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Abstract

Alloys based on the intermetallic phase TiAl are of interest due 10 their low density and attractive
mechanical properties, however, tndustrial application is currently limited by the poor embient
tempemature ductility of the alloys. The goal of this work is to clarify the influence of microsiruciurs
and orientation relationships on the mechanisms of room temperature deformation of two-phase TiAl/
TizAl alloys. Although the basic relarionships between microstructure and mechanical properties are
being established in these two-phase alloys, litle is known about the underlying deformadon
mechanisms. Morcover, the influence of the otientation relationships which exist in these two-phase
alloys on the deformation behavior also need to be defined.

Therefore, a cast two-phase Ti-47.5A1-2.5Cr alloy was heat treated to produce iwo
microstructural coaditions for detailed study of the deformation mechanisms using transmission
electron microscopy (TEM}. The two microstructares studied were 2 transformed lamellar
strucrure with a bimodal famellar distribution and an equiaxed microstructune which consisted of
elongated TijAl particles dispersed in a mamix of equiaxed TiAl grains. Samples of the heat-ireated
materials were then deformed 2% in compression at room temperature and the resulting deformation
mechanisms were identified. Consistent indexing methods were established and used to determine the
unique ertentation relatienships betwesn grains which subsequently ellowed for the spatally correct
determination of the deformation mechanisms. In order to identify the influence of these prientation
relaticaships on the deformation process, a geometric compatibility factor has been introduced
which can be used to mcasure the relative alignment of the slip systems in adjacent grains. This
relative alignment is significant since it is expecied to control the transfer of deformation across the
grrin or lamellar boundaries.

Analysis of the deformation mechanisms and orientation relationships in many grains has been vsed to
show that the active deformation mechanisms are determined by both the Schmid and geometric
compadbility factors. 1tis alse shown that deformation twinning of the type 1/6<]1121{111} and glide
of ondinary 1/2<110] dislocations on the close-packed (111] planes are the preferred deformation
modes. <101] and 1/2<112] superdislocstions are usually enly present in grains where twinning and
ordinary dislocations are net easily sctivated. This asymmciric deformation behavier is undersieod by
consideration of the ordered Lig structure and the polarity of the twinning process. Furthermore, it
has bezn shown both experimentally and ibearetically that the 1207 type orientstion rotetion provides
the best geometric compatibility of slip systems in adjacent grains. The geomerric compatibilicy factor
has been shown to bc useful in predicting the sctivation of slip systems in response 10 a suTss
concentration and activation of the required slip systerns in the fine lamellar strucuzres. Finally, the
deformation behavior of the TijAl phase is showa ¢ have 4 notable impact on the defermetion
characteristics of the lamellar soucture.


Ti-47.5Al-2.5Cr

These findings indicate that the transmission of deformation ecross grains is, as expecied, eonmrolled
by the orientation relationship between the grains, Since different relationships provide differing
compatibilites od slip systems in the adjscent prains, it is expected that the ductility of two-phase
alioys can be modified through careful controt of the microstructure to obtain the Taximum number of
favorable 120° rotations. in this light, it is expected that the equiaxed microstructure possesses a
superior ductility due to the relative ease of ectivation of deformation twinning, increased tocalized
deformation and a favorable distribution of orientation reletionships. In grains where the favorable
ordinary dislocations and twinning are not essily activated, superdislocations are necessery.
Understanding the behavior of these dislocations with the aim of increasing their mobility stfll remaing
2n important route for improving the doctility of these TiAl altoys.
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L1 Generaf Inrpduction

The useful potential of many current high wmperanre structural alloys has been, to a great extent,
atready exploited. This is especially true, for example, for nickel and titaniom base alloys [1-4].
Therefore, alternative materials or maierials sysiems are being sought for the next generation of
acrospace vehicles and engines, 10 improve the efficiency of industrial egnipment and 10 reduce the
burden on the environmenl. One possibility for the sicainment of materials which presem a
revolutionary improvement in properties is the family of materials designated intermetaliic phases. In
general terms, an intsrmetallic compound may be defined a5 a phese which crystallizes in a structure
different from that of its components, where this structure is ordered such that the individoal atomic
species assome well defined positions within the crystal lattice and whose composition is usually near
a simple seichiometric ratio. '

Although intermetallic phases were identified nearly 100 vears ago [5], it has been only recenty that
attempts have boen made to isolawe them for nse as monolithic materials [§]. Intermetallic alloys based
ot the aluminides are the most widely researched and developed materials. These materials are highly
desirable due 10 their low density and inhereni corrosion and oxidation resistance. While their
development is largely driven by the serospace indusiry [7-9], demand for improved materiels for
fossil fuel plants (10], industrial tuebines {4] and automotive applicatons [11-13] also exists. The
long range order present in intermeallic phases can have dramaric effects on the mechanical properties
due to the combination of metallic and covalent types of bonding [5,14]. These effects gencrally
include increased strength and temperatore resistance which are, unformnately, almost always
accompanied by decreases in ductility. It is this brittle behavior of virtually all intermeraltics that
has, so far, limited their widespread application.

A comparison of the state-of-the-art in 1966 [6] with recent review articles [15,16] shows just how
much progress has been made towards the development and understanding of intermetallies, One of
the most frequemly investigated alloy systems is the Ti-Al sysiem where three intermetallic
cornponnds can be identified. For Henium-rich compositions near the stoichiometrie ratio 3:1 Ti/Al
exists the compound TizAl, one of the first compounds to be extensively developed and which is, 102
large excen, respensible for the current interest in intermetaltics [2]. A nearly equiatomic Ti-Al
compositions exisis the TiAl ordered phase. Alloys based upon this phase are cerreatly the most
active area of research in intermetallics [7,11] and will be the focus of this thesis. Finzlly, for
aluminum-rich compositions, the stoichiometric line compound Al3Ti can be idenificd.



The intermetallic phase TiAl, commenly referred o a8 the gamma phase or ¥ TiAS, forms for ncarly
equiatomic compositions of Ti and Al. A range of compositions from 48-55 atomic % aluminum ars
stable depending upon iemperature and elloy purity. TiA) possesses the L1g ordered siructure which
is composed of alternate (02) layers of titanium and aluminum atoms [17]. Although the strucure is,
strictly speaking, face-centered wemagon] (fet), the low c/a axinl ratio (=1.02) indicstes that the
strueture can be roughly weated as cubic for most purposes. The phase is fully ondered up to the
melting temperatare of approximaiely 1450°C and, combined with the low density (=3.8 gem'3), give
the alloy desirable specific and elevated femperature properges. However, the first survey of TiAl
altoys in 1956 indicated 1hat, ajthough the alloy exhibited intgresting strength, hardness and thermal
stability, it was extremely brittle at room temperamre [18). Unfortunately, even after substantial
research and development effons, single-phase TiAl alloys remain very brittle ang are no longer
cansidered potentially usefol maierials. However, two-phase alloys based on TiAl and TizAl do show
good potential for industrial utilizetion and these will be digcussed in deteil in Section 1.4,

12,1 Cryswllography

The Ll unit cell is shown in Figure 1.1 The alternate (002) planes of aluminum and titanium are
readily seca in this diagram. Since the ¢fa ratio is almost umity, the unii cell can, for most purposes,
be constdered cubie. However, while the dimensions of the cell are nearly cubie, the L1g ordering
indicates that not al) directions within the same family are
equivalent. For instance, [110] ig not equivalent io {101] or
{0111, [100] is not egnivatent to [001] or [010], and so on.
In onder to stmplify the designation of families of equivalent
directions, & mixed notation has been introdveed [19] such
thai equivalent directions are represented by <hkl]. This
notaton indicates that the b and k indices may be permutared,
while the ! index remains Axed. Also indicated in Figume 1.1
are some of the imponant directions which conld be possible
perfect dislocation Burgers veetors, In increasing order of
length, these laitice translation vectors are 1/2<1180], <100z,
1/2<112] angd <1011.% i shoutd be noted that a wanslation Figyre 1.1 : The Lig unii cell.

of 1/2<110] woold shear the atoms to & chemically correct lat-

tice position, This wranslation is the same as that of the normal dislocation in a foc crysel and iz, dius,
referred t0 as an ordinary dislocasion. In contast, & wanshation of 1/2<101] would move the atoms to
a chemically incarrect lattioe site such that a perfect laitioe translation requires a displacement rwioe this

oA @Ti

1 Throughout this text, the lattice parameter, &, will be beft oot of the notation of the Burgers vector. However, ils
presence is always implicit Furthermore, w be strictly comeet, & 1/2<112] distocatian wonld be properdy indicated by
use of both Il a and ¢ Iatiice pararneters &s i/2<a. a, 2t



L Ingrodvetion page 3
length or <101}, This type of translation is commonly referred to as a superdislocation since it is
composed of two individual 1/2<101] dislocations which glide in pairs separated by a region of
incorrect atomic stacking called an anriphase boundary, APB. A stcond possible type of
superdislocation is the 1/2<112] translation. Finally, a translation of <100> could also be a perfect
dislocation. It should be noted that both the 172<110] ordinary dislocation and <101} superdislocation
could be expected 1o be glissile in two close-packed {111] planes, while a 1/2<112] superdislocation
would only be glissile in one,

Since the glide planes are of the [111) type, it iz useful to look at the stacking amrangement of the
(111) plane in order to gain mare understanding of the possible dislocations and planar stacking favlis
in the L1gstucture. A representation of three close-packed planes projected along the [111] dirscdon
is shown in Figure 1.2. With the aid of this diagram, it is useful to define the three types planar
stacking faults which are passible in the Llg stucture [20]:

1.) Superlattice Stacking Fanlts (SSF) - the atomic stacking sequence is modified. A ranslation of
the type 1/6<112] creates this type of faulu

2.) Antiphase Boundaries (APB) - correct atomic stacking is maintained, but chemically incorrect
first neighbor atoms are introduced. This is creaizd by a translation of 1/2<101], for axample.

