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Abstract

Twinning is an important deformation mode in hcp materials that can strongly
aect fracture toughness.In order to clarify the early stagesof twin nucleation,
lattice statics simulations of zirconium crystals cortaining mixed-mode basal cradks
with [1210] and [1100]front orientations were carried out using an Embedded-Aom
Method potential. The simulations show that crad-tip twin nucleation is atwo-stage
processy(l) Initial plastic deformation occurswithin athin layer aheadof the crad,

possiblyinvolving basalslip, cradk-tip blunting by the formation of Frank partials or
an hcp-fcctransformation producedby Shockley partials emitted from the crad tip;

(1) atwin formsin the surrounding hcp matrix. In this secondstage,either af1121g
twin is nucleated homogeneouslyor a f 1011g twin is nucleated heterogeneouslyby
Shockley partials that nucleate inside the fcc region and penetrate the hcp matrix.

Key words: Twinning; Fracture; Dislocations; Nucleation of phase
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1 Intro duction

Twinning is an important deformation mode in hexagonalclose-paked (hcp)
materials. Fracture toughnesss strongly a ected by twinning sincecrad tips
sene as nucleation sites for deformation twinning (DT) that can blunt or
sharpen the crad tip.
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In order to derive an analytical criterion for the onsetof DT in the vicinity

of a crac tip, a detailed knowledgeof twin nucleation medanismsis crucial.

For face-cetered cubic (fcc) materials these medanismsare well established
in the senseof atomic movemerns and in terms of crystallographic defects.
Consequetly, an analytical criterion for DT at a crad tip hasbeenderived[1].

In hcp metals, twinning plays a much more signi cant role due to the limited

number of available slip systems.At the sametime, there is no equivalernt

to the fcc twinning medanism sincethe basal plane is the mirror plane and
cannot sene as a twinning plane.

One of the diculties in the modeling of hcp twinning is the necessiy to
introduce into considerationatomic shu es since simple shear alone is not
sucient to bring all of the atoms into their twinned positions. In addition,
lattice shues must often be introduced with which the sametwin can be
obtained with a smallertwinning shear.Se\eral self-su cient twinning med-
anisms have been proposedfor double-lattice structures sud as hcp. These
includethe polemedanism[2], the \ratc het" medanism[3],and homogeneous
thermally-activated nucleation of twinning dislocations[4]. Other medanisms
require repeated nucleation of twinning dislocations [5] producedby interface
reactionswith a twin or matrix defect[6{9] or by someother source.

Unfortunately, the twinning medanismaloneis not su cien t to descrike twin
formation. Sincenucleation occursunder larger stresseghan growth of the nu-
cleus,micro-twin nucleationis usually treated separatelyfrom its growth [10],
although somemedanisms[11]cantheoretically accoun for the wholeforma-
tion process.Both nucleation and subsequentwin growth can strongly a ect
fracture toughnesswhether a stable structure is produced or not. Howe\er,
while there is rather large bulk of literature dewted to the growth meda-
nisms of pre-existing twins in hcp structures [2,5,11{13] much lessis known
about the onsetof twinning in generaland near a crad tip in particular.

Twin nucleation theoriescan broadly be grouped into homogeneousnd het-
erogeneoumedanisms[4]. Homogeneousucleation presumablyoccursunder
conditions of a locally uniform stress[14] or in the vicinity of a defect[5,15]
that inducesa stressconceitration but doesnot itself participate in twinning.
The nucleation medanismin this caseis onewherean ertire regionundergees
a homogeneouspontaneoustransformation. Di erent modelsof simultaneous
cooperative atomic movemer have beensuggestedo explain how this canoc-
cur [16{19]. The conceptof homogeneousiucleation hasbeenapplied to both
twin nucleation and growth [11] in the samemanner, sud that the minimal
number of layers participating in elememal nucleation step is determined by
the useof twin-parent lattice points coincidence.

