateEnergy = FindBoundaryEnergy (myNeighborID, myCoordX,myCoordY) ;
float boundaryMobility =

boundaryProperties.GetMobility (myAngles.GetAngleAt (myCoordID, myNeighborID)) ;



//modifies the mobility to scale with the released energy if the site is recrystallizing, like
the KAMfactor this
//mobility factor must be calibrated in some manner to experimental observations
if (pickedKAM != 0)
{
boundaryMobility = boundaryMobility*pickedKAM*myMobilityFactor;
}

//probabilities used for Monte Carlo step
float movementProbability;
float probabilityThreshold = (float)rand() / RAND MAX;

//1f the new configuration is lower energy probability is just the mobility
if (alternateEnergy < currentEnergy)
{
movementProbability = boundaryMobility;
}
//or 1f the new energy is higher it follows an Arrhenius relation
else
{
movementProbability = boundaryMobility*exp ((currentEnergy -alternateEnergy)/systemTemp) ;

}

//1f the attempt clears the necessary probability the location flips to the new ID
if (probabilityThreshold < movementProbability)
{
currentMap.SetIDAtGrid (myCoordX, myCoordY,myNeighborID) ;
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

//runs one Monte Carlo trial in a random order allowing only recrystallized grains to expand based on KAM
(~dislocation energy) released and Read-Schockley
//mobility for recrystallization always m = 1
//recovery mechanism added
void MonteCarloEngine: :0neTimeStepRXOnlyWithKAMFactorHighMobilityWithRecovery (float myKAMfactor, float
fractionAfterRecovery)
{
//randomly shuffles the order the grid will be tested
random_ shuffle (myCoordinatePairs.begin(),myCoordinatePairs.end());

//iterates through all locations on the grid



for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//picks a random neighbor location

int randomNeighbor = rand()%8;

//finds the coordinates of the current location and the randomly picked neighbor
int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location][1];

int myNeighborX = Neighbors: :GetNeighborX (randomNeighbor,myCoordX) ;

int myNeighborY = Neighbors: :GetNeighborY (randomNeighbor,myCoordyY) ;

//finds the grain IDs at the location and selected neighbor
int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY) ;
int myNeighborID = currentMap.GetIDAtGrid (myNeighborX, myNeighborY) ;

//finds the KAM at the location and selected neighbor
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;
float neighborKAM = currentMap.GetKAMAtGrid (myNeighborX,myNeighborY) ;

//only progresses further if the neighbor selected belongs to a recrystallized grain

if (neighborKAM == 0)

{
//establishes difference in energy between current and tested conditions
//IMPORTANT : KAM energy contributes to the released energy, scaled by KAMfactor
float currentEnergy = FindBoundaryEnergy (myCoordID, myCoordX,myCoordY) pickedKAM*myKAMfactor;
float alternateEnergy = FindBoundaryEnergy (myNeighborID, myCoordX,myCoordY) ;
float boundaryMobility =

boundaryProperties.GetMobility (myAngles.GetAngleAt (myCoordID, myNeighborID)) ;

//removes the mobility barrier if the picked grain is not recrystallized, growth still limited by
the
//probability term if KAM is relatively low.
if (pickedKAM != 0)
{
boundaryMobility = 1;
}

//probabilities used for Monte Carlo step
float movementProbability;
float probabilityThreshold = (float)rand() / RAND MAX;

//if the new configuration is lower energy probability is just the mobility
if (alternateEnergy < currentEnergy)

{
movementProbability = boundaryMobility;



}

//or if the new energy is higher it follows an Arrhenius relation
else

{

movementProbability = boundaryMobility*exp ((currentEnergy -alternateEnergy)/systemTemp) ;

}

//1f the attempt clears the necessary probability the location flips to the new ID
if (probabilityThreshold < movementProbability)
{
currentMap.SetIDAtGrid (myCoordX, myCoordY,myNeighborID) ;
currentMap.SetKAMAtGrid (myCoordX,myCoordY, 0) ;

}

//1f the event does not represent a recrystallization attempt, recovery is undergone at the current
site which is reassigned

//some fraction of previous value consistent with expected exponential decrease of stored energy with
time

else

{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, pickedKAM*fractionAfterRecovery) ;

}

//runs one Monte Carlo trial in a random order allowing only recrystallized grains to expand based on KAM
(~dislocation energy) released and Read-Schockley

//mobility is modified by a multiplicative terms of myMobilityFactor*pickedKAM following the suggestion of paper:
// Y.B. Chun, S.L Semiatin, S.K. Hwang, Acta Materialia 54 (2006) p.3673-3689

//recovery mechanism added

void MonteCarloEngine: :0neTimeStepRXOnlyWithKAMFactorDetailedMobilityWithRecovery (float myKAMfactor, float
myMobilityFactor, float fractionAfterRecovery)

{
//randomly shuffles the order the grid will be tested

random_shuffle (myCoordinatePairs.begin(),myCoordinatePairs.end());

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//picks a random neighbor location

int randomNeighbor = rand()%8;

//finds the coordinates of the current location and the randomly picked neighbor
int myCoordX = myCoordinatePairs[location] [0];



int myCoordY = myCoordinatePairs[location][1];
int myNeighborX = Neighbors::GetNeighborX (randomNeighbor,myCoordX) ;
int myNeighborY = Neighbors::GetNeighborY (randomNeighbor,myCoordyY) ;

//finds the grain IDs at the location and selected neighbor
int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY¥) ;
int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds the KAM at the location and selected neighbor
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;
float neighborKAM = currentMap.GetKAMAtGrid (myNeighborX, myNeighborY) ;

//only progresses further if the neighbor selected belongs to a recrystallized grain

if (neighborKAM == 0)

{
//establishes difference in energy between current and tested conditions
//IMPORTANT : KAM energy contributes to the released energy, scaled by KAMfactor
float currentEnergy = FindBoundaryEnergy (myCoordID, myCoordX,myCoordY) pickedKAM*myKAMfactor;
float alternateEnergy = FindBoundaryEnergy (myNeighborID, myCoordX,myCoordY) ;
float boundaryMobility =

boundaryProperties.GetMobility (myAngles.GetAngleAt (myCoordID, myNeighborID)) ;

//modifies the mobility to scale with the released energy if the site is recrystallizing, like
the KAMfactor this
//mobility factor must be calibrated in some manner to experimental observations
if (pickedKAM != 0)
{
boundaryMobility = boundaryMobility*pickedKAM*myMobilityFactor;
}

//probabilities used for Monte Carlo step
float movementProbability;
float probabilityThreshold = (float)rand() / RAND MAX;

