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Abstract: Several materials science typeesearch topics are described in which
advantageous use afystal symmetry considerations has been helpful in ferreting the
essential elements of dislocation behavior in determining material properties or for
characterizing crystal/polycrystalline structural relationships; for example: (1) the methanica
strengthening duced by a symmetrical bicrystal grain boundary; (2) cleavage crack
formation at the intersectiowithin a crystal of symmetrical dislocation pHeps;

(3) symmetry aspects @nisotropiccrystal indentation hardness measuremeddsx-ray
diffraction tgpography imaging of dislocation strains and subgrain boundary misorientations;
and (5) point and space group aspects of twinni&gveral applications are described in
relation to the strengthening ofjrain boundags in nangolycrystals and of
multiply-orientedcrystal grains inpolysilicon photovoltaicsolar cell materialsA number

of crystallographic aspectsf the different topicsare illustrated witha stereographic
method of presentation.

Keywords: plastic flow stresscrystal slip systemsjislocaion pile-ups; grain boundaries;
crossslip; cleavage cracksndentation hardnesswinning; polycrystals;X-ray diffraction
topographystereographic projections

1. Introduction

Neumannos Pr ihat thae spmimetry elenemts of ancrystal property must follow the same
directional characteristics associated wviite point group of the crystal struce[1], is shown here to
be usefully connecteith a number of instancesith the lattice structure depaent behavior of crystal



Symmetry014, 6 14¢

dislocations that plag majorrole in determiningthe physical and mechanigadopertiesof materials
say compared to specification of tinrinsic lattice character of thedastic constant tensor.

A first dislocation example iprovided bythe weak piezoelectric effect induced in plastichiint
NaCl (rocksal} crystals after insertion @ cunulative dislocation structure J2Figure 1 illustrates the
modeleddislocation stuctureas i nverted To6s creat e doOlpdirectmh ast i
crystal axis. Dislocations of the same sign gmeoduced inboth the tension and cgression surface
layers. The net effect is modeled with multiple Burgers vector dislocations TBg average
trapezoidal structure of the bent crystal makes it eligible for being piezoelectric according to the
Neumann Principle whereas the detaileshracteristics of thaveakly-piezoelectricbehavior are
understood iterms of the displacement of tekectrically-charged dislocation structure.

Figure 1. Model description of the residué@li n v e r tislodatio §tracjurentroduced
within aplasticallybent NaCl focksalt) crystal to produ@weak piezoelectric characief.

A further examplethat isto be described in detail in the present remoshown inthe transmission
image of polarized light showim Figure2. In this case, an aligned diamond pyramid microhardness
indentation has been impressed into(@@1) LiF crystalsurface in such manner that the indenter
diagonal directions were aligned along the cgk®0> directionsf the crystal. The slightly convex
shape of the otherwise square projection of the residual handm@ession is seen in whitautline at
the cengr of thesymmetricalimagepatternof polarized light transmittethroughboththe indentation
and much larger surrounding region of plastic deformatids will be discussed in relation to a
number of observations to be made concermingtal hardnessrpperties, the plastic deformation
structure in this caseand in some other cases associated with consequent cleavage c¢racking
intimately dependent on the edge or screw type character widiheeddislocation networkemaining
within theresidualdeformation zong¢3]. A number ofothermaterials science type explas arealso
to bedescribed irthe present report involvingxtensionof crystal dislocation wdel considerationt
selected symmetry aspectspaflycrystal angolyphase material structs.
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Figure 2. Polarizedlight image transmitted through a LiF crystal after impressing the
central whitelined residual diamond pyramid indentation with aligned diagonalsd@ge

2. Deformation of Symmetrical Aluminum Bicrystals

The first half ofthe 2@h century was taken up with investigation of the plastic deformatio
properties of single crystals, for example, as described in an early account gisehnigl ad Boas
for both metal and mineral crigd systemg4] andalso featuring measurememcrystal arsotiopic
elastic constant coefficien The latter partof the catury began withreports of the strength
dependenre of polycrystalline stealn the inversequare root of average grain diameter f5j. early
experiment designeid assesthe crystal/polycrystal connecti¢@] is characterizeth Figure3 [7].