3) Complex Stacking Fanlis (CSF) - both the stacking sequence and chemisiry of the neighbor
atoms are madified (a combination of both 2 SSF and an APB). Translations of the type
1/6<211) will creais this arrangemanl.

A Alayer () Alominum

O B layer )
O Clayer @ Titanium

Figure 1,2 : Three layers of close-packed (111) planes projected along the [111] direction.

The diagram in Fig 1.2 clearly shows that a translation of 1/2<110] leaves the lattice undisturbed and
is, therefore, a perfect dislocation. As stated above, glide of a 1/2<101] dislocation will create an
APB and is, therefare, only a partial dislocation. Tn order to return the stacking sequence back to the
undisturbed state, & second 1/2<10[] partial distocation must trail the first dislocation to comect the
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stacking sequence and, thus, form a <101) superdislocadon. It is also evident from this diagram that
a translation of 1/2<112] will also be a perfoct dislocation. This dislocation is also 1ermed a
superdislccation since, in theory, this dislocation may also dissociate inte three parallel partia)
dislocations of 1/6<112). These Shockley partiat dislocations alter the stacking sequence, but not the
type of nearest neighbor atom and are, hence, analogous te the Shockley partial dislocations in the foc
sucure. In conwast, cthe 1/6<211] Shockley partials will change both the stacking and ondering and
are, therefore, not anatogous to the partials in the foc crystal. Finally, it could be expected ther
twinning could occur in this alloy by passage of Shockley partial dislecations on successive {111}
planes. However, it is very imporiant to note shat only 1/6<112] Shockley partials may be twinning
partis) dislocations since thesz do not modify the ordering sequence during the wwinning
operztion [21). In contrest, passage of 1/6<211] pardal dislccations on successive {11]) planes
would result in the creation of a pssudo-twin arrangement - i.c. the latrice sites are sheared inta the
correct lattice orientation for a fwin, bul the lattice sites are oocupied by the incomect atomic species.

Now that the crystallography of the L1g structure has been clearly defined, it is possible wo discuss the
disloceticns which have been cbserved in TiAl alloys. The first demiled swdy of dhe deformation of
TiAl identified 1/2<110] ordinary distocations, <101)] superdislocations and 1/6<112}{111]
deformetion (winning [22]. Elongated stacking fanlts on the {111} bound by 1/6<112] pertial
dislocations were also observed. In a subsequent deformation study, 1/2<112] superdislocations
were also identified [20]. Finally, perfect dislocations of the Burgers vector <100> have also been
observed, although only a1 very high temperatures [23,24], The appearance of hese disleeations at
elevated tempertures is similar 1o the related foo structure end these dislocations will not be
considered funther since they have not been identified at room temperature. To recapivelate, 1he
following deformation structures have been identified in TiAl:

8.} 1/2<110} ordinary dislocations,

b.) <101] superdislacations,

¢} 1/2«<112] superdislocatons,

d.) deformation twinning, only of the 1/6<112}(111] rype and,

e.) stacking faults on {111] planes which are bound by 1/6<112] partial dislocations.

A summary of the major deformation studies which have been undertaken on singls-phase TiAl alloys
is given in Table 1.1 in order to establich the relavive importance of these different mechanisms.
Firstly, it should be noted there is strong apreement between most studies that the dominant
deformation mechanisms are 1/2<110] odinary dislocations and <101] supendislocations with some
defermation twinning. Stacking faults as deseribed above are also usually identfied. Furthermore,
most of the sudies indlcare that the 1/2<112] dislocarions are much less fraquent and it is suggested
that these dislocations are usually a neaction prodect [33,37). Notwithstanding this gencra) agreemem
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berwsen the studies, discrepancics exist on the reletive impontance of the 1/2<110] and <101]
dislocetions. For instance, many euthors [20,22,25,31] indicate that 1/2<110] dislocations are the
dominant deformation mode in these alloys, while, in conmast, several others [29,32,36] have
concluded that the <101] superdislocations are the dominant deformation mode. In this light, it is
inceresting to note that several studies have been performed on alloys with very low oxygen contents
in order to determine the influence of this interstitial element on the deformation mechanisms [30,34].
In both of the studics, the 1/2<110] dislceriions were reported to be much more important than the
<101] supendislocations. Therefore, differences in the activity of 1/2<110} and <101] dislocations in
the various studies could be due 10 varying oxygen contents in the different alloys. Statistical
examinations of alloys with varying oxygen content are currently in progress [30].

As previously stated, stacking fault arranpements on dhe {111] plenes and bound by 1/6<112] type
Shockley partial dislocations are frequently observed in these alloys [22]. Subsequent work farther
defined the characteristics of these stacking faults as follows {20

1.) They are exwinsically faulied dipoles and the extrinsic nature indicates that they must be
formed by the passage of 1wo partial dislocations on snccessive [111} planes,

2.} They are always associated with 1/2<112] supendislocations which are discontinuonsty
dissociated along their length.

3) They are always elongated in & <101] direction.

Based on these observations, the following reaction was proposed to ac¢ount for the formetion of
these faulted dipoles (as they will subsequeatly be referred to):

1/2<112] = 1/6<112) 4 SESF +1/3<11%) 1)

where SESF represenis en exminsic stacking favlt. A formation mechenism for these fanlts was
proposed based vpon the local pinning of a 1/2<]12) dislczarion into a dipole and the snbsequent
rearrengement of the core of this dislocation to the favlted arrangement [20]. Subsequent studies have
called the finding of extrinsic fanlts into question and this sheds some doubt on the validity of the
proposod formation mechanism [38). Alicmative formarion mechanisms have recently been
proposed [37]. Given the widespread obscrvation of these faulied dipoles, it is curious that relatively
lietle study has been devored o these faulis; however, these are the subject of ongoing research [39].

Many complex dissociations and core arrangemeats heve been predicted for the L1 strocture {40-42],
The distances detween the dissociated partial dislocations have been calculated using elasticity theary
[43] end the energies of various non-planar core configurations [42] bave also been camputed. While
the imponance of the detailed core structure on the mobility of tislocations is well esiablished {44],
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this is not the object of this work and, thus, will nol be discussed here.2 |n general, the dislocations
may split ino, for example, superparial or Shockley partial dislocatons separated by any of the diree
types of stacking fachs indicated previously. Furthermore, several decompositipns (distinct from
dissaciations in that the resultant dislocarions are perfect dislocartions rather than partial dislocations)
have been shown to be important in TIAL

L3 The Inermetallic Phase TiaAl

For compositions near Ti-25A!, the stoichiometric compound TizAl forms with the DOhg ordered
hexagonal phase. This phase, commonly designated o2, is stable for compositions ranging from
epproximately 22 10 35% aluminum and undergoes an order-disorder transition ar a maximum of
1200°C. The DOyg structure is shown below in Figure 1.3. As can be scen in the diagram, the a
lattice parameter is twice thay of the disordered hexaponal phase, @, white the ¢ paramete1 remains the
same, However, the standard hexagonal system is still used to designate the planes and directions in
this ordered structure, for instanee, the [0001] and [2170] have beer indicated i the diagram, 1t is
necessary 1o recall thar directions and planes will, in general, ot be perpendicolar in the hexagonat
systiem. Three differcat types of dislocations can be observed in TizAl allpys - namety, <a>, [¢] and
<g/2 +c> dislocations [45). The 1/6<1120> dislocations, or dislocations <a> type usually travel in
superdislocation pairs [46] and are the most
commonly observed dislocadons [47-49).
These dislocations are pspally glissile on
the [1100} prism planes, alihough they
have alsg rarcly been cbserved on the
(0001) basal plane [50]. The <a/2 + ¢», or
<1126>, type dislocarions which are
glissile on the {1131 )pyramidal planes are
enly rarely observed and exhibit a very
high critical resplved shear siress [48,51].
It has been shown thar alloying additions,
for example, Nb, can render the activation
of these pyramidal dislocations [47] more
favorable, Pure [¢] dislocadons, o [0001],
have also been observed {47,52], elthoogh
Figure 1.3 DOy soucture of TizAL anly rarely and 1hey are believed 1o be
® Al and ©'Tiatoms. largely immobile. Finally, under the neces-

2 For further details conceming (he possible dislocation dissociztions and decompasitions, the reader is rederred o, for
example, 19, 4143],
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sary loading conditions, deformation vwinning has also been observed [53]. As with canventional
titanium elloys, interstitial elements such as oxygen are expected to have a large influence on die
deformation mechanisms and ductility of TizAl alloys.