//if the new configuration is lower energy probability is Jjust the mobility
if (alternateEnergy < currentEnergy)
{
movementProbability = boundaryMobility;
}
//or if the new energy is higher it follows an Arrhenius relation
else
{
movementProbability = boundaryMobility*exp ((currentEnergy -alternateEnergy)/systemTemp) ;

}



//1f the attempt clears the necessary probability the location flips to the new ID
if (probabilityThreshold < movementProbability)
{
currentMap.SetIDAtGrid (myCoordX, myCoordY,myNeighborID) ;
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

//if the event does not represent a recrystallization attempt, recovery is undergone at the current
site which is reassigned

//some fraction of previous value consistent with expected exponential decrease of stored energy with
time

else

{

currentMap.SetKAMAtGrid (myCoordX, myCoordY, pickedKAM*fractionAfterRecovery) ;
}

}

//sets all positions along high angle grain boundaries (above minumum angle) to recrystallized with a certain
probability

void MonteCarloEngine: :NucleateRXbyBoundary (float probability, float minAngle)

{

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//creates random float 0 to 1

float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location

int myCoordX = myCoordinatePairs[location][0];

int myCoordY = myCoordinatePairs[location][1];

int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY) ;

//tracker for number of high angle neighbors
int highAngleNeighbors = 0;

//iterates through all neighbors, finding the number sharing high angle boundaries
for (int neighbor = 0 ; neighbor < 8 ; neighbor)
{

int myNeighborX = Neighbors::GetNeighborX (neighbor,myCoordX) ;

int myNeighborY = Neighbors::GetNeighborY (neighbor,myCoordyY) ;

int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;



//finds angle between neighbors
float boundaryAngle = myAngles.GetAngleAt (myCoordID,myNeighborID) ;

//tests for a high angle grain boundary
if (boundaryAngle < minAngle)
{
//if the boundary is low angle or a twin function does nothing
}
else
{
//keeps track if a high angle boundary is detected
highAngleNeighbors;

}

//only proceeds if more than one but less than seven neighbors are high angle boundaries
if ((highAngleNeighbors > 1) && (highAngleNeighbors < 7))
{

//...sets location as recrystallized (KAM=0) with given probability

if (probabilityRX < probability)

{

currentMap.SetKAMAtGrid (myCoordX,myCoordY, 0) ;
}

}

//sets all positions along high angle grain boundaries (above minumum angle) to recrystallize with a certain
probability

//additional functionality for a twin misorientation angle and exclusion range

void MonteCarloEngine: :NucleateRXbyBoundary (float probability, float minAngle, float twinAngle, float twinWindow)
{

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{

//creates random float 0 to 1

float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location

int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location][1];

int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY) ;

//tracker for number of high angle neighbors



int highAngleNeighbors = 0;

//iterates through all neighbors, finding the number sharing high angle boundaries
for (int neighbor = 0 ; neighbor < 8 ; neighbor)
{

int myNeighborX Neighbors: :GetNeighborX (neighbor, myCoordX) ;

int myNeighborY = Neighbors::GetNeighborY (neighbor,myCoordY) ;

int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds angle between neighbors
float boundaryAngle = myAngles.GetAngleAt (myCoordID,myNeighborID) ;

//tests for a high angle grain boundary
if ((boundaryAngle < minAngle) || ((boundaryAngle > twinAngle - twinWindow) && (boundaryAngle <
twinAngle twinWindow)))

{

//if the boundary is low angle or a twin function does nothing
}
else

{
//keeps track if a high angle boundary is detected

highAngleNeighbors;

}

//only proceeds if more than one but less than seven neighbors are high angle boundaries
if ((highAngleNeighbors > 1) && (highAngleNeighbors < 7))

{
//...sets location as recrystallized (KAM=0) with given probability

if (probabilityRX < probability)

{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

}

//sets all positions above a certain KAM threshold value to be recrystallized with a certain probability
void MonteCarloEngine: :NucleateRXbyKAMThreshold (float recrystThreshold, float probability)

{

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)

{

//creates random float 0 to 1



float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location
int myCoordX = myCoordinatePairs[location] [0];
int myCoordY = myCoordinatePairs[location][1];

//finds the KAM at the location
float myKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordyY) ;

//1f the KAM at the location is above the threshold
if (myKAM > recrystThreshold)
{
//...sets location as recrystallized (KAM=0) with given probability
if (probabilityRX < probability)
{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, Q) ;
}

}

//nucleates grains based upon a function proposed in:

//Solas et al. Acta Mat. 49 (2001) p3791 & Seo et al. Comp. Mat. Sci. 43 (2008) p512

//first input sets minimum KAM for nucleation, second sets a rate exponent, third a scaling probability
void MonteCarloEngine: :NucleateRXbyKAMFunction (float myKAMThreshold, float myKAMExponent, float probability)

{

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)

{
//creates random float 0 to 1
float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location
int myCoordX = myCoordinatePairs[location] [0];
int myCoordY = myCoordinatePairs[location] [1];

//finds the KAM at the location
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;

//calculates probability of nucleation at the site using an exponential function starting (rising
above 0) at a certain threshold

float nucleateProbability = probability* (l-exp (-1* (pickedKAM - myKAMThreshold) /myKAMExponent)) ;

//nucleates a recrystallized grain at the current location if the condition is met



if (probabilityRX < nucleateProbability)

{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

}

//sets all positions along high angle grain boundaries (above minumum angle) above a certain KAM threshold value

to recrystallize with a certain probability

void MonteCarloEngine: :NucleateRXbyBoundaryKAMThreshold (float recrystThreshold, float probability,

{
//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{
//creates random float 0 to 1
float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location

int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location][1];

int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY¥) ;

//tracker for number of high angle neighbors
int highAngleNeighbors = 0;

//iterates through all neighbors, finding the number sharing high angle boundaries

for (int neighbor = 0 ; neighbor < 8 ; neighbor)

{
int myNeighborX = Neighbors::GetNeighborX (neighbor,myCoordX) ;
int myNeighborY = Neighbors::GetNeighborY (neighbor,myCoordyY) ;

int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds angle between neighbors
float boundaryAngle = myAngles.GetAngleAt (myCoordID,myNeighborID) ;

//tests for a high angle grain boundary
if (boundaryAngle < minAngle)
{

//if the boundary is low angle or a twin function does nothing

}

else

{
//keeps track if a high angle boundary is detected
highAngleNeighbors;

float minAngle)



}

//only proceeds if more than one but less than seven neighbors are high angle boundaries
if ((highAngleNeighbors > 1) && (highAngleNeighbors < 7))
{
//...sets location as recrystallized (KAM=0) with given probability
if (probabilityRX < probability)
{
//finds the KAM at the location
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;