Heterogeneousucleation is usually assumedto be the result of dislocation
reactions[19{24]. For example,the dissciation of a pre-existing dislocation



into an extendeddefectresultsin the formation of a stacking fault (SF) that

may be regardedas a twin nucleus. After revolution around a pole, if we
consider, for example, the pole medanism [2] or after a double cross-slip
ewvernt in a\ratc het" medanism, it becomesa stepin the twin interface called
atwinning dislocation. A stepof minimum height reproducingthe fault surface
is calleda zonaltwinning dislocation [10,16,19,25]Various dislocation models
proposedfor the nucleation of twins in hcp structures are reviewed in [21{23].
Other possiblemetanismsare double twinning [20] and twinning via forward

and reverse martensitic transformation [26]. A comprehensie review of this

subject can be found in [10].

Since dislocation-basednucleation medanisms are dependent on a particu-
lar pre-existing defect and homogeneousucleation is activated near stress
concerrators, a crak represeis a corveniert defect for investigating twin

nucleation. Howewer, none of the nucleation medanismssuggestedn the lit-

erature canbe unambiguouslyappliedto cradk-tip twinning. At the sametime,

experimertal evidenceon this subject is rather scarn. In 1954 the experimerts
of Deruyttere and Greenough(DG) [27] provided the rst evidencefor DT at

a crack tip in an hcp material during fracture of Zn monocrystals. In 1970,
Govila and Kamdar (GK) [28]obsened f 10129 twinning alongwith prismatic
and basal slip aheadof a crad tip in beryllium monocrystals. A very terse
report on twinning at a crad tip in hcp can be found in [12].

To study this problem we performed atomic-scale simulations of cradks in
an hcp material loaded in a variety of ways. The simulations show that al-
though crad-tip twin nucleation in hcp is very complexit can be descriked
as a two-stage process.First, plastic deformation occurs within the \crack
layer" (i.e. the uncraked material aheadof the crad tip). This can involve
cradk-tip blunting by the formation of Frank partials, basalslip or an hcp-fcc
transformation via the nucleation and propagation of Shockley partial (SP)
dislocations. Transformations of this latter kind are well-known in hcp [29].
At a crad tip, it is likely to occur provided that the mode Il or 11l shear
componerts are not too small. During the secondstage, long-range plastic
deformation propagatesin the hcp bulk surrounding the crad tip. A twin is
nucleatedeither in a homogeneousnannerwithin hcp phaseor dueto propa-
gation of dislocations that are nucleatedin the fcc phaseand then penetrate
into the hcp matrix. As noted above, the nucleation of twins in fcc is well
understaod [1] and thus the latter medanism provides a clear explanation
for hcp twin nucleation, without the usual complexity concomitart with twin
nucleation within the hcp phase.
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Fig. 1. Sthematic diagram of the crack model and boundary conditions employed in
the simulations. The region of the model in which the atoms are held xed to the
elastic solution is highlighted by a hatched pattern.

2 Mo del

Our objective is to employ atomic-scalesimulations to study twin nucleation
at the tip of a cradk in an hcp material. The rst stepis to selectappropri-
ate cradk orientations and loadingsknown to lead to twinning. To this end,
we considerthe experimenrtal studies mertioned above. Both DG and GK
consideredfracture processesnvolving the propagation of basal cracs, i.e.
cradks lying in the (0001) plane. DG found that a three-dimensional (3D)
cradk propagating in a basal plane inclined at an acute angleto the axis of
tensile loading leavesin its wake proli ¢ twin tracesmostly at an angle of 60
to the direction of maximum shear,while sometracesare parallel to it. In GK,
for a two-dimensional(2D) straight cradk with its front in the f 1020g plane,
the obsened twin traceswere conceltrated nearthe side edgesof the cradk as
opposedto DG wherethey traversedthe whole cradk surface.

