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Atomistic Studies of Dislocation Glide in gamma-TiAl

Abstract

Computer simulation of the core structure and glide of ordinary 1/2<110] dislocations and <101]
superdislocations in L1 TiAl has been performed using the recently constructed Bond-Order Potentials. This
description of atomic interactions includes explicitly, within the tightbinding approximation, the most
important aspects of the directional bonding, namely d-d, p-p and d-p bonds. The ordinary dislocation in the
screw orientation was found to have a non-planar core and, therefore, high Peierls stress. The superdislocation
was found to possess in the screw orientation either a planar (glissile) or a non-planar (sessile) core structure.
However, the glissile core transforms into the sessile one for certain orientations of the applied stress. This
implies a strong asymmetry of the yield stress and the break down of the Schmid law when the plastic flow is
mediated by superdislocations. At the same time, this may explain the orientation dependence of the
dislocation substructure observed in the single-phase gamma-TiAl by electron microscopy.
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ATOMISTIC STUDIES OF DISLOCATION GLIDE IN  WTiAl

R. Porizek*, S. Znam*, D. Nguyen-Manh**, V. Vitek* and D. G. Pettifor**

*Department of MaterialsScience and Engineering, University of PennsylvaRiailadelphia,
Pennsylvania, 19104-6272, U.S.A; *DepartmentMa#terials, University ofOxford, ParksRoad,
Oxford OX1 3PH, UK

ABSTRACT

Computer simulation of the core structure and gliderdinary 1/2<110] dislocations and
<101] superdislocations in LITIAl hasbeen performedising the recently constructeBond-
Order Potentials. This description afomic interactionsncludes explicitly, within the tight-
binding approximation, the most important aspects of the directional bonding, radxhglyp and
d-p bonds. The ordinary dislocationtire screw orientation wdsund tohave anon-planar core
and, thereforehigh Peierls stress.The superdislocation wa®und to possess ithe screw
orientation either a planar (glissile) or a non-plasassile) core structureHowever,the glissile
core transformdnto thesessile one focertain orientations of the appliesress. Thismplies a
strong asymmetry of the yield stress and the break down of the Schmid law when thédglasgtic
mediated bysuperdislocations. Ahe samdime, this may explain the orientation dependence of
the dislocation substructure observed in the single-ph@sd by electron microscopy.

INTRODUCTION

It is well established that the main deformation modesTiAl are slip and twinning, both of
them operating on the close-packed {111} planes (see, for example, [1, 2]). The slipvactuos
types of dislocations: ordinary dislocationgh Burgersvectors 1/2<110hnd superdislocations
with Burgersvectors <101]. While the underlying crystallography of the J-&tructure isvery
close to fcc, and thabovementioned deformation modese akin tathose found irfcc materials,
the deformation behavior is much more complex. For example, different deformation modes occur
in the single phase and lamell&rAl and their activity is strongly dependent on temperdiyra].
Specifically, in the single phageTiAl <101] superdislocations dominatelatv temperaturesvhile
at high temperaturegabove about 800C) slip by 1/2<110] ordinary dislocations, and also
twinning, become controlling deformation modes. cémtrast, in the lamellafiAl twinning and
glide of 1/2<110] ordinary dislocatioqsevail at lowtemperatures and glide of superdislocations
becomes significant only at high temperatures. In single-phase alloys an anomalous increase of the
yield stress with increasing temperature was also observed [3, 4]. .

Understanding of these deformation propertias not beachieved in théramework of the
standarcelastictheory of dislocations since the core phenomena are likely to play an important
role, similarly as in bcc metals andvariety of intermetallicompoundgsee,for example [5-7]).

For this reason aumber of atomististudies of dislocations ithe L1, TiAl were carried out in
recent years. Most of these calculatiovese performed usingentral-force manypody potentials
of the EAM type[8-10] and onlyvery recently thecore structure of the ordinaryl/2<110]
dislocation was studied using an ab inD&T basednethod[11]. While calculations employing
central-force schemes revealed a number of general features of dislottetioren be expected in
the L1, structure, they obviously neglect tisérong covalentand directionalbonding that is
characteristic for the titanium aluminides, as documenteDBl basedcalculationg12-16]. This
aspect of bonding is, of course, includedRT baseccalculations but in this casbe number of
atoms that can be fully relaxed is limited to about one hundred.