Although single-phase allays show little technological promise due to their brittle behavior, two-phase
allays consisting of the TiAl and TiyAl phases are curvently of grear interest because of their improved
ductility and interesting combinations of mechanica? properties. For full details of two-phase allays,
the reader is referred (0 a number of excellent reviews [15,54], For compositions between 35 o 50%
aluminum, two-phase alloys are possible which consist of the 1wa phases individually described
above. Typically, alloys onder development contain between 47 to 49 % aluminum with further
alloying additions added 1o optimizs the combination of mechanical propertics. 1n order to vnderstand
the microstructural development of these alloys, an expanded view of the central portion of the Ti-Al
phase diagram is shown in Figure 1.4. For these elloys, a single-phase disordered o phase region
exists between 1350°C and 1450°C. Upon cooling from this phase regiom, the ordered ¥ phase will
begin to precipitate from (he disordered o phase. Depending npon the exact compasition, two
reactions are possible opon futther ecoling. For aluminem-rich compesitons, at some temperatone
within ths two phass ¥+ & phass region, the disordered @ phase may vndsrgo an ordering
transformation to form the ordered o2 phase [54]. For leaner compositions, any remaining & phase
will decompose into the o and 'y phases at the cutectoid emperature of 1120°C,

1.4.) Onientation Relationshipg

‘When the y phase precipitates either from the disordered o« phase or the ordered (x3 phase, the wo
phases will exhibit the following crystallographic orisntation relationship [35):

(21100, # <011>y and (0001)ay # (111)y 1.2)
Yamaguchi has subsequently shown that thiz relationship is more propetly wrinten as [56]

<illO>u2 # 110}y and (0001}, /(111}y L.3)

since only the <110] direction is exactly parallel to a <3110> direction in the ¢, while the <101]
direetions are vsually 0.2-0.3° from being exactly paralle] due 1o the etragonality of the L1g structure,
According ta this orientation reladonship, the basal plane of the o and 2 (111) octahedral plane in the
¥ phase will be parallel and, therefore, define 1he interfacial boundary plane between the two phases.
Due to this arientation relationship, the two-phise microstructure will tend to be composed of aligned
lamellee of the two phases,
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Figure 1.4 The ceneral pordon of che binary alominum - ttaniom phase diagram from {571.

1n these lamelfar soroctures, it is also possible for adjacent y phase lameliae which may come into
contact 1o exhibit defined oriemation relationships. Feng et al. [58] was the first to observe that
adjacent lamellae could exhibit both a twin relationship, defined using the notation of a deformatton
twin as <132](111), and a psewdo-twin relationship defined by <121)(111). The exisience of these
supposedly forbidden pseudo-twin adjacent lamellas was rationalized by the presence of a thin Jayer of
TizAl berween the adjacent 7 lamellae. It was Iater shown that there musi not necessarily be a thin o
layer and that adjacent ¥ lamellac of all orientations may come into contacy [59]. Subsequenty,
Schwanz and Sastry showed that, in addition 0 these twin and pseudo-twin relationships, 2 "stacking
fauh"-like relationship could also be observed in which all plancs within the two lamellae are
paraliel [60]. ¥ was later shown that this relationship could be described as & 90° rotation aboul 2
<010> cube axis [61]. Differently oriented regions within a single lamellee have also been observed
[61,62] and these ame always described by the 90° 1ype rotation about a cobe axis.



LIntrodaction page 10

On the basis of thess observations, several authors [652-64] proposed that a weal of six ovientadonal
variants of the y lamellae could be formed and that four of these could be individually distinguished.
Thess relationships have mast clearly been deseribed by Yamaguchi [15,64-65] and his notation will
be used throughout this sext. Simply, the orieatation relationship between the y and a3 shown in
cquation 1,10 is obeyed such that the <110y may be parallel to eny one of the three <1120
directions in the az. Referring to the schematic diagrams of the atemic stacking and important
directions i both the (0001)e, and (111)y shown in Figure 1.5, it is evident thar the (110] direetion
in y{designated A) may be paralle] to any of dw three <11200> directions in ap (dssignated a, b and c).
If the anti-parslle) directions are included, the [310ky may be aligoed in a torl of six different
arientations with respect to the .

Fipure 1§ : Schematic diagram

of the planar stacking and “:10] Eim]

impartant directlons 2.) of the

{0001} basal plene of TizAl and {2110 {101
b.) the {111} plane of TiAl,

For the dirsction A parallel or ©oon b D B
anti-paratlel (¢ the direetions a, ¢ C

b and c in TisAl, the oriemation §! liﬂ] [0'] 1]

relationship given in equation

L10 is fulfilled. Atomic posi-
tions of these two planes match

[ ) », L
across the interphase interface
with only 4 slight misfi, A ‘ ‘
however an abrupt change in .

chemical compositon exists.
(a) ()
Referring to Fig 1.5, these six orientational variants can be described as -
Ala Allb ale 1.4z)

Ala aly Ale 1.4b)

where § and | indicate paralle] and ansi-paralle] operations, respectively. As a consequence of these
oricntational variants, adjacem TiAl lameflee will atso exhibir a defined otienmtion relationship. These
are most conventently defined as a rotation of muldples of 60° about the normal to the (111) plane as
follows:

180° Alla & AllB 3000 AlC 1.5a)
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o AllA 2400 AllB 1200 AIC 1,50}

These v/ orienvation relationships can now be described as follows. For the rotations listed in
cquation 1.5a), the ABCABC stacking sequence changes to CBACBA in the adjacent grain.
Therefore, the A § A 180° rotation describes a true twin relationship, while the §0° or 300° rotation
describes a pseudo-twin relationsbip. In contrast, for the rotations given in eguation 1.5b), the
ABCABC stacking sequence is maintained in both grains. The 0° ro1ation results in wanslational order
fanlt and has only recently been observed [66). The 120° or 240° rotation is commonly observed and
results in a 120° miational fault with the ¢-axes crthogonal in the rwo grains, Therefore, these 120°
type rotations are alzo equally described by a romtion of 90° 2bont a <010 cube axis. On the basis of
these works, it has been proposed that six arientation relarionships exist berween adjacent Yregions.
However, only four of these have been experimentally verified. The observation of only four is due
10 the fact that the 60 and 3007 or the 120° and 240° rotations ere crystallographically equivalem
operations. The four types of ¥/ onentation relatdonships which exist are

1} the troe twin, 180° relationship

IL) the pseudo-twin relationship described by either a 60° or 300° rotation
[T1.) the rotatipaal fault with arthoponal c-axes described by 120° or 240°
I'V.) the translational order faul, 0°.

All of the above types of rotations have been observed for adjacen: lamellas. However, several
auwthors have nowed that the 180° true twin relationship is the most common berween adjacent ylamellas
and this is understood by energetic considerations of the possible boundary types [64], For
differently oriented regions within the same lamellae, only the 120° 1ype rotarion has been observed
[61-62). Finally, it should be mentioned shat various types of dislocations have been observed in the
various types of interfaces [67-75] and 3t has been suggested thas afloying additions can be nsed to
alter this interfacial stracture in order to, ultimately, improve the ductility [76-77].