Given the above, for our simulations we considertwo planar basal cradk ori-
ertations with cradk fronts lying along the two low-index directions in the
basalplane: h1210i and h1100i. We expect twin nucleationto occur on a plane
cortaining the crad front, and therefore periodic boundary conditions (BCs)
are applied along the cradk front direction, i.e. perpendicular to the simula-
tion plane, as shovn in Fig. 1. The use of periodic BCs meansthat we are
modeling an in nite straight cradk. This appraximation is consistem with the
assumptionthat the twin nucleateson a plane cortaining the cradk front,
which makesthis a 2D problem.

The simulations were performed using the \P araDyn" molecular dynamics
(MD) code deweloped by Plimpton [31]. The material model employed was an
Embedded-Aom Method (EAM) potential for Zr due to Ackland [30]. This



potertial haslattice parametersa = 3:249A andc = 1:595a. The crack models
consistedof a perfect crystal of about 100,000atomsinto which an edgecradk
was introduced along the desired direction by the removal of three atomic
layers parallel to the basal plane. As in any atomistic simulation, the nite

domain size dictated by the available computational resourcesis a concern.
In our case,we veried that our results were insensitive to the domain size
in two ways: (1) We made sure that the defect structures obtained were far
removed from the simulation boundaries.(2) In certain caseswe ran larger
simulations of similar problemsand veri ed that the resultswereindependert
of model size.

For ead cradk, a number of numerical simulations were carried out, ead
consistingof a seriesof static relaxations.! In ead simulation, the crack was
remotely loaded by a mixed K- eld, with stressintensity factors (SIF) K =
(K K Ki)=K( ;0 ), whereK isaproportional loading factor and

i are dimensionlesgparameters.The application of di erent combinations of
mode I, 11 and Il1 loading allows us to explore di erent twinning processes.
For example,the rare \parallel" twins obsened by DG can be producedby a
mixed mode I-111 loading, while thosewith tracesoriented at 60 to the cradk
plane are nucleatedby the full mixture of modesl, Il and I11.

The following procedurewas adopted for loading the crad:

(1) Set the proportional load factor SIF K to a small initial value K. Dis-
placeall atomsaccordingto the anisotropiclinear elasticfracture medanics
(LEFM) solution [32]for K; = KJ:

u(X) = Uq, (X5 1Ko; 1Ko; 11Ko);

whereu is the displacemen eld, X is a position of an atom and u ., is
the anisotropic LEFM solution.

(2) Fix the displacemets of the atomsnearthe model boundariesto the LEFM
solution (exceptfor the cradk faces)asshavn in Fig. 1. Obtain the positions
of all other atoms by minimizing the potential energyof the system(com-
puted accordingto the EAM interactions) subject to the BC constrairts.

3) Incrngnert the SIF by a small amourt K sud that max, K ; = 0:16
MPa m (= 0:1 eVA 5%2). Displaceall atoms accordingto the assaiated
incremertal anisotropic LEFM solution:

u(X)=uX)+ug, X; 1 Ky K; o K)

1 Note that although ParaDyn is capableof simulating dynamical processest nite
temperature, we employed the \lattice statics" mode of the code in order to prevent
the unrealistic loading rates typically assa@iated with MD simulations. As a result
thermally-activated processesould not occur in our simulations.
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Fig. 2. Flowchart summarizing the deformation processesbsened in the simula-
tions and their dependenceon loading mode and orientation.

(4) Return to step (2) and cortinue until a critical evert occurs at the crack
tip.

In certain casesmore accurateresults at nucleation everts were obtained by
bading up and proceedingwith a smaller SIF step. It is important to point
out that by adopting this procedure,where BCs are applied accordingto the
LEFM solution, we are in fact modeling a genericcradk of arbitrary con g-
uration. Thus while the actual numerical model con guration is of an edge
cra, in practice this can be thought of asthe tip region of a larger crak
with arbitrary geometry and loading, the speci cs of which are a matter of
interpretation of the SIF. Consequetly, the results discussedn the next sec-
tion arerelevant for any cradk and are not speci ¢ to the particular geometry
simulated here.