Recently, we haveonstructed bond-ordgrotentials(BOPSs) forthe Ti-Al system inwhich
the most important aspects tiie directional bonding, specifically d-g;p and d-p bonds, are
included explicitly within thetight-binding approximation [1718]. The primaryadvantage ofhis
method, which was developed over a number of years [19-21], is that calculatipesfanaed in
the real spacand a large number of atoms can be emplaykdn simulating extended defects.
The constructed BOPs have been tested by a variety of calculatiolvéng large deviations from
the ideal L] lattice. For dislocation studiethe most importantre the energies of stacking-fault
like defects. They are for the anti-phase boundary (APB) 545nidnthe complex stackinfault
(CSF) 412mJnr and forthe superlattice intrinsic stacking fa(®ISF) 140mJm. Thesevalues
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agreewell with those found by DFT basezhlculations [1122, 23]. Importantly, theelatively
high energy of the SISF is reproduced correathyle for centralforces a todow value isusually
obtained since it is determined by the interaction of third and other more distant neighbors.

In this paper we present results of atomistic simulations of the core structure and glide of the
ordinary screw 1/2<110] dislocation attte screw <101] superdislocation. These calculations
show, in agreement with the ab initstudy of Woodward and Rafll], that theordinary
dislocationhas a non-planatore and the associated Peiati®ss is high. The superdislocation
may possess two alternate structures, one planar and thenothplanar. The latter issessile but
the former has a relatively low Peierls stress and is glissile. However, for certain orientations of the
applied stress, transformsinto thesessileform, which implies astrongasymmetry of the yield
stressand break down of the Schmimv. Furthermore, thidehavior may explain the observed
dependence of the dislocation substructurth@single-phaseg-TiAl on the orientation of applied
stress [24].

1/2<110] ORDINARY DISLOCATION

Atomistic modeling of the dislocation waerformed as follows. Thelab ofthe L1, TiAl
structure was first constructed composedwad (110) planes (one period ithe [110] direction)
and the screw dislocationith the Burgersvector 1/2[110] introduced by assigning tall the
atoms displacements evaluated in accordanitethe anisotropic elastic field athis dislocation in
an infinite elastidoody. Duringthe calculation periodiboundary conditionsvere applied in the
direction of the dislocation line so that tberresponding block of atomgas effectively infinite in

this direction. The block was then divided into an inner

/"\ . -
‘ o e-0-0 '\'70 . -0 part in which the atomwere relgaxedand an outer part
..... . . in which theatomswerekept displaced in accordance
0c-e-0-6- 0\" “‘ o ' with the elasticfield of the dislocation. A molecular
‘o‘ ‘, 0-@~0-@-0 statics method of minimizing the energy of #ystem
L A WA B was employed in the relaxation calculations and the
®-0-o- ®e-0-@- : :
NN 7 ,\ , | r . (111) relaxation was always termlnat_ed when the force on
0O-©-0-0— any atom was smaller than 4€v/A, unless the
I A L dislocation began to move. When applying an external

O\ ,'\ ,O\" ,', ,°~ ,'. ,° X stressthe elastic displacement fielcbrresponding to

o o - ®-0- ®-0-0-0 this stresswas evaluatedising anisotropicelasticity
oy and superimposed on the dislocation displacerinedt

o - 0-0-0--0-@ ) : :
' for the atoms in both the inner and outegions. The
[110] [112] relaxation then proceeded as in then-stressedase.