142 Microsticrores

As mentioned above, 1he crysiallographic relanonship between the oz and y phases indicares that a
lamelar strecture witl commonly form for two-phase alloys. Cast alloys will generally consist of a
lameHar microstcture. As expected, however, appropriate thermomechanical treatments can be used
to modify this lameliar strocture in order to create a variety of microstructural distributions. In pan,
these thermomechanical treatments can be compared to those of, for instance, steel such that the
microstructire resulting from a specific trepiment can be predicted. In conmrast with sweels, the
cutecoid lamellar structure is not a classical eutectoid reaction - i.6. where the lamellar structure is
formed through the cooperative growth of both phases. Rather, the lamellar structure is created by the
precipitation and growth of individual -y phase plaies from the o or o phases [73). Furthermore, ir
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should be nowd that the phase transformatians in these alloys are generally very sluggish [79-80] such
thai long-time aging treaments may be required © achicve the neoessary srucwiral modifications and,
in some instances, the required changes may be induced only by sufficienily hot-warking the cast
struclure,

An efficient and simple microstructural classification system bas been devised by Kim [81-82).
Rigorous microstructural investigations were performed in onrder 10 define four types of commaon
microstructures : near pamma, duplex, neer lameliar and fully lameliar. Depending upon the alloy
composition, aging reatments performed jost abave the satectold temperature (>1120°C) resultina
microstructure which is camposed largely of y grains. Fine x3 grains or discrete perticles may be
dispersed throughout this near gamma structure. For higher heat treatment tsmperanmes in the & + 5
phase Field, a duplex micrastrueture consisting of v and lamellar @z /v greins. This structure is
farmed when the heat ireatment temperature is chosen so that nearly equai portions of ¢ and y phases
exist &t clevaled temperature. During eooling, the y-phase grains are rerined, while the o-phase
grains decompase im0 the lameliar strecture consisting of alternating plates of oz and 4. This
structure is generally the finest with grain sizes ranging from 20-50 pm, Aging just below the alpha-
transus temperature in the & + ¥ Oeld, rear lamellar microstructures will be formed which consist of
large lamcllar grains with few primary ¥ grains dispersed at the grain boundaries. Finally, for the
highest heat treatment temperatures. ie. - in the o phase region, fully lemeliar stroctures similar 10
thase of the as-cast structare will be formed. Grain growth is Tapid in this phase field and folly
lamellar sgquctures ere generally very coarse. An aliemative to the duplex structure could alse be
envisioned with a dual phase stracture consisting of equiaxed ¢t and ¥ grains [57). These different
types of micrastructures are schematically represented in Figure 1.6. 1t should be noted that the
formation of each of these smructures will clearly depend on alloy composition. Morcover, the
addition of third elements may alter these microstructures by changing the reaction kinetics [83-84),

QObviously, many microstrucwral parameters will be important in describing the final microstrucmres
resulting for any given heat reatrment [15] such as:

= the grain size,

= (he fraction and distribution of the various types of grains.

= ihe chemical composition of the phases.

= thickness of the individval & and ¥ lamellze,

» the volume fraction of ag lamellae,

= the size of the ortented domains within the ¥ lamellac,

= the diswibution of orientation reladonships between adjacent ¥ lamellae.

Tt has besn shown that the lameltar thickness can bs varied through appropriate conerod of the cooling
rates [85-86] while, in addidon 10 well defined lamellar structures, guenching treatments have besn
used o produce Widmansiusiten and acicular, massively wansformed oz /v structuees [78.87-89 1.
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Figure 1.6 : Various micro-

structures of two-phase alloys
that can be created through
appropriate thermomechanical
wreatment as described in the

Xl

4.) Near Gamma

d.) Near Lamellar &) Fully Lamellar
43 Mechanical Propent

“The most remarkable diff=rence between the mechanical properties of two-phase alloys versus single-
phase alloys is the dramatic incresse in tensile ductility [1,28,90-92]. While single-phese alloys
generally fracture prior to appreciable plastic deformation, two-phase alloys have boen developed
which exhibit up to 3.5% tensile elongation prior to failure [1]. The maximpm tensile ductility is
generally achieved for compositions with 47-48 % aluminum [99-91). Fonher alloying additions of
2-3% Cr [57,93-94], V [95] and Mn [96] have also been shown to improve the ductility of rwo-phase
alloys. Rowewver, these alloying additions have not been shown to improve the ductility of the single-
phase alloys. Several explanations have been proposed t account for the mecharism of the improved
ductility of the two-phase alloys including reduced tetragonality of the lattice, altered atomic bonding
characteristics, getering of inrerstdal elements by the ez phase, reduced grain sizes and increased
dislocation sources [32].

Furthermors, the specific microstructural distribution will greatly influence the mechanical properties
of the alloys and defining these siructure / property relationships has been the focus of a number of
studies {57,79,81,97-99]. Shown in Figurc 1.7 is a schemadc descripdon of the general influence of
microstruciure on the mechanical properties of binary alloys. In generl, duplex alloys exhibit the best
ductility, but rather poor strength [57,82]. In contrast, lamellar alloys exhibit grearer strength but with
& comespanding decrease in ductility. The lamellar alloys also exhibit rather high values of fractore
toughness (up to 35 MPavm [100]} in comparisor to the duplex stuctures (spproximately 10-12
MPay¥m). Therefore, there exists a definite tradeoff in the ducrility versus fracture toughness in TiAl
alloys [54,81,98-99] which runs contrary to the commen expectations for metallic materials.
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Eigure 1.7 : Schematic relationships
between the microstruciure and
mechanical properties. (NG) is near
gamma, {(NL) near lJamellar ead (FL)
fully lamellar and (GS) is the grain sizs.
Mechanica! properties include fracrure
toughness, temsile strength and
clongation {EL), impact resistanee (IR)
and creep resistance (CR). After [54).

Fracture Toughness (MPavm)

CR, GS, IR, El, Strength

—————— L4

NG Duplex NL FL

The large vaniety of hest weatment schemes which resnlts in & seemingly endless variety of
microstructures gives a correspondingly wide range of mechanical properties. For example, 1 Ti-45A1
glloy cen be heat-treated to yield strengths ranging from 260 MPa to 400 MPa, while 1be tensile
ductility ranges from 0.4 10 2.0 % [99]. The ductility did not always vary inversely with the yietd
strength, which indicates that both ductlity and strength depend upon the multitude of microstmcural
paramerets in a complex manner. Similarly wide variations in mechanical properties for the same
alloy have been observed by other investigators [31,93).

It has becn shown thet microhardness, strength and ductility may be correlsted with the fraction of
primary or morphologically large y regions [79] and these nesalts are reproduced in Figure 1.8. These
data clearly show thex handness and yield strengeh decrease with increasing proportions of primary
gamms. The opposite is observed for the ductility - i.e. the tensile elongation prior to failure increases
with increasing amounts of primary v, Other studies have shewn thet the yield strength repidly
augments with increasing oz content {101], increasing from 400MPa for 0% up to 700MPa for 15%,
though details of the microstructural distribution were not given. The yield strength has been shown
10 increase with decreasing grain sizes according to a Hall-Petch relationship 95,1011 Finally, the
dueriliry has also been shown to dramatically increase with smaller grain sizes for both duplex
[95,102] and lamellar structures {54,81,103].

Srudies on lamellar colonies with 8 well-defined orientation have shownt that the mechanical properties
of the lamellar swructure ane sensitive Lo Lhe oricntation of the lamellae with respect to the loading
direction [65,104-105). Namely, the yield strength is found to be very large for loading arientations
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at angles of 07 and S0° from the normal to the 1zmellar plane, while the strength i3 a minimum a1 45°
{65]. The variation of yield strength is pot symmetric around 43° such tha the erientations of 90° are
relatively stronper than the 0° orientations. This effect 15 even more proncunced in [105] which
indicates that the effect could be relaed 1o lamellar thickness or alloy composition. These effects are
summarized in Fipure 1.9 Furthermors, the doctility varies inversely with the yield sirength and
plastic elongatians up to 20% heve been observed near the 45° arientation [65]. This clearly indicates
thzat the ¥ phase in these lamellar structures s itself ducsile and that the drittle behavior of lamefar
structures must be related 1o interfacial effecis, grain boundary effects or the deformation behavior of
the ¢2 phase. This dramatic difference in behavior with loading orientation has lead to the definition
of two deformation modes [65]. The hard mode indicates that deformation proceeds cn slip planes
inclined to the lamellar ptane and iz predicted to be active for loading oricrtations pear 0° and 90°, The
high sirength is then due fo the large resisaance of die famellar boundaries to the propagation of shear.
In contrast, the easy mode indicates that slip procesds primarily on the {111] slip planes paralle] 1o the
Iamellar interface and is dominant for lording orientations near 45°, This effect is, however, unable 10
explain the asymmetric behavior of the crientation - strenpth curve shown in Fignre 1.9, Itis
important 1o note that deformation in the Jamellar siructure occurs predeminantly in the y phase as
discossed in the following section.



Figure 1.9 : Room (emperature
yield stuength of PS8T
{pelysynthetically twinned)
crysials as a function of the angle
¢. ¢ is defined as the angle
between the loading direction
and the normal to the lamellar
plane as schematically shown in
the diagram. ‘Taken from [65].

Yield Stress (MPa)

Finally, the yield stenpth of oriemed lamellar crystals has also been shown 10 be strongly dependent
upon: the average lamellar spacing as shown in Figure 1.10. Although these data were measured on
different binary alloys such that the volume fraction of &2 phase was not controlled, they demonsrate,
nevertheless, that the lamellar spacing will play an important role in the strength of lamedlar structores.
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Begure 110 :  Room wmper-
ature yield stress as a fonction
of the reciprocal square roor of
the average lamellar spacing
for binary alleys ranging from
48.1 to 51.6% alumioum,
Note that the influence of the
loading direction is apzin
observed. Taken from [105).