Figure 3. Symmetrical Al bicrystal deformation experiment favoring a single slip syistem

rotation
axis

Clark and Chalrers [6] devisedthe symmetrical bicrystalexperimentfor investigation ofthe
simplest case of dislocation slip being hampered in penetrating a@yngied b o uobstazle The
experiments illustrated on the left side ofigure 3 [7]. On the right sideof the figure attention is
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given tothe need for cresslip to occur to reliee the localstrainat the boundaryFigure 4 provides a
stereographienethod of analysis faracking thecrossslip required because diie mis-matchof slip
penetrations coming from independently activated slip systems onsdbesf the boundaryr].

Figure 4. Stereographic projection of rotated Al bicrystal orientations for slip deformdigns

slip plane normal

cross slip
plane normal

In Figure 4, one is looking down from the tensile aXiBA) direction onto the centered bicrystal
boundary seen as the equatbdiameter of the great circle tied to the crystal orienta#igninitial
(bi)crystal orientation had been chosen such thatgpe) (slip plane normal is shown at 4&the TA
on the leftequatorial positiorandthe primary fipp] slip directionis on the right sideof the equatq
also at 45° The various TA positions for different bicrystal boundary misorientatiovisose
deformation properties were investigatadotations of 18, £20° and #30° are marked on the small
circle axis positions above drfelow the equatoNery interestingly doubleslip is predicted to occur
with addition of the gpp) slip plane andQpp] slip direction for the one crystal at tesgmmetrical TA
position ofT 15°rotation andto produceconsequent added strain hantgnbecause of double slip
occurringand causingubordination of the grain boundary hardening efi@ehodern account afuch
aluminum bicrystal deformationat wasforced within the confinement & channel die has been
givenin terms @ a finite element radel and aneed at larger boundary misorientations for dislocation
pile-ups to produce changes in orientattmcompanying the plastic deformati@j.

In fact, aluminum is now known to produce the weakest influence of dpaimdaries on
strengtheningof any polycrystalline materia[9]. A compilation of secalled HaltPetchreciprocal
square root ofgrain size dependent stréehgmeasurements made on many aluminum mateoials
differing purity had been reported by Wyrzykowski and Gralbgko also raised the issue of grain
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boundary diffusivity for relaxation of local grain boundary straining [IDherwise, the principal
reasonfor needed stress concentrations in the grain boundary regions of aluminum and other
facecentered cubic metais traced in igures 3 and 4 to the need for cresip to occur at the tips of
dislocation pileups in order to assistlso in providing continuity of strains at the boundary
interfaces[11]. The (ppp) plane normal crosslip positionsare showrfor seweral TA axis positions
relative to the primary slip system igure4 while the manner in which such creslfp compensates

in part for strain incompatibility is shown schematically Rigure 3. Aluminum has a very low
resolved shear stress for credip because of its high stacking fault energy.

3. CleavageCracking Produced by Symmetrical Dislocation PileUps

Iron and steel materials, for which the HBktchrelation had initially been established, provide an
opposite case from aluminum of a very strong grain size dependence for the yield point behavior and
even greater for the cleavage fracture stress [12,13], typical ofdeodgred cubic (bcc) materials.
connection with a report on the grain size dependasiceleavage fracturinga breakthrough
explanationwas provided by Cottretif suchcleavage occurring at the crystddttice scalan steel and
related bcc metals and allopist]. Slip at symmetrially intersecting dislocation pHeps was proposed
to produce a craelkitiating sessile dislocation in accordance with the vector relation

(a/2)[ppp]aio) + (@/2)ppp )= a[100]ooy; 1)

In Equation(1), mixed dislocations of Burgers vector= (a/2)[ppp] on the (110) slip plane and
(a/2)[ppp] on the ppm) slip plane meet along the [001] direction of the plane intersections and
combineto form an edge dislocation ofuByers vector (a)[100]The reacted edgdislocation being
immobile on the potential (010) plane that is normally not a slip plane in the bcc lattadeen to be
the nucleus for cracking on the established {100} cleavage plane of the bcc lattice