Fig. 3. a) and b) A basal crack with front along h1210i, loaded remotely by a)
K (1;1;0) eld. %thlG partials emitted OB every secondbasal plane produce and
fcc lamella six atomic planesthick. b) K (1; 3; 1) load producea layeredfcc lamella.
View along [1210]. c¢) crack with [1100] front subjected to K (1;1;0) eld emitted
SPson the samebasal plane forming a seriesof extended perfect dislocations. View
along [1100].

3 Results

The ow chart in Fig. 2 summarizesthe deformation processesve obsened
in our simulations. Plastic deformation initiated at a basal crack in hcp can
broadly be divided into two consecutie stages:(I) formation of defectstruc-
tures within the \crack layer"; (I1) penetration of plastic deformation into
the surrounding hcp matrix. Thesetwo stagesare explainedin detail below.
The readeris encouragedo refer badk to Fig. 2 while readingthe subsequen
sectionsto help clarify the details.

3.1 Stagel: Crack Layer Deformation

Deformation within the crad layer is strongly depender on the relative mag-
nitude of the tensile componert of the loading (K,) to the shearmodes (K,
and K,;;). When K, max(K,, ; K,;;), long-rangeplasticity is not obtained
in the cradk layer. For example, simulations with a large tensile componert
for the 1210 crack-tip orientation, were performed, but twinning was not
obsened in agreemen with the results of DG. This caseis not of interest for
this paper and will not be discussedurther.

q
Instead we focus on caseswhere K is comparableto K3 + K3,. In these



Fig. 4. Polar plot shaving absolute valuesof the normalized MRSS on planesat an
angle to the crad plane produced by the three loading modes. For mode I,
(solid line). For modell, , (dashedline). For modelll, , (dash-dottedline). The
senseof stressess indicated by the signs\+" and \-". The stressesare normalized
by = 2r5Kj.

casesdislocation glide occurs within the crad layer. The type of defect ob-
tained dependson the direction of the maximum resohed shearstress(MRSS)

( ) relativeto the available slip directionsin the slip plane.Here isthe angle
of an inclined slip plane relative to the (basal) cradk plane. When the MRSS
on the basalplane ( = 0) lies closeto a SP direction, an hcp-fcc martensitic
transformation occursaheadof the crad tip by the emissionof %thlO par-
tials on every next basal plane (e.g. every B layer, wherewe refer hereto the
ABAB... hcp staking). As a consequencean fcc lamellawith a (111)jj(0001)
interfaceis createdaheadof the crak (Fig. 3a). Of the two possiblevariants
in twin orientation, the one produceddependsonly on the K=K, ratio.

The length and thicknessof this lamella dependsprimarily on how close (0) is
to oneof the SPdirectionsh1010. This is de ned solelyby the K ;,=K, ratio 2

ascanbeseenin Fig. 4 that presens the normalizedstresses, and , onthe
family of planespassingthrough the cradk front. The stressesvere computed
using the anisotropic elastic solution [32] for di erent fracture modesin polar
coordinates. The important thing to note is that the mode | loading produces
no shearstresson the plane = 0.

When the MRSS is along a perfect basal dislocation direction (K=K,

2 The value of K|, the crad tip con guration and the screw-edgecortent of the
partial 1010 play a minor role.



Fig. 5. [1100] crac tip blunting by local rearrangemen producing a Frank partial.
Highlighted region on d) is an fcc SF. View along [1100].

1:p 3 for the cradk with front along h1210i asin Fig. 3b or K,;=K,, 0 for
the [1100]crad front orierntation asin Fig. 3c), either extendeddislocationsor
SPsondi erent planes(leadingto the formation of an fcclamella) are emitted.
This dependsmostly on the instant crad tip con guration (the ledgee ect).