Tn conclusion, it has been shown that the basic microstnucture - property relationships in iwo-phase
alloys ane currently being developed. Based on the observations that

1.) the two-phase microstuciures can be modified 1o achitve opiimal combinations of
mechanical propertics and
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2.) rwo-phase alloys exhibit much greater ductility than their single-phase counterparis,

it is clear thet only the two-phase alloys possess the potential for successful commercial exploitaton,
However, more work is necessary in order 1o further nnderstand the mechanisms enderlying these
structure - property relationships, especially from the siandpoint of the mochanisms of plastic
deformation.

4.4 Mechani ¢ Flasic Deformai

The earliest docemented deformation study of a two-phase material indicated that the deformation
structure was dominated by 1/2<110] ordinary dislocations, while the <101] superdislocations wemn
rare in comparison to single-phase marterials [106). Subsequently, many swdics have anempted to
link the enhanced ductility of the two-phase alloys to the corresponding deformation mechanisms.
Table 1.2 provides a summary of the stedies which have reported deradled deformation mechanisms
for two-phase materials. All studies indicate that 1/2<110] ordinary dislocations and deformation
twinning are the primary deformation modes. 1n contast, the <101] superdislocations and fauled
dipoles are penerally not observed and (he 1/2<112] dislocations are only infrequenily enconntered.
Thercfore, several importan: differences are observed berween the deformation machanisms for
single-phase materials as summarized in Table 1.1 and the two-phase alloys in Table 1.2. 1t hzs,
therefore, been proposed that the inercased activity of twinning and the greawr mobility of the
ondinary dislocations is responsible for the improved ductility of the two-phase alloys [93,107]. This,
tn arn, has been correlated with decreased teragonality of the nnit cell with deercasing alumingm
contents, reduced stacking fault energy with highere Ti/A[ ratios [32] and the pettering of interstital
oxygen by the oy phase which alters the directional bonding of the y phase {29,108]. Alloying with
third elements may also result in improved duciility, however, it is unclear if these timprovements are
associated with further changes in 1the modes of deformation or if they are due 10 structural changes
that may ocowr such as grain refinement or modification of the volume fraction of phases presem {95].

While these gencral deformaiion mechanisms have been determined and appear valid for both
eguiaxed ¥ grains and the yYlamellae in equilibrium with the o3 phase, the pecularities of (he deforma-
1ion mechanisms in the lamellar souctures have only recently been addressed. In these structures,
sytergistic effects between the two phases and may influence the deformation mechanisms. The
mechanical properties of the lameilar structures outiined in the previous section indicate chat the
deformation behavior is complex. In addition to deformation in the ¥ phase, the deformation of the a
phase may also become importani while the properties of the interfacial boondaries will be critical.
The role of the interfaces bas been shown to be both as potential sources for dislocation nucleation
[70.73,99] and as obstacles for the mopagation of slip between adjaceat lamellae
[64,73,81,95,99,105,100]. Indeed, it is believed that the wansfer of slip across adjacent lamellac is
the most important factor regarding the swength and ductility of the lamellar stuctures [64,99].
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1. Introducti g
Initially, it was believed that the o3 phase deformed only slighily [69,108] or not at a1} [28,64,70]
during deformation of the lamellar structures since it is the stronger of the two constituents.
Therefore, little importance was attached to understanding the deformation characteristics of this
phase. While it is generally accepted that the oy phase does deform less than the -y phase, it has
recenty becn shown thar the deformability of the oz phase may indeed be the factor whick controls
the strength of the lamellar structures [105]. It has also been suggested that the crystallographic
relationship berween deformation modes in boih phases plays a decisive yole in the ability of slip wo
transfer through the ap phase [105,110). These crystallographic relationships could explain why
some investigations have observed shearing [77,105] of the ca lamellae by deformation in the
surrounding ¥ when others have not observed 1his [(64,77,81,95,111). Also, the thickness of the &
lamellae may be important in limiting the propagation of deformation across the lamellar colonies
[70,101,110].

It has been shown that y /vy interfaces present less resistance to the propagation of deformation
[64.95,109]. The tansfer of slip between differemiy ordered regions in the same lamellae has been
shown to be rather easy [48,64] and Inui et. &l. have reponed that this mansfer is facilitaied by the
possibility of slip continuity on the same plane with only a change in the direction of slip across the
boundary. Several other works have shown that the impingement of a deformation twin ar the
interface may lead to the smission of dislocations in the adjacem grain [64,70,73,99]. However, no
systematic study has been performed in order w lock at the resistance of the various possible
boundaries in a systematic way. Given the importance of the oansfer of slip scross the different types
of boundaries, it i clear (hat this is an area that is relatively unexplored and cenainly requires further
study in order to advance the undersianding of the deformation behavior of lamellar strucmres.

L3 Deformation Models
13.1 Resolved Shear Srress for Single Crygtaly

One way 10 predict the active slip systems in a single crystal sample iz through the applicavion of the
Schmid low which sares thar slip will begin for a given system when the shear stress on the slip plane
and in the direction of slip exoteds 8 critical valoe. This critical value is kniown as the critical resolved
shear stress, CRSS. In order to mathematically deicrmine the shear smresses from zn applied normal
load, the angle between the direction of the axial loading and the slip direction, A, plus the angle
between the Iozding axis and the normal to the slip plane, @ muost be calcvlated. Thess angles are
shown In Figure 1.1] and equation 1.6 is then applied 10 calculare the resglved shear stress ;

T=0-c0sh-cos @ [.6)
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The term ¢03 X + ¢os @ is commonly referred 1o a3 the Schmid Factor, m.

geometrical constrection for the calcutation of

Normal the Schmid factar, m. Once the angles ¢ and 2,
have been determined, the resolved shear

| aip stress for any slip system is casily calculated
Plane with the knowledge of the applied axial stress.

/ Figure 1.1l : Schematic diagram of the
Slip Plane

For deformatioo of polycrystalline materials, continuity must be maintained at the grain boundaries.
Thiz concept has pained widespread acceprance since it was first esed by, von Mises [112],
Taylor [113] and Bishop and Hill [114] t¢ understand polycrystalline deformaden behavior. The
concept of contineity at the grain boundaries was first applied in order to predict the ransfer of slip in
adjacent grains by Livingston and Chalmers [115]. Starting with a set of continuity equacdons at the
prain boundary, they sought 1o predict slip activation at a pile-up by considering slip as 2
homogeneous shear process. By considering slip in one grain as a homogensous shear, it is possible
e yesalve this shear smess onto the slip systems in the adjacent grain according o the following
resolution factor :

N={e - (g1 - g1} + {0 2dl&i - 1) LTy

where & is the normal to the slip plane, g is the slip dinsetion, 1 represents the directions in the injtial
grain and the factor N is nsed to resolve the shear stress on the § slip system in the adjacent grain,
This equation is derived directly from the rotation of the stress tensor onto the set of axes aligned with
the slip system I. Using slip line race analysis, it was shown tha this calculation could be used o
predict the addirional slip systems in the boundary regions of bicrystals. The applicability of this
concept has been further confirmed in the analysis of various bicrystals [116-117). The parameter
was glso successfully wsed in two-phase brass bicrystals [118]. In each of whese works, slip line mace
analysis was applied and, thus, only indireet confirmadon wag obtained,

Ounly recenily has this reselntion parameter been applied in polycrystalline materials (119]. In this
study, TEM examinaton was mads in order o directly observe the acdve slip systems. During in-sina
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observations, it was generally found that chis paramerer was not able to adequarely predict transfer of
slip across grain boundaries. In contrast, these authors found that the slip pleane in the adjacent grain
was predicted by the trace of slip plane on the grain boundary, while the slip direction was predicted
by the full calculation of the anisotropic stress field associated with the pile-up. It was not made clear
why the solation parameter was successfully applied for the bicrystal slip transfer but did not seem
10 adequately apply in the polycrystal case. However, the authars did note that the types of grain
boundaries present will play an important role. They were also able 10 show that the stress required
for slip to mransmit gcross the boundary vartes greatly between differsnt types of boundaries. Fora
geometric sinsation where the slip directions were collinear in the two grains, this stress was found to
be a law value.