Study of the effect of an appliedressalways started
with the fully relaxed corstructure of the dislocation.
The stresswas then increased incrementally and full
relaxation carried out avery step untilthe dislocation started tmove. This stresslevel was
identified with the critical stress needed for the dislocation glid&at O

Fig. 1. Differential displacement map of
the ordinaryl/2[110] screw dislocation

The relaxed structure of tHg 2[110] screw dislocation is shown in Fig. 1 usitg method
of differential displacements (see e.[@]). The atomic arrangement ghown inthe projection
perpendicular to the direction of the dislocation mel circles represent atomwithin one period
without distinguishing their positions two successivg110) planes. Thepen andilled circles
represent theositions of Al and Tiatoms, respectively. The scraemponent (in thgl110]
direction) of therelative displacement of th@eighboringatoms,produced bythe dislocation, is
depicted as an arrobetween them. The length of tagows is proportional to the magnitude of

this displacement. It is seen that the core of this dislocation is slpread symmetricaiyp gl
planes, specifically (111) and11). The same core structunas alsdbeenfound inthe ab initio
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calculations of Woodward and Rao [11]. gnnciple, a planaconfiguration corresponding to the
dissociation into Shockley partials separated byQB& (1/2[110] =1/6[121] +1/6[21 1]) could
exist. Such configuration has, indeed, bErmd as aralternative to theon-planar configuration
in severalstudies employingentral-force potentialg8-10]. However, inthe present calculations
the non-planar core is tlenly structure found.The reasonis, apparently, th@igh energy of the
CSF. Using the anisotropic elastic theory of singular dislocatibesyidth of the splitting of the
1/2[110] screw dislocation into Shockley partidts the CSF energy of412mJn? would be
smaller than one lattice spacing.

The result of the application of pure shetiess irthe [110] direction in the(}li) plane is
shown in Fig. 2. The dislocation core fipsrtially constricts in both (111) and11) plane and

0-e-0-0-0f0-0-0 0-0-0-0-0f0-0-0 the dislocations starts tonove

.’ ‘O‘ ‘.’ ‘o’ 'o'-o' ‘.’ ‘o' e 0.8 0 '.‘ 0-e-0 along the (111) plane at t.he
A T T L S S appliedstress of 0.04¢. This

,.» JO\, 1.\, f.\ )9\ ,. 0:0-0-035 ..[ o-e magnitude of the critical resolved
O 8-0-0-0-0-0 0-0:0-0-0-9-0 O ghear stress (CRSS) the slip
"0'0~0—'0‘0‘0‘0 ¢ c-8-0-8-0-¢ 0 plane (Peierls stress), typical

...... YN/ N .
®-0- N -0-0-0 for non-planar cores. Similar
''''''' ¢ Ny ¢ N ?

o . o-»o 0-9-0-@ O-@- o—+o 0-@-0- . values were found for screw

P A dislocations in bcc metalghat

O —— b also possess cores dahis type

[110] [112] (3 ( ) [25-27]. Application of theshear
Fig. 2. Effect of the sheastressapplied in the(111) plane stress ondifferent planes of the
on the 1/2[110] screw dislocation; the arrowshows the [110] zone always induceglide

direction of the corresponding Peach-Koehler force. (a) Thglong either (111) of111) plane,

core structure at thstress somewhat lowehan the Peierls depending on the Schmid factor.
stress. (b) Movement of the dislocation; the large open circle

marks the original position of the dislocation.

[111]

<101] SUPERDISLOCATION

Atomistic modeling of thd101] superdislocation in the screw orientation was carried out in
the sameway as in thecase of theordinary dislocation. However, asdiscussedbelow, this
dislocations splits intavell defined partials anthus the elastic displacement field was adjusted
accordingly, i. e. in the fully relaxed structure it was identifietth the anisotropic elastic field of
the corresponding configuration of the partial dislocations. These calculai@aded twadistinct
configurations shown in Figs. 3a and b. In these figureattimic arrangement is agahown in
the projection perpendicular to the direction of the dislocation ding circles represent atoms
within one period without distinguishing their positions in four succesdi®&) planes. However,
unlike in the case of therdinarydislocation, Al and Ti atoms agdso not distinguished since Al
and Tialternate in theows parallel to the[101] direction. The screw component (in tf®1]
direction) of therelative displacement of th@eighboringatoms,produced bythe dislocation, is
again depicted as an arrow between tlagh theregionswhere such displacements are constant
correspond to metastable stacking-fault like defects.