Despite the finally reacted dislocation fgiof lower energy than the sum of the individual reactant
dislocations, it has been presumed that the reaction is forced to occur by coupled dislocatips pile
pushing from behinan the respective {110} slip planeShou,Garofalo and Whitmorenade use of
the symmetrical disposition of the slip systems and dislocation Burgers vectors in computing the
pile-up stress characteristics associated with the requirement of cldeaetgeing [15]. The crystal
elastic anisotropy was taken into accountthe computationsAn appreciably reducedumber of
pile-up dislocations omach slip systermwas foundto be necessary for cleavage to oc@mtolovich
and Findley have rexamined the model to establish that a repulsive obstacle stress is overcome in
forming the (a)[100] crack nucleus [16A\rmstrong and Antolovich have reported on the model
consideration when small numbers of dislocations might be involved in thaps)dor example, in
the case of nanopolycrystalline materials where the slip gemgths are restricted to nanoscale
dimensions [17]Under such circumstance, it was shown that the normal-thstcatiornumber
effect of equivalence between a dislocation-pieand a continuustype shear crackeases to be
valid. The computation waproposed as an explanation @éavage cracking not being found in the
fracturing of nanopolycrystalline iron material [18].
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4. Symmetry Aspectsof Crystal Microhardness Indentations

lllustration of the broader application €@ ot t r el | 0s mdad elasticadlynguceal n a t i
cleavageis demonstratedchematicallyin Figure 5 for 4-fold crack initiationsoccurringalong the
diagonal directions just outside thfe corners oéligned microhardness indentatsquut into the (001)
surface of an MgO crystal [19The dislocation reaction leading to such otherwise unfavofai@}
plane cracking had been described by Keh, Li and Chou [20] &amalogous manner to that described
by Chouet al. [15]. In this casethe crackforming reactions occur opuxtaposed{110} slip plares
intersecting along <111> type directidmstween dislocations ofppr> type Burgers vectof1].

Figure 5. Dislocation netwrk in MgO surrounding an aligned diamond pyramid

indentation19].
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It should be noted that the same dislocation pattern showigume5 would apply as well for the
indentation shown ifrigure 2 of a LiF crystal indentatiorviewed in transmitted polarized lighhs
previously mentioned, the dislocation pattern produced in bfFa slightly convex shz may be
compared with the concave appearantehe residual indentation shown Figure 5. Both shapes
have been producedrfanalogousndentation alignmestin MgO [19].And vey importantlyrelative
to Figureb, the edge dislocation dipole structust®wnalong <110> type directions may now be seen
to match the contrast pattern kigure 2 whereas the shear character of the screw dislocation arrays
extendng along <100> typeicectionsproduce negligible contrastThe inner compressive (dark) and
outer tensile dilatational (white) stress state prodatmty <pp1t> in Figure2 agreewith a pioneering
description byMendelson of the birefringent character of individual bmd structures [32

The residual strain patterns at such indentations in MgO crystals also provided ready specimens for
investigation va X-ray diffraction imaging [1P as shown in aiX-ray reflection topographic image of
Figure6 [23]. The surfaceprojected indenter diagonal edges are aligned along <110> directions as for
Figure 5. The central white square patterns of absémty intensitycorrespond to the appreciably
di stortedebpistbwne st FigamtaAnierhantet (plackeneX)ray intensity of
diffraction contrast is attributed to reduced extinction of the diffracted b&anhis case, there is
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essentially no diffraction contrast along the diagonal <110> directions because of the smaller range of
strain associated with thastbcation dipole structure, rather than the cumulative strains associated
with the screw dislocation arrays extending along the <100>tdinsc The approximate vertical

mirror planesymmetry of each diffraction image is attributed to the asymmetry of the laterally directed
incident and diffracteX-ray beams

Figure 6. {220} X-r ay refl ecti on topograph obtained
diamond pyramid indentationmut intoan (0OQ) MgO crystal cleavage Hace [23].