Both of the above epproaches have emphasized the influence of the stress fields on the activation of
slip systems in the adjacent grain. Contrarily, it is possible 10 predict the activation of slip systems on
the basis that sim{lar shape changes must accur in adjacent grains. Continuity at the grain boundary
requires that :

Exal =Exsll Bt =€ Exl = € 1.8)

where £ is the sirain component indicated and 1 and ) indicate the two grains separated by the
houndary plane defined in the X-Z plane. Slip systems in the adjacens grains will most nearly fulfill
these boundary continuity conditions only if the slip systems are geometrically compatible within each
grain. When the slip systems are not compatible, additional serains will occur at the bovndary which
will result in large siress concentrations which must either be relicved by additional plastic flow or
failure will ensue. Therefore, it is interesting to be able to determine the compatibility of deformation
systems in adjacent grains. This comparibility can be defined by the inmoduction of a geomelric
compatibilily factor which indicates the aliznmens or similarity of the slip sysiems. This
geametric compatibility factor, designated as m', can be caleulated from the knowledge of two angles :
1.) the aggle between the slip directions in grains I and 11, x, and 2.) the zngle between the normal to
the slip planes, ». A schematic representation of slip systems in adjacent grains is given in
Figure 1,12 which clearly shows these two angles. The geomertric compatibility factor is, thus,
calculated as:

m'=cosg- cOs K 1.9

Using this definition, the geometric compatibility of slip systems in adjacent grains may vary between
O and 1, For m" = 1, complete compatibility exists between the slip systems in the adjacent graing
and, in this cese, both the ship directions and the slip planes in cach grain will be parallel. Such
deformation would be expected to be casily transmitted across the grain boundary. In contast, m' =
indicates that the slip systems are completely incompatible such that either the slip directions or slip
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planes are orthogonal. Such systems would be expected 1o result in unfavorzble conditions at the
grain boundaries. In general, m' will assume intermediate values between O and 1.

In order to calculate this geometric parameter, it is necessary to be able 10 express the appropriate
directions in grein I in the grain 11 coordinate system. This can be done casily if the orientation
relationship between the two grains can be defined by an appropriate rotational matix, R . Finally,
the choice of the symbol m' in this wext is vsed to emphasize the similarity of this factor with the
common Schinid factor, m. The Schmid factor represents the ratia of the resobved shear siress (o die
axial smess. In a similar way, the comparibility factor, m', resolves the strain due 1o slip in grain [
onto the slip systems in the adjacent grain 1.

I 45 KLY Akl I

Figore 1,12 : Slip syst=ms in adjacent grains showing the constniction vsed for determining che
angles used in the calcnlation of the geometric compatibility factor, ',



2. Experimenta) Procedure

This section will provide the experimental details concerning the materials and methods of analysis
used in this work, Of special imponance are the procedures used in the ransmission electron
microscopy including the methods osed for the determination of oriemigtion relationships which
permits the spatially consistent identification of deformation modes in adjacent grains.

2.] Materials and Heat Treatments

The sianing material for this study was gracicusly supplied by Alusnisse-Lonza (Neuhausen,
Switzerland) in the as-cast form with a nomiral composition Ti - 47.5 Al - 2.5 Cr (atomic pereent). A
dise 1lem thick and 10cm in diameter was removed from the bottom secrion of a larger cast billet and
used for detailed study. Heat treatments were performed on slices 3.2 - 4.0 mm thick and 3-4 em in
length which were cot from the original casting. In order to minimize coniamination during the
clevated temperamre heat treatment, the stices were encapsulated in quartz tubes which were evacnated
and back-filled with argon several times prior to being sealed under argon at »2/3 atmospheric
pressure.

Preliminary hear treamments were done in order to understand the development of microstructure,
Subsequently, twa heat treatments were selected for in-depth study :

L} 1270°C for 64 hours.

11} 1000°C for 168 hours.

Both glloys were cooled to room temperature in the furnace which resulied in 2 cooling rate of
approximately 5*C/min. From the phase dizgram shown in Figure 1.4, it can be se=n that the first heat
wreatment was performed gbove the eutectoid temperature in the two-phase o + v field, while the
second was performed below the emsectoid wemperature in the ez + ¥ field. After the heac reatment,
the maierials were removed from the encepsnlation and the surface layers were mechanically polished
o remove the slight oxidation layer that was creared dening the hear reatment. These slices were then
subsequently machined into the appropriate dimensions for fanher sdy. Compression samples were
made ¢ither by elecrodischarge machining or mechanical grinding, while the other samples were
sectioned with the dinmond wheel.



2.2 Methods of Analysis
2.2 Cuiical Mi  Microhard

Samples were mounted by conventional metallographic sechniques and mechanicatly polished using a
final polishing step with a 2004 alumina slurry. Chemical etching was done with a solution of 10
parts Hz0, 5 parts HNOj3 and | part HF (immersion for =5s). For the microhaniness messurement,
mechanical polishing was performed as zbove, The Vickers hardness was then determined on
unetched samples by applying a 200g load for 30s (loading and hold tdme).

222G son Tesii

Compression testing was performed on cylindrical samples with a neminal diamener of 3mm and 6mm
in leapth. The surface of the cylinder was used in the gs-machined condition, while the end surfaces
were mechanically ground ontil parallel, Compression tests were performed on a Schenck RSA
universal testing machine in laboratory air at room temperature. The nominal crosshead speed was
0.1mm/min which corresponds to an initial strain rate of approximately 3x10-4 s*f, Changes in
sample length were measured with a gauge anached immediately adjacent to the sample on the
compression ram and stationary block. Finally, all rests were interrupted at 1.5 to 2.0% plastic strain
in order to observe the dislocation structures by transmission electron mictoscopy.

2,23 Bend Testing

3-point bending tests were performed to failore on samples which were nominally 3.0mm thick
(parallel o the direction of the applied load), 3.5mm wide and 20mm long. A span length of 16mm
was used. The sample surface was prepared by conventional mechanical pelishing with the final
polish of 2004 alumina sturry. The sample surface was optically examined prior to testing to ensure
that all surface scratches were climinated. The testing was performed under laboratory air at room
temperature and with a constant crosshead displacement of 0.}mm/min. The stress and smain
comresponding to the tensile side of the sample were calculated using standard equations.

2.2.4 X-Ray Diffrecti

X-ray diffraction was nsed (o confirm the phases present in the materials and 10 desermine the lattice
perameters. A Philips PW 1880 Diffraccomerer sysiem operating at 40kV and 30mA with
monochromatized CuKa radiation was used for this analysis. Step scans of 2¢ from 20-100° were
made with a step size of 0.005° and a count time of 10s at each step. Lattice parameters were
calculated osing the least-squares fitting method.
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225 Blepgon Mictoscopy

Far observarion of the microstructure using scanning electron microscopy (SEM), samples were
prepared as for optical microscopy. In additian, the fina) polishing step was done in an automatic
container under genile egitation with a 200A alumina slurry. Observations were carried out on a
Cambridge Stereoscan 360 using 15kV and a working distance from 14-16mm. Quantitative analyses
wsing scanning electron microgrephs were carried out with the aid of & Cambridge Quantmet 920

image analyzer.

For observations using transmission electron microscopy (TEM), discs 275pm thick were removed
from the compression samples {g3mm), perpendicular 10 the compression axis, using a diamond cut
off wheel. After preparing uniform surface conditions nsing 1000 and 500 grit abrasive paper, the
discs were electrolytically thinned into thin foils using a Tenupole twin jat polishing sysiem. Two sets
of conditions were foned to give adequate resulis, An electrolyte of §% perchlocic acid (concenration
70%) in 92% methanol at -4G°C with an applied tension of 13-15V was successfully nsed.
Alternately, a 12 % perchloric acid {70%) and 35 % butoyxethanol in 53 % methanol electrolyte was
used ar - 10°C and tension deceeasing from 25 w0 8 V during the thinning also yielded appropriate thin
foils. Suvbsequent examination of the thin foils was carried ont on a Philips CM12 electron
microscope operaling at 120kV, A double it stage (£40°, £30°) was used for controlled dlving

experiments.
2.3 Consi [ndexing Methods for TEM

A major emphasis in thig work is the demiled deerminaton of the oriemation relationships between
adjacent grains which subsequenily allows a spatially consistent determination of deformarion
systems. Therefore, this section is devoed to describing the methods of specimen tilting,
determination of the orientation relationships and matix transformation operations nsed to relate the
deformation systems in adjacent grains.

231 Control jlti

Due ta the lower symmetry of the L1p structurs in comparison to the related fee unit cell, the chaices
for indexing a zone axis comresponding to an observed diffraction pattern are correspondingly
reduced. As discussed in Sectign 1.2.1 [110] = [101] or [011], etc., thus, the diffraction patterns
corresponding to these zone axes may also be distinguished. Using this information, in conjunction
with an appraprialc Kikuchi map, contrelled tilting experiments may be performed within a single
grain. Once an initial zone axis has been indexed, the specific indices of subssquent zone axes are
defined by comparing the moton of 1he Kikuchi lines during tilting with the constrected Kikuchi map.
Tikting between these zones is then accomplished by rotating along the necessary Kikochi road - i.c.
by keeping the electron beam parallel 10 the plane common to both zones during the entire rotarion
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operaton. The Kikuchi map for the L1 strucrore along with the diffraction parrerns for the impomant
zone axes are given in Appendix 9.1. These tilting metheds are identical (o those described in
standard texts - for example, see [120].