A similar e ect was obsened earlier for twinning in fcc lattices [1,33].1f the
crad tip changests con guration after emissionsa layeredfcc strip composed
of twin variants is produced (Fig. 3b). If the tip retainsits con guration after
emissionof the leading partial, it is likely to expect the secondemissionon
the sameplane. In this case,the \fcc lamella" is only a SF betweenleading
and trailing partials. Sud faults are rather short and they repeatedly break
away from the crad tip by glide ascanbe seenin Fig. 3c. This leadsto basal
slip until the MRSS on pyramidal or prismatic planesreahesthe appropri-
ate value for dislocation emissionprovided that the correspnding modesare
available. Alternativ ely, the crad tip may be blunted by a short-rangeplastic
memanism.TBe latter processis traced in Fig. 5. When K, readesthe value
of 42.94MPa" m, a positive Frank partial [35] with a SF of three layersin
ABC order appears(Fig. 5b). Then the partial climbs three atomicslayersup
and a new Frank partial beginsforming (atoms 1,13,2Fig. 5d) at the crack

tip.
3.2 Stagell: HCP Matrix Deformation

The form of the plastic processpropagatinginto the hcp bulk surroundingthe
crad layer dependson orientation of the cradk and on the presenceand orien-
tation of the fcclamella. We thereforeconsiderthe two cradk-front orientations
separately

3.2.1 hl1100i cracktip orientation

When the cradk front is oriented along the h110G direction, it belongsto
the f 112ng family of planes,which are ill-equipped for glide in both hcp and
fcc® (if it is formed). In this casea corvertional f 1121g[1126]compound twin

3 The fcc variants in this orientation cortain the crac front along h211i.



Fig. 6. f1121g microtwin outlined by white dashedlines. Shadedatoms are behind
the plane of the paper. Visible patterns are due to out-of-plane displacemeits. View
along [1100].

is obtained homogeneouslyWestlake [19] suggestedshu es for f 11219[1126]
twinning and arguedin favor of dislocation dissaiation with consequentwin-
ning by the pole medanism. Given the 2D character of our simulations, it is
clear that the pole medanism cannot be con rmed or rejected. Vaidya and
Mahajan [24] proposeda dislocation reactionrelating matrix glide and f 1121g
twinning. The con guration of the twinning dislocations was suggestedby
Mendelson[25]. The f 1121g microtwin formation obsened in our simulations
is not accourted for by the movemen of twinning dislocations. The whole
microtwin, four lattice planesthick (Figs. 6 and 7), appeared spontaneously
without direct coupling with the small fcc SF ahead of the crack (Fig. 5d)
and without dislocation glide. This ewert is precededby the emissionof basal
dislocations and Frank partials as explained above and immediately follows
after the con guration depictedin Fig. 5d. Decreasingthe loading incremert
doesnot separatethis evert into more elemerary stages.

The nucleatedtwin hasa shearof s = a=c The interfacestructure of this twin
was studied by Minonishi et al. [36] and by Serraand Bacon[7]. The interface
structure obtained in our simulation is shavn in Fig. 7a. The atomic shu es
obsened are equalto h 1100=12 (in the twin coordinates for the whole A
and B planescorresmpndingly) and normal to the plane of shearf 110Qy. These
shu es producescrewdislocationsat the interfaceon ewvery basalplanein the
twin ascan be seenin Fig. 7b.
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a) "o . - oo T b)
Fig. 7. Interface structure of a f 1121g twin. a) View along [1100] projection. The
translation vectors[9] are denotedby arrows, basal planesby solid lines and the \c"
direction in the twin by the dash-dotline. b) Two basal planesviewed along [0001]
twin direction. Rows of atoms along 1120 lines are curved due to screwdislocations
on ewvery basal plane along both twin interfaces.