5. X-ray Topography of Symmetrical-Tilt Crystal Subgrain Boundaries

The background structure Kigure6 of seemingly meandering black or white boundabietsveen
adjacent crystal subgrairend the left-to-right downwardly inclinedblack cleavage steps (for the
incidentX-ray beanl ooki ng ino) are also of interest in
of conventional i mperfect s imbglae c ©r gsshistaricadlyu a & ,
hypothesized in quantitatively accounting ffray diffracted intensity measuremenidie mostly
vertical white boundary ifrigure 6 is caused by the small angle separation of the adjacent subgrain
reflections as compared with the two appmately horizontal black boundaries of overlapping
images. Suchmosaic or lineagé y p e symmet r i ¢ a boundaries Ithatcazget forrmed  fi
especially in melgrown crystals are intimately determined by the crystal growth conditions and relate
to preferred atomiescale directions of crystal phase transformatidits. example, zinc and related
hexagonal crystals show a preference for solidification along directions containedhextgonal
basal planeOne suchexample ofan [0001] direction crystalgrowth structure of subgrains and
dislocation network whin themis shownin Figure 7ap through the (0001) cleavage plasikea zinc
crystal rod[24]. The model description of the subgrain boundary characterizations was obtained by
meansof the changedmisorientatiorc o n t seandntdidferentg po} topographs. And of particular
note is the orientation of the dislocation lines climbing into [0001] direstduring the slow crystal
solidification procedureas compared with a preference to resideen(@01) basal plane

A similar analysis to that described for zinc was reported for the preferred [010] orientation of
crystal subgrain boundary misorientations in the solidification of nickel single lsry28&. Figure 8



Symmetry014, 6 15t

shows the diffraction geometiyeveloped in a wave vector description of two subgrain reflections
being obtained with an asymmetric crystal topography (ACT) system.

Figure 7. (a) (p mo) X-ray topograph obtainedf zincwi t h  Co K;(b) Modell i at i on
descriptionof the subgraimisorientations with symmetrical tilt boundar{@d].
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In Figure8, thevectorseparations, of two immediately adjacent posibn either side of therystal
boundarywas evaluated in terms of tlikstance to theX-ray film, d, thedifference in reciprocal
diffracting plane lattice vectorsgH, and different inciderteamwave vectos, ak, as

s= (d/K)[aH + ak T {(aH + ak)-n/kou} Kout?] 2

Figure9is an example stereographic projection of the thus determined misorientation of a subgrain
boundaryin a solidified nickel crystal and determth¢010] rotation axis for it.In Figure 9, two
incident X-ray beams from nearby points on tbkeray source satisfy respectively the Bragg
(reflection) condition for subgrains 1 and 2 in the equatorial plane onplane reflectionsAnd the
same is shown for the rotated (crystal) position of a single beamgingdboth subgrain reflections
along the vertical diametral great circlehe displacedX-ray reflection points were then traced on
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orthogonal great circles taletermine by intersectionghe axis of rotation for the subgrain

misorientation.

Figure 9. Stereographic projection for [010] rotation axis of a Ni subgrain boundary [25]
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6. Point andSpace Group Aspect®f Twinning

Growth twinning and deformation twinning also exhibit interesting aspects of crystal symmetry that
have an extensive backgroundtbrg and yet are currently the subject of intensive researches into the
detailed atomic or molecular displacements that are involved in transition from the host crystal

structure.Figure 10is a schematic representation ofpatc) plane with[p mp] twinning direction
deformation twin propagating inward from the swé of a zinc single crystal [R6uch twins often
have associated kink (or dislocation tilt) boundaries associated with them in order to effect

accommodation with the dmvinned matrix cystal volume.And often, an additional twin will
propagate along the accommodation boundary of the first one, and so on.

Figure 10.Model of a deformation twin in Zand associated kink accommodatjaf].
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Even for twinning in the relatively simple hegonal closgpacked crystal structure of zinc,
cadmium and magnesium, there is the complication of needed atomicangements, or shuffle
displacements, that are requiredproducea mirror image twin volume relative to the matrix crystal
lattice [26]. The effect is illustrated, for example, in description of deformation twinning of the
molecular crystal, HMX (cyclotetragthylenetetranitramingCH,-N-NO;]4, as illustrated ifrigure11
for a type Il rotational twinning model also with indicated molecular adjustm@uite interestingly,
HMX is known to deform principally bydeformation twinning whereas th&maller molecular
counterpart RDX (cglotrimethylenetrinitramine),[CH2-N-NO]s lattice is known to @form
principally by slip. The ease of twinning was attributed tgreater flexibility of the largeHMX
molecule[27 28].