In the manner described above, the orientation of any individoal grain may be defined. However, for
graing which are relaied by a specific orientation relationship, it is desirable to index the zones in a
manner which is spatially consistent with the orientation relationship rather than treadng each grain as
an independent entity. In order to perform this indexing procedure, it is necessary ro ofient the thin
foil so that the glectron beam is simeltanconsly pamailel to a zone axis within each grain. This is
generally possible when the zones in the adjacent grains are contained within the piane of the rotation.
For instance,, with grains which are relared by a rowadon (a renlipls of 60°) abour [111], if the elecaon
beam is parellel wo {1H01] in one grain, it will also be paralle! 1o a <110> direction in the adjacent grain.
[112] would also be paralle] to a <211 in the adjacent grain, erc.

Now, in order to determine the unigue orientation relationship between the grains and, at the same
time, to index the zone axes in a consistent manner, it is necessary to identify at least two zones
{preferably three} which are common tn each grain and that fie within the plane of rotation. These
diffraction patterns contain a common <111> reflection and this reflection 35 then subsequently used w
define the pole of rotation. It is slsa desirable to locate another zome which is not conteined within this
piane 10 confirm the final analysis. The orientation of thesc zone axes and the position of any
superlanice reflections which are present will then be vsed to determine the exact oricntation
relatonships. This is most easily accomplished with the aid of a <111> standard projection such as
that shown in Appendix 9.1 (Fig 9.2a). This projection is consmucted such thst the {1(1] plane of
otation (3.e. the common <1 11> reflsction) is taken as the pole of the projection. In this manner, the
zones which contain this plane are all lceated along the clrcumfercnee of the projecdon. Rotation of &
second projection by multiples of 60° relative to the stationary projection will then define the dirsetions
which are parallel in both grains. As an example, assume that the adjacent grain is rotated &0° about
{111) relative to the grain described by the stationary projection. This situation is shown in Fig 9.2k
and it is readily zoen that [101} in the initial grain is paralk] to [011] in the adjacent grain, while [112]
in the initiaf is paratlel to (121) adjacent. If the electron beam is oriented parallef to [101] or [112] in
1he criginal grain, the zones in the adjacent grain most then be [011] or {121], respeceively. In this
manner, the presence of superlattice spots and the orientation of the zone defines the orientation
relationship relative (0 the reference grain which has already been indexed using ke standard
techniques. Details about this method and further diagrams are given in Appendix 5.1.

Consequently, it is possible to construct a table which gives the predicted zone axes and their
orientation a3 a function of rotation about, far example, the [111]. Three zones in the (111) plane are
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assumed to have been idendfied for the reference grain as (211], [101] and [1§2], respectively.

Table 2.1 gives the zones which should be parallei to these zone axes in an adjacent grain. A founh
zone, for example of the <100 type, should also be located in each grain 10 confirm the analysis.

It can be seen that for the <112> type zones, only the presence of superfattice spots will give
information about the redation. In eontrast, the <3 0> zones give information not only concerning the
ngture of the zone (i.¢, <110 versus <101]), but the orientaton of the zone will provide further
informatton. For the 120° and 240° rotations, the orientation of zone B is the same in both grains
since the ABCABC stacking sequence of the {111) planes is the same ip both grains, 1n conwrast, the
arientation of zone B is rotated for the 60, 180 and 30¥° rotations since the ABCABC stacking
sequence is changed to ACBACB in the adjacent grain. As a consequence, zone D (which is not
contained in the plane of rotation) is not paraliel for all rotations. This zone will be paratel only in
grains rotated by 3, 120 and 240° or 60, 180 and 300°. Nevertheless, it is useful to examing 2 zone
which is not contained in the (111) plane since the position of the superiaitice spots ¢an be used 10
confirm that the correct indexing has begn done. Henge, both the orentgtian relatdonship and the
cansistent indexing of the zone axes can done al the same ime.

B (o1 011] [iol] [011] [im

e * — N * :

g ' . _E . e| o |« ' ' f o .

g . - . . . - .

c (112 (121 [3:) [F13 [(£30) zin

D [001] 0017 o671 [ing [0ig [oio)
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Table 2.1 : Schematic diagrams of simultancous zone axes in a (111) plene of ratation in adjacent
grains for various orieneations. « represents fundamental reflections, ¢ superlamies reflections and
@ the comman [111] reflectian. Nots that zones A, B and € am in the plane of rotation such that
AnB = 30° and BaC = 30° about the [[11), However, zone D is located away from this plane and,
consequently, dots not contain the {i11) refiection.
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It should also be noted thet both the 60* and 300° or the 120° and 240% rotadions are
crystallographically equivalenr rowations. For any two edjacent grains, the relaticoship could be
equally described by 60° or 300° {or 60° cloekwise rotation and 60° anti-clecekwise). However, if 2
collection of more then fwo grains is examined, then there will be a difference between adjacent grains
rotated by 60 or 300° and i1 is nceessary to appreciate this difference in order to cemenily determine
ihe unigoe orientation relationships and relative deformation mechanisms in each grain.

2.3.2 Marix Transformations

It should be noted that the convention used thronghout this work is that the orientation relationship can
be described as a rotation about the <1115 direction which is perpendiculer to the {111} plane of
rotatios (which has generally besn taken as [111]). Using this convention, it can be seen that for &
180° mtation the [101] in the reference grain is parallel to [10T] in the adjacent, rotated grain, et

Onee the orientation relationship bevween ywo adjacent grains has beer defined by the appropriste
<111 pole and the rotation as a moltiple of 60°, a transformation matrix may be easily calenlated that
allows all directions {and planes) in the refersnce grain 10 be converted 1o the coordinate system of the
the adjacent grain. This rotational ransformation matrix, R , is given by [122] :

_ 100 clel cled ¢lc? 0 - 2
R-mse[o 1 0]+(1-w38) o2l %l ¢%3 | +sinB] &7 0 - 2.1)
001 ! o3t o3 <2 ¢l 0

where cl, ¢2, ¢} are the normalized indices defining the pole of rotation such that (c1)? + €2 + ()2
=1and 815 the angle of mttion. With this rotational mamix calculated, any direction in the reference
grain, I, is wansformed 10 the adjecent grain coordinawes, I, by simple mawix muldplication. Since
the <x.y,z> direction is orthegonal to the {u,v,w] plane in the cubic system, this matrix
mansformadon applies equally well wo the conversion of planes to another coordinate system,

These results may also be confirmed graphically using the projections given in Appendix 9,]. Using
this ransformation, it is casily seen that ihe same results will not be abtained for a 60° and 300°
rotation in spite of the fact that these are crystallographically equivalent. Similarly, if & grain I is
rorated 60° relative to & grain I, then grain 1 is rod rotated 60° relative to grain 11, This indicates that
the sense of rotation between adjacent grains nceds to be carcfolly preserved when specifie
determinations are to be made.

1 This convention is not the same a3 that commanty encountersd in seandard texthooks - for example soe [121), These
authors generalty define the twin yeknionship such thae [101 ) marix i pasallel 10 1100 win. However, thig definition is
not consistent with the Facy that the twinked grain has beea rotated sbout a fixed axis.



In order 1o determine the foil normal, a minimum of three zone axes weee idemified in the grain. The
coordinate positons of the th stage coold then be used to determine the angular tilt of each zone. axis
from the foil normal. With three directions and dhe angle of ¢ach direction from the foil normal, the
foil normal can be readily determined using graphical or mathematical procedures. For instance, the
foil normal may be determined graphically on the stereographic projecrion as the intersection of the
three small cireles drawn about the zone axes at the appropriate angles. It is estimated that the emmorin
determining the angle from the zome axis is #3° such that the foil normal should be determined o
within approximately £5°. Since the thin foil dises were sectioned perpendicular ta ihe compression
axis, it is assomed tha the foil normal will then roughly correspond with the compression axis.



2.1 As-Cost Matedal

Figure 3.1(a) shows that the micrestucnure of the as-cast alloy at the bottom of the casting consists of
a fine, equiaxed grain structure typical for the quench anne of a casting. Away from dis quench
surface which extends spproximately lmm thick into the casting, the microstructure consists of
coarse, elongated grains typical of a dendritic stucture as shown in Fig 3. 1{b). These elongated
grains are generully 100-500 um wide and up to 2mm long. In both of these regions, the grains are
composed of alternating lamellae of the yand o phases and are, thus, referred to as fulty lamellar
grains. The nature of this fully lamellar structure is more clearly visible in the scanning electron
(SEM) micrograph shown in Fig 3.1(c). Finally, it should be noted that a small volume fraction of
round particles (imaged black in Fig 3,1(¢)) were distributed inhomogeneously thronghout the es-cast
material. EDS microanalysis showed that these particle consist mainly of aluminum and oxygen and
are, thus, assumed to be aluminem oxide pamicies. These wonld only be expected when the yand o2
phases are fully sarurated in oxygen. Their role during plastic deformation has not been investigared.