There is a debatein the literature [10] regardingthe relevance of an alterna-
tive description that can be applied to twinning modes for the special case
wherethe conjugate plane K, correspndsto an obsened slip plane and the
conjugatesheardirection , correspndsto a slip direction. This is the casefor
the obtained f 1121g twin. This alternative descriptionis basedon Bullough's
theory [37], in which a simple lattice shearon the twinning plane K; in the
direction ; is producedby the combination of a simple lattice shears = a=c
on K, in the direction , = [1120], with an additional lattice rotation about
the normal to the plane of shear? The twin is formed by accunulating slip
dislocations on K,. Christian and Mahajan [10] note that above description
is relevant only if the twin is really formed by dislocation glide. No sud glide
was obsened in our simulations.

3.2.2 210 crackfront.

When the crad front lies along the h1210i direction and, thus, belongsto
the f101ng family of planes,two possiblefcc variants may form cortaining
the cradk front along[110].One of the two variants hasa (111) Blgne passing
through the crad front inclined at a sharpangle = tan *(2d 3) 70 to
(0001).A six-layeredlamellain this orientation inducedby the K-loading with
K=K, = 0is depictedin Fig. 3a. This orientation hasthe special property

4 In hcp, f1121g twinning must also incorporate shues or alternatively it can
simply be viewed asa rotation of atomic basal planessuperposedwith their relative
displacemen by %[1010] and %[OllO],Which are the Burgers vectors of the SPs.
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Fig. 8. a) Emission of the rst SP from the crad tip within the fcc lamella towards
the fcc/hep interface. View along [1210]. Circles and diamonds denote atomsin and
below the plane of the paper, respectively; b) atomic movemerts on f 1011g viewed
along its normal. Black spheresand bolded symbols denote atoms belongingto the
B stad, displacedatoms are denoted by the transparent spheres.Crystallographic
hcp coordinates are denoted by numbers 1,...,4. ¢) First partial transmitted into
hcp.

that the Burgersvector bs = %[112] of a SP on the (111) planeis nearly equal
to the %[1013]vector of a possibleB atom movemen on the f 1011g plane.®
As can be seenin Fig. 4, modes|l and |11 both have a very weak e ect on
planesnearto 66 ( !'(70) = 0; , (61) = 0). The artgle between the
basaland (111) plane in unstressedfcc® is tan 1(2d 3) 70. Hence,
regardlessof the combination of K|, and K,,,, the shearstresson the f 111g
planeis directed almost along the SP direction [112].

The angle between the basal and (1011) plane is = tan 1(20:a:p 3) =
615 , sothe MRSS(Fig. 4) is almost parallel to the twinning direction [1012]
regardlessof the value of K ;. Therefore, SPsnucleatedin the fcc lamella can
glide up from the crad tip on the (111) planein the [112]direction towards
the fcc-hcpboundary and then penetrate into the hcp matrix. This is exactly
what happensin the simulation as explained belon. On the other hand, the
(001) planeat = 54 isnot aslip planein fcc. Also, the opposite senseof
the shearstressof mode Il on the (111) plane (Fig. 3b) at 110 (Fig. 4)
doesnot promote slip unlessa large portion of mode 11 is involved. Howeer,
sincethis componert is normally relaxedby glide processesn the crad layer,
penetration into the lower hcp matrix doesnot occur.

p

When the SIF readesa value of K = 36:85(1; 1;0) MPa™ m, a SP with Burg-

5 The agreemem would be exact if the interplanar f 111g distance in fcc zirconium
equaledd = c=2.
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Fig. 9. a),b) Emission of the secondSP within the fcc lamella on the (111) plane
(dashed line) towards the fcc/hcp interface and c¢) penetration into hcp on the
f 1011g plane (dash-dotted line). First dislocation glide is denoted by a solid line in
fcc and by a dash-dot line in hcp. View along [1210] projection.

ersvector by = %[112] of pure edgetype is emitted from the cradk tip on the
(111) plane towards the upper (111)jj(0001) interface (Fig. 8a). The atomic
movemerns of the dislocation transmitted into the hcp matrix (Fig. 8b,c) al-
most coincide with the Burgers vector of the incoming SP. The di erence is
that the displacemen vector of B atomsin hcp is a little bit larger than b,
while the displacemen of the A atoms (white spheres)is far lessthan the
length of the vector b, = %[2023](\natural" movemerts of the A sta in the
\absence" of B atoms). Movemerns of A and B atoms on the f 1011g plane
have di erent normal componens. As a result, the interfaces(denoted by the
dash-dotlinesin Fig. 8candin Fig. 9) are attened in agreemehwith atomic
movemern schemeof Hall [34].