//1f the KAM at the location is above the threshold
if (pickedKAM > recrystThreshold)

{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

//sets all positions along high angle grain boundaries (above minumum angle) above a certain KAM threshold value
to recrystallize with a certain probability
//additional functionality for a twin misorientation angle and exclusion range
void MonteCarloEngine: :NucleateRXbyBoundaryKAMThreshold (float recrystThreshold, float probability, float minAngle,
float twinAngle, float twinWindow)
{
//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{
//creates random float 0 to 1
float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location

int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location][1];

int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY) ;

//tracker for number of high angle neighbors
int highAngleNeighbors = 0;

//iterates through all neighbors, finding the number sharing high angle boundaries
for (int neighbor = 0 ; neighbor < 8 ; neighbor)
{



int myNeighborX = Neighbors::GetNeighborX (neighbor,myCoordX) ;
int myNeighborY Neighbors: :GetNeighborY (neighbor, myCoordY) ;
int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds angle between neighbors
float boundaryAngle = myAngles.GetAngleAt (myCoordID,myNeighborID) ;

//tests for a high angle grain boundary
if ((boundaryAngle < minAngle) || ((boundaryAngle > twinAngle - twinWindow) && (boundaryAngle <
twinAngle twinWindow)))
{
//1f the boundary is low angle or a twin function does nothing
}
else

{
//keeps track if a high angle boundary is detected

highAngleNeighbors;

}

//only proceeds if more than one but less than seven neighbors are high angle boundaries
if ((highAngleNeighbors > 1) && (highAngleNeighbors < 7))

{
//...sets location as recrystallized (KAM=0) with given probability

if (probabilityRX < probability)
{
//finds the KAM at the location
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;

//if the KAM at the location is above the threshold
if (pickedKAM > recrystThreshold)
{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

}

//sets all positions along high angle grain boundaries (above minumum angle) based upon a function proposed in:
//Solas et al. Acta Mat. 49 (2001) p3791 & Seo et al. Comp. Mat. Sci. 43 (2008) p512

//first input sets minimum KAM for nucleation, second sets a rate exponent, third a scaling probability

void MonteCarloEngine: :NucleateRXbyBoundaryKAMFunction (float myKAMThreshold, float myKAMExponent, float
probability, float minAngle)

{



//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)

{

//creates random float 0 to 1
float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location

int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location][1];

int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY¥) ;

//tracker for number of high angle neighbors
int highAngleNeighbors = 0;

//iterates through all neighbors, finding the number sharing high angle boundaries
for (int neighbor = 0 ; neighbor < 8 ; neighbor)
{

int myNeighborX = Neighbors::GetNeighborX (neighbor,myCoordX) ;

int myNeighborY = Neighbors::GetNeighborY (neighbor,myCoordY) ;

int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds angle between neighbors
float boundaryAngle = myAngles.GetAngleAt (myCoordID,myNeighborID) ;

//tests for a high angle grain boundary
if (boundaryAngle < minAngle)
{

//if the boundary is low angle or a twin function does nothing

}

else

{
//keeps track if a high angle boundary is detected
highAngleNeighbors;

}

//only proceeds if more than one but less than seven neighbors are high angle boundaries
if ((highAngleNeighbors > 1) && (highAngleNeighbors < 7))
{

//finds the KAM at the location
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;
float nucleateProbability = probability* (l-exp (-1* (pickedKAM - myKAMThreshold) /myKAMExponent)) ;

//nucleates a recrystallized grain at the current location if the condition is met



if (probabilityRX < nucleateProbability)
{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

}

//sets all positions along high angle grain boundaries (above minumum angle) based upon a function proposed in:
//Solas et al. Acta Mat. 49 (2001) p3791 & Seo et al. Comp. Mat. Sci. 43 (2008) p512
//first input sets minimum KAM for nucleation, second sets a rate exponent, third a scaling probability
//additional functionality for a twin misorientation angle and exclusion range
void MonteCarloEngine::NucleateRXbyBoundaryKAMFunction (float myKAMThreshold, float myKAMExponent, float
probability, float minAngle, float twinAngle, float twinWindow)
{
//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)
{
//creates random float 0 to 1
float probabilityRX = (float)rand() / RAND MAX;

//finds the coordinates of the current location

int myCoordX = myCoordinatePairs[location] [0];

int myCoordY = myCoordinatePairs[location] [1];

int myCoordID = currentMap.GetIDAtGrid (myCoordX,myCoordY) ;

//tracker for number of high angle neighbors
int highAngleNeighbors = 0;

//iterates through all neighbors, finding the number sharing high angle boundaries
for(int neighbor = 0 ; neighbor < 8 ; neighbor)
{

int myNeighborX = Neighbors: :GetNeighborX (neighbor,myCoordX) ;

int myNeighborY = Neighbors::GetNeighborY (neighbor,myCoordY) ;

int myNeighborID = currentMap.GetIDAtGrid (myNeighborX,myNeighborY) ;

//finds angle between neighbors
float boundaryAngle = myAngles.GetAngleAt (myCoordID,myNeighborID) ;

//tests for a high angle grain boundary

if ((boundaryAngle < minAngle) || ((boundaryAngle > twinAngle - twinWindow) && (boundaryAngle <
twinAngle twinWindow)))

{

//if the boundary is low angle or a twin function does nothing

}



}

}

else

//keeps track if a high angle boundary is detected
highAngleNeighbors;

//only proceeds if more than one but less than seven neighbors are high angle boundaries
if ((highAngleNeighbors > 1) && (highAngleNeighbors < 7))

{

//finds the KAM at the location
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;

float nucleateProbability = probability* (l-exp (-1* (pickedKAM - myKAMThreshold) /myKAMExponent)) ;

//nucleates a recrystallized grain at the current location i1f the condition is met
if (probabilityRX < nucleateProbability)

{
currentMap.SetKAMAtGrid (myCoordX, myCoordY, 0) ;

}

//randomly shuffles and selects the every Nth point, if N-1th point is recrystallized and Nth point is not

//reassigns the

(N-1) th point to the Nth, nucleating a new point

//Quick and dirty way to simulate nucleation due to 3D microstructure and eliminate/test some stereological

effects
void MonteCarloEngine::RandomNonRXShuffle (int everyNumPoint)

{

//randomly shuffles the order the grid will be tested
random_shuffle (myCoordinatePairs.begin(),myCoordinatePairs.end());

//iterates through all locations on the grid
for(size t location = 0; location < myCoordinatePairs.size(); location)