Figure 11 Point group descriptioaf twinning for depicted HMX molecular cqR7].
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7. Discussion

Each of the topics described thus far relate in one way or another to the strength properties of
individual crystals and even more so to their aggregation in a polycrystalline (or polyphase) structural
material. The crystal, or more often specified graize of a polycrystalline has been kngwn
beginning from the 18 century to influence material strength and fracturing propertassrecently
reviewa [11].

7.1. CrystalSizesandDislocation PileUps

The symmetrical bicrystal strength nseeementsdescribed with respect teigure 3 were obtained
for aluminumthat exhibitshe weakest crystal or grain size dependenthe strengths specifiedmost
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often in terms ofthe plasticf | o w sytfall@ving @ HaléiPetch reciprocal square root gfain

o

diameteradependenceyi t h exper i mearnd&l constants, U

Qo= od kt’ivimz 3

McGrath and Gaig [29] had reported on the resolved shear stress dependence on variation in

subgrains paci ng of Astriationso obtained i n S i
solidification rates; anéleischef{30] determined a value ofyke 1.1 MPamm*? for & in Equation (3)
taken as the crystalibgrain sizeThe value of kis essentially the same as that determined frome G
dependence oafor polycrystlline materia[11] and which valudas been attributed t@ beingtaken

as amicrostructural stress iansity needed for crosdip [9]. An important stereological deggation of

the development of subgrain boundaries within the deformed grain structure of aluminum pedl/crys
has been given recentlyl3 An example of the hierarchical naturesaveral levels o$ubstructure in
metal crystals is illustrated in theray ACT-typetopograph ofigurel2 that wasobtained in relation

to the analysis described fBigure8.

Figure 12 Nickel crystal lineage subgrains and internal substructure (at marfas]3)

Also, the schematic descriptiam Figure 3 of crossslip assistance in accommodating transmission
of plastic strain at the bicrystal boundasglates to the physical explanation of the relatively lgw k
value measured for aluminum that exhibits a lowest value of resolved shear stress fslipcrobe
crossslip plane for the experiments of Craig and Chalmers is showrhen stereographic
representation dfigure4. Regardingneasurement of tHew kgvalue br aluminumthat value for the
iron and steel materials omhich the HaHPetchrelation wa originally based was much larger
measurement of ~24 MRam”? caused by carbon locking of dislocations at grain baves [2].
And a nuch larger values déy= kc= ~120 MPamm“? applies for cleaage of steel also in line with
the pileup stresgoncentratiomequired to produce cracking at ttygmmetricaklip plane intersections

shown schematicallfjor an MgO crystain Figure5[19,23.

n
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7.2.PolycrystalApplicationof X-ray Topographidmaging

Polycrystalline X-ray diffraction topography waschieved for individual grain reflectionsin
pioneering research measurements reporbgd Weissman [330 far before synchrotronX-ray
diffraction topography was availabb®th for individual grain reflections anfbr multiple reflections
from within a gran. Early reviews on the several methods of reflection and transmis&iay
topographyare given in references [34]35A recent review is given by Mae [36, particularly
relating toorders of magnitude reduction in botime andbeamdivergence capaliies that are
availablewith synchrotron radiatian

Notableapplications of the topographic methods have involved electronic semiconducting materials
ranging from essentially perfect crystals to speciatignted polysilicon material$n the latter cas,
use has been made of the occurrencesgf mmet r y  a-gpe ebocundariesofdér whiclthe
polycrystalline grain orientations are related through multiple twinopeyationg37]. Figure 1&,b
shows such a case feimultaneous reflections able to be obtained frrmhotovoltaic solar cell
fabricated on a cast polysitin materiaw i t h -sypeddundirief38].

Figure 13 Simultaneous multiple images from adjac8ng r a i ntgpe orientatbri38].
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