The next emissionoccurs at a distance of three (111) planesfrom the rst

one® (Fig. 9). The third dislocation glides on a plane betweenthe rst two
and is then arrestedby the emissionof a partial on the (1011) plane (Fig. 10a,
dashedline 4). Finally, the fourth emitted dislocation (Fig. 10b, line 5) gliding
betweenthe secondand the third slip planescompletesthe formation ofa v e-
layer microtwin.

At the locations where the dislocations on the (1011) planesstop, additional

6 This is not a rule. With various cradk opening modesthe emissionoccurred on
di erent (from the next till the fourth) (111) planes.Also, the nucleated SP doesnot
always penetrateinto the hcp matrix. It often\clim bs" in the crad direction se\eral
planesfrom the crad tip by repetitiv e re ection from both hcp/fcc interfaces.
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Fig. 10. a) Third transmitted dislocation on the plane denoted by the solid line.
Planes are numberedin order of emission.b) f1011g twin completed by the forth
partial (dotted line). The dash-dotted lines denote the twin boundary. View along
[1210].

fcc lamellae are created. The resulting nano-lamellar structure can be seen
in Fig. 11a where a four-layer twin is produced by K (1;2;0) loading. This
structure led to the formation of a f1012g twin (the most commonin hcp
metals) together with dislocations pile-ups. We do not presen this defect
sinceit was nucleatedin the region adjacen to the simulation box boundary
far from the crad tip and, consequetly, may be regardedas an artifact.

Let us estimate the Burgersvector b of the twinning dislocation and compare
it with the emitted fcc partials. By \t winning dislocation” we meana stepin

the twin-matrix interface, the motion of which alone is thought to produce
a new layer of atoms in F(}grrﬁct twin positions. The interplanar distance of
f1011g planesis h = ca 3= 4c? + 3a?, the twinning shearis s = jhj=h =

a 3=¢ hence,j  2:68A. Howewer, the projection of the Burgers vector of
the incoming fcc dislocation, by = %[1013], on [1012]is ( 1:82A) too small
to supply the twinning shear.Clearly, slip transfer in this caseis assistedby
the high crad-tip elastic strains. In addition, the shearacrossthe interfaces
should be smaller than the twinning shearbecausethe interface interplanar
distanceis larger than h. Thus, an additional shearmust occur during twin
formation.

Another fcc variant is producedwhen K=K, P 3. In this caﬁeihe plane
passingthrough the cradc front at the sharpangle( = tan }(d 3) 54)
to the basalplaneis a f 001g plane (as in the upper layer of the fcc lamella
in Fig. 3b). This planeis not a slip plane in fcc. No twinning and no further
basalslip occursin this case.The crac tip is blunted dueto local medanisms
sud asnucleation of Frank partials as explainedabove.
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Fig. 11. a) f1011g twin in the caseof K (1;2;0) loading. Dislocations on f1011g
planesinduce a nanolamellar hcp/fcc structure. b) dislocation glide on (1010) down
from the crad tip in caseof K (3;2; 3) loading. Movemerts of atoms (transparent
spheres)on the (1010) plane are shown in the inset. View along [1210].

Among other processebsened in simulations with non-zeromode 111 we
shouldnote slip on (1010) either behind or aheadof the crad tip (seeFig 11b).
In this case,atoms move along a %3[2643] vector. The interplanar distance of
the SF grows signi cantly. The Burgersvector can be obtained by projecting
the 1—18[2643] vector (correspndsto a R211i SPin fcc) onto the (1010) plane.
This defectis always reversible after the cradk passesf not conbined with
further slip completing a perfect dislocation.