The detailed analysis of the planar structure shown in Fig. 3a reveals that it corresponds to the
dissociation according to the reaction

[101] = 1[112] +1[101] +1[21 1] (1a)

with the SISF between the partighf112] and %[101] and theCSF between the partial;[101]
and %[211]. Usingthe anisotropic elastitheory of singular dislocations arlde energies of
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SISF and CSF determined in the framework of tl&OP for TiAl, the width of theSISF inthis
splitting is 9.@& and thewidth of the CSF 2.7% (a is the latticespacing). The widths of the
stacking faults in Fig. 3a are, indeed, close to these values.
The non-planar configuration, shown in Faip, corresponds to the dissociation according to
the reaction 3 3 3 o
[101] = £[112] +4[201] +4[112] (1b)

with the SISF onboth (111) and(111) planes. Withirthe anisotropic elastitheory of singular
dislocations and fothe energy of th&ISF determinedusingthe BOP for TiAl, the width of the
SISF is 8.28. This is again close to the width foundtire atomisticstudy. This configuration is
akin to the Lommer-Cottrelbck, found infcc materials. Such locks are immobilend caract as
strong obstacles tihe dislocations motionHence,during plastic deformation superdislocations
have to be generatedichthat their screwpartsare in the planaglissile form, split according to
equation (1a). We studiatie glide of suchscrew dislocationsinder the effect of externally
applied shear stress, similarly as in the case of the ordinary dislocation.

(a)

......H.

0] [21 670’6 5 s 0 a5 o
= 1 11977
2112] gse 30101 csF gl 11117 SIS
Q//////(////é////@//////@ 6@////////////@ L 201]
111 (111) \
N\
Fig. 3. Differential displacement map of the[101] screw /§§(%
superdislocation. (a) Glissile splitting in the (111) plane. Se3sile V\Q %]
non-planar splitting in (111) an@11) planes. Schematic pictures \ .
show corresponding dissociations. 3 [112]

When applying the shear stress in the (111) plane ifi@g direction such that thé;[112]
partial boundingthe SISF would be leadingluring the glide, the dislocation configuratiaways
transformed into the non-planar form. The dislocation thus became completely locked. In contrast,
©-0-0-0:0:0:0-0:0-0:0-0-0-0-0-0-0-0-0-0-0 when theshear stress was

............................ LR S ]

applied such that the
%[112] partial would be
trailing during the glide,
the dislocation core
structure transformed into
that shown inFig. 4. This
—[112] SISF —[101] 1(217] configuration is planar,
6

@, CSF thoughwith the CSF one
(111) Wzl layer below that of the

unstressedtate,and starts
to move atthe stress of
0.006G,. Obviously, the
ability of the dislocation to gliddepends strongly on theense of shearinghich is in contrast
with the Schmid law.

Fig. 4. Effect of the sheastressapplied in the (111) plansuch
that thel/6/21 1] partial bounding the CSF is leading
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Application of theshear stress on different planes of fb@1] zone, whichcorresponds to
different orientations of the maximum resoh&tear stresplanewith respect to th€111) plane,
revealed that théocking of the screw dislocation by transformation into the non-planar form is
principally controlled by thehear stress ithe cross-slipplane (111). If the stress in thigplane
actssuchthat the %[112] partial of the splitting(1b) would bepushed furthemway from the
intersection of the (111) ar@11) planes, i. e. awafrom the partial %[201], the lockingoccurs.

In the opposite case the dislocation remains planar. Obviausdn theshear stress is applied in
the (111) planesuchthat the ¥[112] partial is leading, the4[112] partial of the splitting(1b)
would bepushed furtheawayfrom the partial [201]. The opposite situation ariseshen the
shear stress in the (111) plane is applied such thag[tti2] partial would be trailing.