{

//every nth iteration
if (location % everyNumPoint == 1)

{

//finds the coordinates of the current location and the location before
int myCoordX = myCoordinatePairs[location] [0];
int myCoordY = myCoordinatePairs[location][1];

//finds the KAM at the location
float pickedKAM = currentMap.GetKAMAtGrid (myCoordX,myCoordY) ;



//only proceeds if the selected grain isn't recrystallized
if (pickedKAM > Q)
{

size t tempLoc = location - 1;

int mySwapX = myCoordinatePairs[tempLoc] [0];

int mySwapY = myCoordinatePairs[tempLoc] [1];

//finds the grain IDs at the location and selected swap
int mySwapID = currentMap.GetIDAtGrid (mySwapX,mySwapY) ;

//finds the KAM at the location and selected swap
float swapKAM = currentMap.GetKAMAtGrid (mySwapX,mySwapY) ;

//only proceeds if the selected grain is recrystallized

if (swapKAM == 0)

{
//swaps the coordinates of the location before into the current location
currentMap.SetIDAtGrid (myCoordX, myCoordY, mySwaplD) ;
currentMap.SetKAMAtGrid (myCoordX, myCoordY, swapKAM) ;



/*GrainMap.h*/

//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#ifndef GRAINMAP H_
#define GRAINMAP H
#include <vector>
#include "Grain.h"
using namespace std;

class GrainMap
{
private:

vector<vector <int> > grainIDGrid;
vector<vector <float> > localKAMGrid
vector<Grain> grainList;
static int xSize;
static int ySize;

public:

GrainMap () ;
GrainMap (int myXCells, int myYCells,

eulerAng3[], float myKAMValues|[])
int GetIDAtGrid(int myX, int myY);
void SetIDAtGrid(int myX, int myY, i
Grain GetGrainAtGrid(int myX, int my
Grain GetGrainAtID(int myID) ;
static int GetXSize () ;
static int Get¥Size():;
int GetGrainListSize():;
float GetKAMAtGrid(int myX, int myY)
void SetKAMAtGrid(int myX, int myY,

i

#endif /* GRAINMAP H_ */

’

short int eulerAngll],
nt newlD);

Y);

’

float newValue) ;

short int eulerAng2[],

short int



/* GrainMap.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include <iostream>
#include "GrainMap.h"
#include <vector>
#include "Grain.h"
using namespace std;

int GrainMap::xSize;
int GrainMap::ySize;

//empty constructor for initializations
GrainMap: :GrainMap () {}

GrainMap: :GrainMap (int myXCells, int myYCells, short int eulerAngl[], short int eulerAng2[],

eulerAng3[], float myKAMValues[])

{

//stores 2D vector dimensions GrainMap and Neighbors for future use
xSize = myXCells;
ySize = myYCells;

//Initializes necessary local tracking variables
int myArrayIndex = 0; //1D vector index for 2D matrix
int grainIDIndex = 0; //ID value to be assigned to next grain

//Initializes necessary 1 & 2D vector storage
vector<vector <int> > tempIDGrid (myXCells, vector<int> (myYCells));

vector<vector <float> > tempKAMGrid (myXCells, vector<float>(myYCells));

vector<Grain> tempGrainList;

//Transforms 1D array notation from read CTF file into a vector matrix

for(int yv = 0; y < myYCells; y++)

{
for(int x = 0; x < myXCells; x++)
{

//finds the proper array index for the x,y matrix element

myArrayIndex = y*myXCells + x;

//reads in the KAM value at each position
tempKAMGrid[x] [y] = myKAMValues[myArrayIndex];

//1f the grain list is not yet populated adds the grain,
if (tempGrainList.empty())
{

sets first matrix value as

short int

well



tempGrainList.push back(Grain(grainIDIndex,eulerAngl [myArrayIndex],eulerAng2[myArrayIndex],eulerAng3[myArray
Index]));
tempIDGrid[x] [y] = grainIDIndex;
grainIDIndex++;

else

//creates a temporary trigger set to what the next grain ID would be (i.e. higher than any

existing ID)
int tempGrainIDMatch = grainIDIndex;

//goes through all known grains at time of execution
for(size t i = 0; i < tempGrainlList.size(); i++)

{

Grain tempGrain = tempGrainList[i];

//checks to see if any of the grains have identical euler angles to the grain at the

list position
if (eulerAngl [myArrayIndex] == tempGrain.GetEulerAnglel ())

{
if (eulerAng2 [myArrayIndex] == tempGrain.GetEulerAngle?2 ())

{
if (eulerAng3 [myArrayIndex] == tempGrain.GetEulerAngle3())

{
//if a grain does match, keeps the ID

tempGrainIDMatch = tempGrain.GetID();

}

// 1f the euler values matched a previous grain passes the proper ID into the grid
// otherwise adds a new grain to the grain list and passes the new ID into the grid
if (tempGrainIDMatch < grainIDIndex)

{
tempIDGrid[x] [y] = tempGrainIDMatch;

}

else

{

tempGrainList.push back(Grain(grainIDIndex,eulerAngl [myArrayIndex],eulerAng2[myArrayIndex],eulerAng3[myArray

Index]));
tempIDGrid[x] [y] = grainIDIndex;

grainIDIndex++;



}

//tracker
cout << x << " " << y << " position mapped\n";

}

// Pass populated list of grains and a 2D matrices mapping their ID & KAM values up to the GrainMap
grainIDGrid = tempIDGrid;

grainList = tempGrainlList;

localKAMGrid = tempKAMGrid;

//Program Status Update
cout << "Grain Map Created\n";

}

//returns the ID of location X,Y
int GrainMap::GetIDAtGrid (int myX, int myY)
{
return grainIDGrid[myX] [myY];
}

//returns the Grain at location X,Y
Grain GrainMap::GetGrainAtGrid(int myX, int myY)
{
return grainList[grainIDGrid[myX] [myY]];
}

//returns the Grain of given ID
Grain GrainMap::GetGrainAtID(int myID)
{

return grainList[myID];

}

//sets the ID of location X,Y to a new value
void GrainMap: :SetIDAtGrid(int myX, int myY, int newID)
{
grainIDGrid[myX] [myY] = newlD;
t

//returns the x dimension of the grid
int GrainMap::GetXSize ()
{

return xSize;



}

//returns the y dimension of the grid
int GrainMap::GetY¥Size ()
{

return ySize;

}

//returns the size of the grain list
int GrainMap::GetGrainListSize ()
{

return grainList.size();

}

//returns the KAM at location X,Y
float GrainMap::GetKAMAtGrid(int myX, int myY)
{
return localKAMGrid[myX] [myY];
}