4 Discussion

Atomic-scale simulations were performed shaving that twin nucleation at a
crad tip in hcp materialsis a complicatedprocessDespitethis it waspossible
to generalizethe behavior into two main stagesthat always occur as shovn
in Fig. 2. The rst stageconsistsof plastic deformation within the uncraked
ligamert aheadof the cradk. This can include basalslip, nucleation of Frank
partials and an hcp-fcc martensitic transformation. During the secondstage
twinning penetratesthe hcp bulk aroundthe crad tip. For the 1100 crad-tip

orientation, a f1121g[1126]twin may nucleate homogeneouslyFor the h1210i

cradk-tip orientation, formation of an fcc lamella aheadof the crad tip allows
a dislocation glide medanism for f 1011ghl012 twin nucleation with a large
twinning shears = a 3=c An fcclamellais createdin both crad orierntations
studied, provided that the mode Il and Il SIFs are not too small. Howe\er,
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it assiststwinning only in the h1210i crad front orientation. In this case,the
dislocationsthat producetwinning are SPsnucleatedin the fcc region, where
it is much easierthan in hcp and where the medanism is well established.
Consequetly, there is no ambiguity concerningatom movemerns during twin
nucleation.

The suggestionraised here that twins in hcp can nucleate in an fcc lamella
formed at a crad tip is novel. Howewer, there have been simulations of re-
lated processesFor example,the propagation of twinning dislocations from

a face-cetered-tetragonal (fct) structure into an hcp superlattice has been
investigated [39,40]. This processwas also studied in simulations of fracture
in nanolamellar Ti-Al with a (111)jj(0001) [110]jj[1120] orientation [38]. In

these simulations, a mode | crak with front along h110i in either the (fct

L 1, structure) or in the , phase(D O, hcp-like superlattice) was subjected
to mode | applied loading via boundary displacemets correspnding to the
isotropic elastic solution for a semi-in nite cradk. During mode | crack growth

in the (fct) phase,emissionof twinning dislocations was obsened, someof
which penetrated into the , phase.Despite this, twinning in the , phase
did not occur. Besidesfor the di erences betweenfcc and fct and betweenhcp
and the D O, superlattice we seethe causein that the adjacent , layerswere
too far from the cra, so, only one or two dislocations crossedthe interface.
On the other hand, when the crak wasin the , phase,the mode | loading
producedno basalslip soathin  lamella was not formed.

Christian and Mahajan [10] state that the f 1121g twin is the only obsened
hcp mode in which all lattice points are carried to their correct positions by
the twinning shear so that lattice shues are not required. In our simula-
tions we obsenedthat af 1011g twin nucleatedfrom a crad tip alsopossesses
this important property. It has also been concludedon the basis of experi-
mertal evidencethat a f 1011g twin can only be of the \compression" kind
[22]. Although Hall in 1954[34] Bu_ggesteoh \tension" mode with an \abnor-
mally high value" of shears = = 3=(c=3d), this was perceiwed to be a purely
hypothetical construction [10]. In our simulations, we obtained Hall's f 1011g
\tension" twin mode with the correspnding large shear. The needfor con-
sidering f 1011g twinning modeswith shearmuch larger than the traditional
in the caseof , = f3032g has also been establishedexperimertally for dif-
ferert hcp metals [41,42]. Matsumoto et al. [43] obsened f1011g twins in a
shape-memoryalloy subjectedto quending and employed Hall's model. They
concludedthat the twin is formed dueto penetration of an hcp plate growing
from fcc during martensitic transformation.

In conclusion,it should be emphasizedhat cradk-tip twinning is expectedto
be somewhatdi erent from other twinning cases.The di erence is due to the
large strains that needto be accommalated and in the self-similar character
of the crad as a dislocation source.
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