DISCUSSION

The presentesults suggessimilarly as theresults ofrecent ab initio calculations [11fhat
the ordinary 1/2<110] dislocation ithe screw orientatioppossesses aon-planarcore, spread
symmetrically intotwo planes of the{111} type. Underthe effect of appliedstresses, this
dislocation always glides on one of thgdd1} planes,depending on the magnitude of the
corresponding Schmid factor. The Peierls stress ofiisliscation is high, comparabbeth that
of similarly spreadscrew dislocations in bcc metd®5-27]. Since the corepreading isvery
narrow, overcoming of thBeierls barrier can be aided Hyermalactivation,for examplevia the
formation of pairs okinks. Thisimplies that when thealip is controlled by ordinary 1/2<110]
dislocations thdlow stresswill be rapidly decreasingvith increasing temperature. This is in
agreement with thebservations that in theingle phaserTiAl the glide of 1/2<110] ordinary
dislocations becomes dominant only at high temperatures [1, 3].

On the othehand, the planar splitting of the screw <1@lperdislocation is glissileith
significantly lower Peierlstressthan that ofordinary dislocations.Indeed, in thesingle phasg-
TiAl <101] superdislocationdominate atlow temperatureql, 3]. The glissileform of the
superdislocations correspondsthte splitting according to equatiqda) andinvolves both the
SISF and CSF. However, the CSF ribbon is dawy to threelattice spacingswvide and cannot be
resolved in TEMweak-beam images. Hence, interpretation of the obseplitting of the [101]
superdislocation [24, 28] as dissociation into two partials according to the reaction

[101] = 1[112] +i[514], (2)

with the SISF between them, is consistent with the results of the present atstondistic However,
the dissociation according to the reaction

[101] = §[112] +4[21 1] +3$[101] 3)
with the SISF between the partialg[112] and ¥%[21 1] and APBbetween the partialg;[21 1]
and %[101], suggested bgeveralobservations [29, 30], wdsund to be unstable ithe present
calculations. The reasas, presumably, that thenergy of the CSF iappreciably lower thathat
of the APB.

However, in the screw orientation tf®1] superdislocation may also assume a sefsite,
corresponding to the splitting according to equation (1b). This plays an important tfwegiide
of screw superdislocations which was found to be very different dependwether the};[112]
partial boundingthe SISF isleading or trailing,and/or whether the appliedtress extends or
contracts the possible splitting into tfiel 1) plane. In the former case the glissile superdislocation
transforms inthe screw orientation into theessileone, while in the lattecase it remains glissile.
The sessilescrew segments of superdislocatiovib act asobstacles fodislocation motion and
thus it can be expected that the yistdesswill be higherwhen the partiaboundingthe SISF is
leading. Thishas, indeed, been observed3n31]. Furthermore, Veyssiere and co-work¢24,
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28] found frequent formation of faulted dipoleten the partiaboundingthe SISF isleading but

not when it is trailing during glide. The present atomistic study provides a physical justification for
the formation of sessile segments of superdislocation dthigglide when the partidounding

the SISF ideading. Such segmentare anecessary precursor fthhe formation of the faulted
dipoles as discussed in [24]. More detailed mechanism of the formationsa€th dipolesvhen
sessile segments of the type predicted in the present study occur, will be discussed elsewhere.

ACKNOWLEDGMENTS

This research wasupported in part (RP, SZ amy¥/) by the National Scienc&oundation grant
no. DMR99-81023.

REFERENCES

1. M. Yamaguchi, H. Inui, S. Yokoshima, K. Kishida and D.JBansonMat. Sci. Eng. 213
25 (1996).

2. S. Sriram, V. K. Vasudevaand D. Dimiduk, High-Temperature Orderedhtermetallic

Alloys VI edited by J. A. Horton, Baker, S. Hanada, R. DNoebe and D. SSchwartz

(Pittsburgh, Materials Research Society), Vol. 364, p. 647 ( 1999).