//sets the KAM of location X,Y to a new value
void GrainMap: :SetKAMAtGrid(int myX, int myY, float newValue)
{
localKAMGrid[myX] [myY] = newValue;
}



/* Grain.h*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#ifndef GRAIN H
#define GRAIN H
#include <vector>
#include "Matrix.h"

class Grain
{
private:

int myID;
short int eulerAnglel;
short int eulerAngle2;
short int eulerAngle3;
Matrix orientationMatrix;

public:

Grain (int grainID, short int eulerAngl, short int eulerAng2, short int eulerAng3);
int GetID();
short int GetEulerAnglel();
short int GetEulerAngle2();
short int GetEulerAngle3();
Matrix GetOrientationMatrix();

bi

#endif /* GRAIN H */



/* Grain.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include "Grain.h"
#include <algorithm>
#include "Matrix.h"
#include <iostream>
using namespace std;

Grain::Grain(int grainID, short int eulerAngl, short int eulerAng2, short int eulerAng3)
{

myID = grainID;

eulerAnglel = eulerAngl;

eulerAngle?2 = eulerAng2;

eulerAngle3 eulerAng3;

orientationMatrix = Matrix(eulerAngl,eulerAng2,eulerAng3);

}

int Grain::GetID()
{

return myID;

short int Grain::GetEulerAnglel ()

return eulerAnglel;

short int Grain::GetEulerAngle?2 ()

return eulerAngle?2;

short int Grain::GetEulerAngle3()

return eulerAngle3;

Matrix Grain::GetOrientationMatrix ()

{

return orientationMatrix;

}



/*MisorientationAngles.h*/
//Written by Matt Steiner, Ph.D
#ifndef MISORIENTATIONANGLES H
#define MISORIENTATIONANGLES H
#include <vector>

#include "GrainMap.h"

#include "Matrix.h"

using namespace std;

class MisorientationAngles

{

private:

vector<vector <short int> > angleBetween;

(2016) .

Instructions & citation info in ReadMe.txt

vector <Matrix> symmetryOperators;

int grainListLength;

public:
MisorientationAngles () ;

MisorientationAngles (GrainMap myMap,
float FindAngle (Matrix firstMatrix,
float GetLowestAngle (Matrix firstMatrix,

int GetDimension () ;
float GetAngleAt (int myIDX,
}i

#endif /* MISORIENTATIONANGLES H */

int myIDY);

int symmetryBranch,
Matrix secondMatrix);

int symmetryGroup) ;

Matrix secondMatrix):;



/* MisorientationAngles.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include "MisorientationAngles.h"
#include "Matrix.h"

#include <math.h>

#include <vector>

#include <iostream>

using namespace std;

//empty constructor
MisorientationAngles: :MisorientationAngles () {grainListLength =0;}

MisorientationAngles: :MisorientationAngles (GrainMap myMap, int symmetryBranch, int symmetryGroup)

{

vector <Matrix> myOperators;

//Contains symmetry operators for hexagonal branch space groups
if (symmetryBranch == 6)

{

//hard codes all possible operators for branch 6
float sqrt3d2 = sqrt(3)/2;

float tempMatl[3][3] {{1, 0, 03},
{0, 1, 0},

{0, 0, 1}};

float tempMat2[3][3] {{-.5, sgrt3d2, 0},
{-sgrt3d2, -.5, 0},

{0, 0, 1}};

float tempMat3[3][3] {{-.5, -sgrt3d2, 0},

{sgrt3d2, -.5, 0},

{0, 0, 1}};
float tempMat4[3][3] = {{.5, sgrt3dz, 0},
{-sgrt3d2, .5, 0},
{Or Or 11}
float tempMat5([3]([3] = {{-1, 0, 0},
{Or _ll O}I
{Or Or 11}

float tempMat6([3]1[3] = {{.5, -sgqrt3d2, 0},



{sgrt3d2, .5, 0},
{0, 0, 1}};

float tempMat7[3][3]

{{-.5, -sqgrt3dz2, 0},
{-sgrt3d2, .5, 0},

{0, 0, -11}};
float tempMat8([3][3] = {{1, 0, 0},

{Or _lr O}r

{0, 0, -11}};

float tempMat9[3][3] {{-.5, sqrt3d2, 0},
{sqrt3d2, .5, 0},

{0, 0, -1}1};

float tempMatlO([3][3]

{{.5, sqrt3d2, 0},
{sqrt3d2, -.5, 0},

{Or Or -1}}s

float tempMatll[3][3] = {{-1, 0, 0},
{Or 1! O}I
{Or OI -1}1};

float tempMatl2[3][3] = {{.5, -sqrt3d2, 0},
{-sgrt3d2, -.5, 0},
{Or OI -1}1};

//chooses the proper operators for the given group
if (symmetryGroup == 622)
{
myOperators.push back (Matrix (tempMatl));
myOperators.push back (Matrix (tempMat2)) ;
myOperators.push back (Matrix (tempMat3));
myOperators.push back (Matrix (tempMat4)) ;
myOperators.push back (Matrix (tempMatb)
myOperators.push back (Matrix (tempMato6)
(
(
(
(
(
(

’

4

’

)
)
myOperators.push back (Matrix (tempMat7))
myOperators.push back (Matrix (tempMat8));
myOperators.push back (Matrix (tempMat9))
myOperators.push back (Matrix (tempMatlO)
myOperators.push back (Matrix (tempMatll)
myOperators.push back (Matrix (tempMatl2)

) ;
) ;
) .

I3



if (symmetryGroup == 32)

{
myOperators.push back (Matrix (tempMatl)) ;
myOperators.push back (Matrix (tempMat2)) ;
myOperators.push back (Matrix (tempMat3)) ;
myOperators.push back (Matrix (tempMatl0))
myOperators.push back (Matrix (tempMatll));
myOperators.push back (Matrix (tempMatl2))

I3

I3

}

if (symmetryGroup == 6)

{
myOperators.push back
myOperators.push back
myOperators.push back
myOperators.push back
myOperators.push back
myOperators.push back

Matrix (tempMatl))
Matrix (tempMat2))
Matrix (tempMat3) ) ;
Matrix (tempMatd)) ;
))
))

’
’

’

Matrix (tempMatb
Matrix (tempMato

o~ o~ o~~~ —

’

}

if (symmetryGroup == 3)
{

myOperators.push back (Matrix (tempMatl));
myOperators.push back (Matrix (tempMat2)) ;
)

myOperators.push back (Matrix (tempMat3)

’

}

//Contains symmetry operators for cubic branch space groups
if (symmetryBranch == 3)

{

float tempMatl[3]1[3] = {{1, 0, 0},
{o, 1, 0},
{0, 0, 11}};
float tempMat2[3]1[3] = {{0, 0, 1},
{1, 0, 0},
{Or 1/ 0}}»
float tempMat3[3][3] = {{0, 1, 0},
{0, 0, 13},
{lr Or 0}}s

float tempMat4[3][3] = {{0, -1, 0},



float

float

float

float

float

float

float

float

float

float

float

tempMat5([3] [3]

tempMat6[3] [3]

tempMat7([3] [3]

tempMat8[3] [3]

tempMat9[3] [3]

tempMatl0[3] [3]

tempMatl1[3] [3]

tempMatl2[3] [3]

tempMatl3[3] [3]

tempMatl4[3] [3]

tempMatl5([3] [3]

{{0,

{{0,

{{0,

{0,
{_ll

_ll O}r

1, 0},

{0,
{1,

{0,
{_lr

OI _1}1

{1,
{0,

Or _1}1

{{_ll

{{_ll

{1,

{{0,

{{0,

{{0,

{_lr
{0,

{_lr
{0,

0,
0,

0,
0,

0,
0,

0,
_1’

0,
1,

0,
-1,

0, 03,

{0,
{0,

1,
0,

0, 03},

{0,
{0,

_1,
0,

0, 0},

{0,
{0,

-1,
0,

Ol _1}1

{0,
{_11

_1,
0,

0, 1},

{0,
{1,

-1,
0,

0, 1},

{0,

1,

1},
0}}s

_l}l
0}}s

_l}r
0}}s

0},
Or};

0},
Or}ts

0},
0}3}s

0},
-1}};

0},
11}

0},
-1} }s;

0},
0}};

0},
0}};

0},



{-1, 0, O}};

float tempMatl6[3][3] = {{0, 0, -11%,

{0, 1, 03},

{1, 0, 0}};
float tempMatl7[3]1[3] = {{-1, 0, 0},

{Or Or _l}l

{0, -1, 0}};
float tempMatl8[3][3] = {{1, 0, 03},

{Or OI _1}1

{0, 1, 0}};
float tempMatl9[3][3] = {{1, 0, 0},

{0, 0, 13},

{0, -1, O}};

float tempMat20[3][3] = {{-1, 0, 0},
{0, 0, 1},
{0, 1, 0}};
float tempMat21[3][3] = {{0, -1, 0},
{_lr OI O}I
{0, 0, =1}1};
float tempMat22[3][3] = {{0, 1, 0},
{_lr OI O}I
{0, 0, 1}};
float tempMat23[3][3] = {{o, 1, 03},
{1, 0, 0},
{Or OI _1}};
float tempMat24([3][3] = {{o, -1, 0},
{1, 0, 0},
{0, 0, 1}};

//chooses the proper operators for the given group

if (symmetryGroup == 432)

{
myOperators.push back (Matrix (tempMatl)) ;
myOperators.push back (Matrix (tempMat2)) ;
myOperators.push back (Matrix (tempMat3)) ;
myOperators.push back (Matrix (tempMat4)) ;



}

myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators

if (symmetryGroup

{

}

myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators
myOperators

if (symmetryGroup

{

myOperators
myOperators
myOperators
myOperators
myOperators

.push back (Matrix (tempMatb)
.push back (Matrix (tempMaté6)
.push back (Matrix (tempMat7)
.push back (Matrix (tempMat8)
.push back (Matrix (tempMat9)
.push back (Matrix (tempMatlO
.push back (Matrix (tempMatll
.push back (Matrix (tempMatl2
.push back (Matrix (tempMatl3
.push back (Matrix (tempMatl4
.push back (Matrix (tempMatl5
.push back (Matrix (tempMatlé6
.push back (Matrix (tempMatl7
.push back (Matrix (tempMatl8
.push back (Matrix (tempMatl9
.push back (Matrix (tempMat20
.push back (Matrix (tempMat2l
.push back (Matrix (tempMat22
.push back (Matrix (tempMat23
.push back (Matrix (tempMat24

== 23)

.push back (Matrix (tempMatl)
.push back (Matrix (tempMat2)
.push back (Matrix (tempMat3)
.push back (Matrix (tempMat4)
.push back (Matrix (tempMatb)
.push back (Matrix (tempMat6)
.push back (Matrix (tempMat7)
.push_back (Matrix (tempMat8)
.push back (Matrix (tempMat9)
.push _back (Matrix (tempMatlO
.push back (Matrix (tempMatll
.push _back (Matrix (tempMatl2

== 3)

.push_back (Matrix (tempMatl)
.push back (Matrix (tempMat2)
.push back (Matrix (tempMat3)
.push back (Matrix (tempMat4)
.push back (Matrix (tempMatb)
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)
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myOperators.push back (Matrix (tempMaté6)) ;
myOperators.push back (Matrix (tempMat7)) ;
myOperators.push back (Matrix (tempMat8)) ;
myOperators.push back (Matrix (tempMat9)) ;

}

//Contains symmetry operators for tetragonal and lower space group branches
if (symmetryBranch == 4)
{

float tempMatl[3]1[3] = {{1, 0, 0},
{06, 1, 0},
{0, 0, 1}};
float tempMat2([3][3] = {{-1, 0, 0},
{o, 1, 0},

{0, 0, -1}1};

float tempMat3[3][3] = {{1, 0, 0},
{0, -1, 0},
{0, 0, -11}};

float tempMat4[3][3] = {{-1, 0, 0},

{Or _ll O}I

{0, 0, 1}};
float tempMat5[3][3] = {{0, 1, 0},

{-1, 0, 0},

{0, 0, 1}};
float tempMat6[3][3] = ({0, -1, 0},

{1, 0, 0},

{0, 0, 11}};
float tempMat7[3][3] = {{0, 1, 0},

{1, 0, 0},

{Or OI _1}};
float tempMat8[3][3] = {{0, -1, 0},

{_lr OI O}I

{0, 0, -1}1};

//chooses the proper operators for the given group
if (symmetryGroup == 42)
{



myOperators.push back (Matrix (tempMatl)) ;
myOperators.push back (Matrix (tempMat2)) ;
myOperators.push back (Matrix (tempMat3)) ;
myOperators.push back (Matrix (tempMat4)) ;
myOperators.push back (Matrix (tempMat5)) ;
myOperators.push back (Matrix (tempMaté6)) ;
myOperators.push back (Matrix (tempMat7)) ;
myOperators.push back (Matrix (tempMat8)) ;
}

if (symmetryGroup == 4)
{

myOperators.push back (Matrix (tempMatl));

myOperators.push back (Matrix (tempMat4)) ;
( ))
( ))

’

myOperators.push back (Matrix (tempMatb
myOperators.push back (Matrix (tempMat6

’

}

//aka orthogonal

if (symmetryGroup == 222)

{

Matrix (tempMatl)) ;
Matrix (tempMat?2));
Matrix (tempMat3)) ;
Matrix (tempMatd)) ;

myOperators.push back
myOperators.push back
myOperators.push back
myOperators.push back

—~ o~ o~ —

}

//aka Monoclinic
if (symmetryGroup == 2)
{
myOperators.push back (Matrix (tempMatl)) ;
myOperators.push back (Matrix (tempMat2));
}

//aka Triclinic
if (symmetryGroup == 1)
{
myOperators.push back (Matrix (tempMatl));
}
}

//finish of symmetry determination section, stores vector
symmetryOperators = myOperators;

//stores the length of the vector dimensions



once.