H. Inui, M. Matsumuro, D. H. Wu and M. Yamagudbtjlos. Mag. A75, 395 (1997).

T. Kawabata, T. Kanai and O. Izu#gta Metall.33, 1355 (1985).

M. S. Duesbenyislocations in Solidsedited by F. R. NNabarro(Amsterdam, Elsevier),

Vol. 8, p. 67 (1989).

V. Vitek,Prog. Mater. Sci36, 1 (1992).

V. Vitek, Intermetallics6, 579 (1998).

A. Girshick and VVitek, High-Temperature Orderethtermetallic Alloys V| edited by J.

Horton, |. Baker, S. Hanada, R. Doebe and DSchwartz (Pittsburgh, Materials Research

Society), Vol. 364, p. 145 ( 1995).

9. J.P.Simmons, S. |I. Rao and D. M. Dimidekilos. Mag. A75, 1299 (1997).

10. J. Panova and D. Fark&ilos. Mag. A78, 389 (1998).

11. C. Woodward and S. I. Ra@hilos. Mag. Ain press (2003).

12. Y. Song, S. PTang, J. H.Xu, O. N. Mryasov, A. J. Freeman, GVoodward and D. M.
Dimiduk, Philos. Mag. Br0,987 (1994).

13. N. Nguyen-Manh, A. M. Bratkovsky and D. Bettifor, Phil. Trans. Roy. SocLondon A
351, 529 (1995).

14. J. Zou, C. L. Fu and M. H. Yomtermetallics3, 265 (1995).

15. D. Nguyen-Manh and D. G. Pettiftmfermetallics7, 1095 (1999).

16. D. Nguyen-Manh and D. Rettifor, Gamma TitaniumAluminides edited by Y. W. Kim
(Pittsburgh, TMS), p. 175 ( 1999).

17. S. Znam, Philadelphia, University of Pennsylvania, (2001).

18. S. Znam, D. Nguyen-Manh, D. G. Pettifor and V. Vithilos. Mag. Ain press (2003).

19. D. G. PettiforPhys. Rev. Let63, 2480 (1989).

20. A. P. Horsfield, A. M. Bratkovsky, M. Fearn, D. G. Pettifor andAdki, Phys.Rev. B53,
1656,12694 (1996).

21. D. G. Pettifor, I. I. Oleinik, D. Nguyen-Manh and V. Vit€lgmp. Mat. Sc23, 33 (2002).

22. V. \Vitek, K. Ito, R. Siegl and S. Znaiat. Sci. Eng. 240, 752 (1997).

23. J. Ehmann and M. Fahnkhilos. Mag. A77, 701 (1998).

24. F. Gregori and P. VeyssieRhilos. Mag. A80, 2913, 2933 (2000).

25. K. Ito and V. VitekPhilos. Mag. A81,1387 (2001).

26. S.I. Rao and C. Woodwarehilos. Mag. A81, 1317 (2001).

27. C.Woodward and S. I. Rd@hilos. Mag. A81, 1305 (2001).

28. P. Veyssiere, Y.-L. Chiu and F. Greg@refect Properties and Related Phenomena in
Intermetallic Alloysedited by E. P. George, M. J. Mills, H. Inui and Egygeler,this volume
(2003).

29. G. Hug, A. Loiseau and P. Veyssidrajlos. Mag. A67, 499 (1988).

30. Z.X.Liand S. H. WhandJat. Sci. Eng. A52, 182 (1992).

31. H.Inui and M. Yamaguchglectron Microscopy2,144 (1997).

oONoO kW



	University of Pennsylvania
	ScholarlyCommons
	December 2002

	Atomistic Studies of Dislocation Glide in gamma-TiAl
	Radoslav Porizek
	Stefan Znam
	Duc Nguyen-Manh
	Vaclav Vitek
	David G. Pettifor
	Recommended Citation

	Atomistic Studies of Dislocation Glide in gamma-TiAl
	Abstract
	Comments


	Microsoft Word - MRS2002-TiAl-Rado.ref14