}

grainListLength = myMap.GetGrainListSize () ;

//initializes a temporary grid for storing angles between grains ID x and ID y
vector<vector <short int> > tempAngleGrid (grainlListLength, wvector<short int>(grainlListLength));

//finds misorientation between all sets of grains

/*

* While this function could be more efficient, storing only one half the matrix or being calculated when

* grains actually touch in the simulation, the storage is low and I'm not convinced calling an if statement
* every simulation step to see if the value in this array exists already is faster than doing them all

*/
for(int x = 0; x < grainListLength; x++)
{
//sets diagonal component to zero
tempAngleGrid[x] [x] = 0;

cout << x << " grainID\n";

//sets x,y and y,x locations to the misorientation angle between the x and y grains
for(int yv = x+1; y < grainListLength; y++)
{

Matrix tempMatX = myMap.GetGrainAtID(x) .GetOrientationMatrix();

Matrix tempMatY = myMap.GetGrainAtID(y) .GetOrientationMatrix () ;

float misorientAngle = GetLowestAngle (tempMatX, tempMatY) ;

//rounds to nearest int
misorientAngle = roundf (misorientAngle);

tempAngleGrid[x] [y] = misorientAngle;
tempAngleGrid[y] [x] misorientAngle;

}

//stores the angle matrix
angleBetween = tempAngleGrid;

//Program Status Update
cout << "Misorientation Angles Calculated\n";

//finds the angle in degrees between two matrices
float MisorientationAngles::FindAngle (Matrix firstMatrix, Matrix secondMatrix)

{



Matrix misorientMat = firstMatrix.Multiply (secondMatrix.Transpose());

return 180 * acos( (misorientMat.GetValue(0,0) + misorientMat.GetValue(l,1l) + misorientMat.GetValue(2,2)-
1)/2 ) / 3.1416 ;

}

//finds the lowest misorientation angle in degrees between two matrices utilizing symmetry
float MisorientationAngles::GetLowestAngle (Matrix firstMatrix, Matrix secondMatrix)

{
float tempLowestAngle = 360;

//tests all possibly symmetry conditions to find the lowest misorientation angle
for(size t symOp = 0; symOp < symmetryOperators.size(); symOp ++)
{
float tempCurrentAngle = FindAngle(firstMatrix, symmetryOperators[symOp].Multiply(secondMatrix)) ;

if (tempCurrentAngle < tempLowestAngle)
{

tempLowestAngle = tempCurrentAngle;
}

return tempLowestAngle;

}

//returns the dimension of the grain list
int MisorientationAngles::GetDimension ()
{

return grainListLength;

}

//returns the dimension of the grain list
float MisorientationAngles::GetAngleAt (int myIDX, int myIDY)
{
return angleBetween[myIDX] [myIDY];
}



/* BoundaryProperties.h */
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info

#ifndef BOUNDARYPROPERTIES H
#define BOUNDARYPROPERTIES H

#include <vector>

#include "MisorientationAngles.h"

class BoundaryProperties

{

private:

vector<float> boundaryEnergy;
vector<float> boundaryMobility;

public:

BoundaryProperties () ;
BoundaryProperties (float mobilityModifier) ;

float

float

float

float
}i

FindEnergy (int myAngle);

FindMobility (int myAngle, float mobilityModifier);
GetEnergy (int myAngle);

GetMobility (int myAngle);

#endif /* BOUNDARYPROPERTIES H  */

in ReadMe.txt



/*BoundaryProperties.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include "BoundaryProperties.h"
#include <math.h>
#include <iostream>

//empty constructor, for initialization use in temporary code loops
BoundaryProperties: :BoundaryProperties () {}

//initialization, different implementation that the first version of the MC program
//now rounds all misorientation angles to the nearest degree for large computation/memory savings
BoundaryProperties: :BoundaryProperties (float mobilityModifier)
{
//initializes temporary grids for storing the calculated energies and mobilities
//currently for int angles 0-360, can probably be reduced to angles 0-180 instead
vector<float> tempEnergyGrid (361);
vector<float> tempMobilityGrid (361);

//iterates through the vectors calculating values
for(int x = 0; x < 36l1; x++)
{

//calculates the boundary energy and mobility for misorientation angles 0-360
tempEnergyGrid[x] = FindEnergy(x);
tempMobilityGrid[x] = FindMobility(x,mobilityModifier);

}

//stores values
boundaryEnergy = tempEnergyGrid;
boundaryMobility = tempMobilityGrid;

//Program Status Update
cout << "Energies and Mobilities Calculated\n";

//finds the relative grain boundary energy
float BoundaryProperties::FindEnergy(int myAngle)

{
//according to the Read-Shockley equation
float temp = myAngle;

if (temp < 15)
{



if (temp == 0)
{

return 0;

return (temp/15)* (1-log(temp/15));

return 1;

//find the relative mobility of the grain boundary, empirical model for general boundaries
float BoundaryProperties::FindMobility (int myAngle, float mobilityModifier)

{

//modifier used to slow grain growth if necessary
float mobilityAdjustment = mobilityModifier;

float temp = myAngle;

if (temp < 15)

{
if (temp == 0)
{

return 0;

return (mobilityAdjustment* (1l-exp (-5*pow ((temp/15),4)))/ (l-exp(-5)));
}

else

return mobilityAdjustment;

}

//returns the boundary energy value for a given misorientation angle
float BoundaryProperties::GetEnergy (int myAngle)
{

return boundaryEnergy[myAngle];

}
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//returns the boundary mobility value for a given misorientation angle
float BoundaryProperties::GetMobility (int myAngle)
{
return boundaryMobility[myAngle];
}



/*Neighbors.h*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#ifndef NEIGHBORS H
#define NEIGHBORS H

class Neighbors

{
public:
static int GetNeighborX (int myPosition, int myX) ;
static int GetNeighborY (int myPosition, int myY);

b

#endif /* NEIGHBORS H */



/* Neighbors.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include "Neighbors.h"
#include "GrainMap.h"

// Finds neighboring grid spaces while imposing periodic boundary conditions

// Position map of neighbors
// 0 1 2
// 3 X 4
// 5 6 1

int Neighbors::GetNeighborX (int myPosition, int myX)
{
int tempGridXSize = GrainMap::GetXSize();

if (myPosition == 2 || myPosition == 4 || myPosition == 7)
{
return (myX+1l)$tempGridXSize;
}
else if (myPosition == | | myPosition == 6)
{

return myX;

return (myX+tempGridXSize-1)%tempGridXSize;
}

int Neighbors: :GetNeighborY (int myPosition, int myY)
{
int tempGrid¥Size = GrainMap::Get¥Size();

if (myPosition == | | myPosition == | | myPosition == 7)
{
return (myY+1l) $tempGridYSize;
}
else if (myPosition == | | myPosition == 4)
{

return myY;

}

else

{
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return (myY+tempGridYSize-1)$tempGridY¥Size;



/* Matrix.h*/

//Written by Matt Steiner, Ph.D
#ifndef MATRIX H

#define MATRIX H

class Matrix
{
private:
float myMatrix[3][3];

public:
Matrix () ;

(2016) .

Instructions & citation info in ReadMe.txt

Matrix (float inputMatrix[3][3]1);

Matrix (float eulerl,
void PrintMatrix();

float euler2,

float euler3l);

Matrix Multiply(Matrix secondMatrix);

void SetValue (int myX,
float GetValue (int myX,
float GetDeterminant () ;
Matrix Transpose () ;

}i

#endif /* MATRIX H */

int myY,
int myY);

float myValue);



/* Matrix.cpp*/
//Written by Matt Steiner, Ph.D (2016). Instructions & citation info in ReadMe.txt

#include "Matrix.h"
#include <iostream>
#include <string.h>
#include <math.h>
#define PI 3.14159265
using namespace std;

//empty constructor, for initialization use in temporary code loops
Matrix::Matrix () {}

//constructor if input given as a matrix
Matrix::Matrix (float inputMatrix([3][3])
{

//copies input into the stored matrix

memcpy (myMatrix, inputMatrix,sizeof (myMatrix)) ;

}

//constructor if input given as three euler angles
//IMPORTANT: CTF Files gives euler angles in Z-X-Z Bunge Convention!!
Matrix::Matrix (float eulerl, float euler2, float euler3)
{
//converts angles into radian form
float eulerRadl = eulerl*PI/180;
float eulerRad2 = euler2*PI/180;
float eulerRad3 euler3*PI/180;

//creates a rotation matrix from reference frame using Z-X-Z convention

myMatrix[0] [0] = cos(eulerRadl) *cos (eulerRad3) - cos(eulerRad2)*sin(eulerRadl) *sin (eulerRad3);
myMatrix[0] [1] = -1*cos(eulerRadl) *sin(eulerRad3) - cos(eulerRad2?) *cos (eulerRad3) *sin (eulerRadl)
myMatrix[0] [2] = sin(eulerRadl) *sin (eulerRad?2);

myMatrix[1] [0] = cos(eulerRad3) *sin (eulerRadl) + cos(eulerRadl) *cos (eulerRad2?) *sin (eulerRad3) ;
myMatrix[1][1] = cos(eulerRadl) *cos (eulerRad?) *cos (eulerRad3) - sin(eulerRadl) *sin (eulerRad3);
myMatrix[1] [2] = -1*cos(eulerRadl) *sin(eulerRad?2);

myMatrix[2] [0] = sin(eulerRad?2) *sin (eulerRad3);

myMatrix[2] [1] = cos(eulerRad3) *sin (eulerRad?2);

myMatrix[2] [2] = cos(eulerRad2);

}

//prints matrix to console for debugging purposes
void Matrix::PrintMatrix ()

{

r



for(int x = 0; x < 3; x++)
{
for(int y = 0; y < 3; y++)
{
cout << myMatrix[x][y] << "\t";

}
cout << "\n";

}

//multiplies two 3x3 matrices and returns the result
Matrix Matrix::Multiply (Matrix secondMatrix)

{
float product([3][3];

// This code freakishly blows up for only the bottom left corner value, don't ask me why
// something intermittent about += -0
/*for (int row = 0; row < 3; row++)
{
for(int col = 0; col < 3; col++)
{
//multiplies row with respective column, sums into product matrix
for (int inner = 0; inner < 3; inner++)
{

product[row] [col]l+= myMatrix[row] [inner]*secondMatrix.GetValue (inner,col);

}
p*/

//This code fixes the above problem, don't try to simplify
for(int row = 0; row < 3; rowt++)
{
for(int col = 0; col < 3; col++)
{
float testl = myMatrix[row] [0]*secondMatrix.GetValue (0,col);
float test2 = myMatrix[row] [1]*secondMatrix.GetValue (1,col);
float test3 = myMatrix[row] [2]*secondMatrix.GetValue (2,col);

product[row] [col] = testl+test2+test3;

}
}

return Matrix (product);

}

//returns the determinate of the matrix



float Matrix::GetDeterminant ()

{
float tempDeterm = 0;
tempDeterm += myMatrix[0] [0]*myMatrix[1][1]*myMatrix[2
tempDeterm += myMatrix[0] [1l]*myMatrix[1l][2]*myMatrix[2
tempDeterm += myMatrix[0] [2]*myMatrix[1][0]*myMatrix[2
tempDeterm -= myMatrix[0][2]*myMatrix[1][1l]*myMatrix[2
tempDeterm -= myMatrix[0] [1l]*myMatrix[1][0]*myMatrix[2
tempDeterm -= myMatrix[0] [0]*myMatrix[1][2]*myMatrix[2

return tempDeterm;

}

//returns the transpose of the matrix
Matrix Matrix::Transpose ()

{

Matrix tempMatrix;

for(int x = 0; x < 3 ; x++)
{
for(int y = 0; y < 3; y++)
{
tempMatrix.SetValue (x,y,myMatrix[y] [x]);
}
}

return tempMatrix;

}

//returns value at X,Y
float Matrix::GetValue (int myX, int myY)
{
return myMatrix[myX] [myY];
}

//sets value at X,Y
void Matrix::SetValue (int myX, int myY, float myValue)

{
myMatrix [myX] [myY] = myValue;

}