.12 Hear-treated Allovs

The general microstructeral features of the materials heat-treated at 1000°C for 168h are shown in the
SEM micrograph of Figure 3.2(a). As will become visible later in the TEM micrographs, this
microstrotture consists mainly of equiaxed y grains which are 5-30pm in size and, hence, will
subsequently be referred to as the equiaxed microstructore.  Distributed inhomogeneously
throughout this matrix of y grains (in correspondence with the original dendritic distribution) are many
elongaied oz particles. These particles are I-2pum in widih and up to 40pm long. Also seen are five
toarse alomimem oxide partcles which are 5-15pm in diameter and are nsually spherical or blocky in
shape. The size, shape and volume fraction of these particles is the same as in the as-cast material.

As-heat treated samples wers also observed in the transmission electron microscope to identify any
deformation structures doe to thermel stresses created during the heal treamment process. A
representative micrograph of the stuctures which have been observed in the equiaxed microstrucure
is given in Fig 3.2(b}. In this micrograph, 2 deformadon twin, a pile-up of ordinary dislocations,
several superdislocations and a fanlied dipole are all shown, While these defects will all be discussed
in more detail in Section 4, it is important to note at dhis point that all of the possible deformation
modes have been idendfied in the as-hea weated marerial. Although, the density of defects is usually
rather low, a significant fraction of the as-heat treated grains contains deformation twins.
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The material heat treated 2t 1270°C for 64h has also been examined and 2 representative SEM
micrograph is shown in Figure 3.3(s). The grain size and shape in this mawrial is unchanged from
the oniginal as-cast state, This microstruchure is seen o consist of a bimodal distribution of lamellae.
The coarse lamellae which are imaged dark are ylamellae and these coarse Y regions may congist of
oae or several individual y lamellag and vary in width from 3:17 pm. The lighter gray regions are
compased of fine lamellae of alternating a2 and 7y phases which are similar w the as-cast fully lamellar
structure.  Since this lamellar structure is made up of regions of fine lamellae plus the coarse
¥ lamellae, it is referred to 2s the transformed lamellar srocture. It should also be noted that
regions of discontinweus coarsening [123] can also be seen at the grain boundary. Finally, several
atuminum oxide particles are again observed in the micrograph.

The microstructursl features of this ransformed Yamellar microseracture are emphasized by the TEM
micrographs shown in Figs 3.3(b)&(c). la Fig 3.3(b). a coarse ¥ lamella is shown which is
approximetely 7 ym thick. It can be seen that this region corresponds to s single, thick lamella,
whereas it is more commonly observed that the coarse ¥ repion consists of several individual Fame(lae.
It shonld also be noted that the boundaries of these regions can be cither flat, as demonstrated by the
boundary 10 the feft of the lamelta, or rather irregular with fing lamellas ending at the coarse ¥y 8§ soen
at the boundary to the right. On both sides of this coarse lamella, fine lamellar regions consisning of
alwernating ¥ and 02 lamella can be observed and which are shown mote clearly in a higher
magnification TEM micrograph, Fig 3.3(c). Viewsd with the elsctron beam paraliel to the interfacial
plans, the ahernating nature of the two phases is clearly seen. Due to absorption and diffraction
effects, the ¥ phase is imaged [ighter while the oty phase is darker and this jdentification was
confirmed by diffraction analysis. Asindicated by the arrow, adjacent y lamellae may alsa be present
with the fine Iamezller structure; however, this is & rather uncommon fearure. 11 can also be seen that
the v lamellae are generally thicker than the ¢y lamellac. The gencral pature of the deformation
structures observed in the as-heat treated material is aleo clear in this figure. In the coarse ¥ lamellae,
sporadically distribuied individual dislocations and well defined dislocation ncrworks can be
observed, though the density of dislocations is generally low. Within the fine lamellar structure,
many dislocadons are observed at the lamellar interface as can be seen by the stroog contrast behavior
observed at the imcrface. In contrast, only few isolated dislocations can be observed within the
¥ lamellae, while no deformarion structures were observed within the ap phase. 1t should be noted
that, in contrast with the equiaxed structae, deformation 1wins were ast observed In this heat-treated
condition - neither in the coarse ¥ lamellae nor in dhe fine Jamellar regions.

In order to quantify the distritmtion of phases in the heat-treated materials, quantitative microstructural
analysis has been performed using scanning electron micrographs a1 2 magnificetion of 500 times
{observed area roughly 30mm2). TEM micrographs were taken as necessary in order to determine the
lamellar thickness and phase volume fractions in the fine lametlar structures. The transformed lamellar
structure was found to consist of 48 vol% coarse lamellar regions (ave. thickness 7.7um), 51% fine






3. Matcrials C -

lamellar regions and 1.2% AloO3 particles ¢ave. diameter 4.64m).. Within the fine lamelfar regions of
this structore, 30% were @3 phase lamellae (31 om thick), while the ¥ lamellae are approximately
rwice as thick {ave. 106 nm). In comparison, the as-cast structure comained 30% a3 lamellae
(115 am), 68% ylamellas (200 nm) and 1.6% AloOg particles. Finally, the equiaxed microstructure
consisted of 9% 7 grains {grain size beiween 5-30pum), 10 % elongated a7 particles and 0.7% AlyO3
¢(5.0um). Accordingly, the toral volume fraction of o phase for the three alloys is 10, 15 and 30 %
for the equiaxed, transformed lamellae and as-cast, respectively. The fraction of oxide particles is
similar in each material and varies between 0.7-1.6%. This variation is attribuied o differsnces
present glready in the original as-cast sample and not to any effects created by the heat treatment iself.

Tt should also be noted that the lameflar structores in both the as-cast fully lameltar matertal and the
heat-treated transformed lameflar regions censisied primarily of alternating vy and o2 lametlae.
Therefore, the dominant interface berween lamellae is of the &2 / vrype. The expected orientation
relationship between these lamellae is always obeyed for the lamellar structures. Occasionally, reo
7lametlae also come into contact in these lamellar amangements as noted in Fig 3.3(c). In contrast, no
orientation relationship existed between the oz and ¥ phases in the cquiaxed microstructure,

Finally, X-ray diffraction was used to confirm the phases which were preseat and 10 determine the
lattie parameters. Analysis on all alloys indicated that the principal phases present were the ¥ - TiAl
phase and the o2 - Ti3Al phases as expected. Additionally, other minor peaks were observed which
could be atributed to the a-Alz05 phase corondum.  These results, combined with the analysis of the
oxide particles above, confirm that the observed particles are aluminom oxide AlQ3. The determined
lattice parameters of the y and o phases were within the ranges given in the Lterarure [94,124],

3.3 Orientation Relationshi

The expected grientation retationship, <21 10>q, /f <011>yand (0001)q, / (111}, is obeyed in all
the lamellar zones - i.e. for the as-cast fully lameHar structare as well as the fine lamellar regions in the
transformed lamellar structure, This is readily verified in Figurg 3.4 which shows that the [2110] ¢, is
parallel to the 011}y Incontrast, as previonsly stated, this orientation relationship did nof exist in the
equiaxed stucture,

The orientation relationships between adjacemt y lamellae or grains will be presented in
Sections 4.2 apd 4.1, respectively. The dominant rotation beoween adjacent y lamellag is of the mue
twin, 180° type, while the other rotations are encountered less freqeently. In contrast to the lamellar
structures, the probability of all three types (60°, 120° ar 180°) is equat in the equiaxed structure,
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4.1 Eqriexed Microsmucnre

In this section, the deformation mechanisms ideatified in he equiaxed microstructure afier
compressive deformaton at room wmperatuee will be presented. It should be recalled that his
micTostructure was created by the hear treatment at 1000°C for 168h. Initially, an aggregate of four
graing will be presented which will serve to identify some of the typical fearures of the equiaxed
structure 2nd present the basic methods of analysis. Subsequently, further details of the individoal
deformation mechanisms will be presented. Finally, the closing part of 1his seetion will summarize all
of the results on this microsmucture and attempt to relate the meehanisms of deformation to the grain
arientalion.

41. cleristic

An averview of the microsoucture created by the 1000°C heat weatment is shown in Figure 4.1 which
clearly reveals the equiaxed nature of this structure. Fouor neighboring ¥ grains can be seen as
indicared by the letters A, B, E and F. The ¥ grain size is rather large (210 pm) and round ar
elongated, coarse oz particles are frequently located at the boundaries berween che ¥ grains. The
tnterface between grains E and B seen at the far right of the Fipure 4 ] can be seen rearly flat and
appears to be regular and straight along some sections of the boundary. Contrarily, the interfaces
AJE, A/F and E/F arc scen maore edpe-on &ngd are irregular ar curved in nature, The boundary plane
between (hese prains cannol be described by a plane. However, there exist well defined orientation
relationships between each of the grains and these will be presented below. In contrast, the
orientation relationship between the ¥ and g is not retained in this structure and this results in an
incoherent particke / matrix interface.

Significant stress concentrations exist within the &7 phase as can be seen by the bending contours
which radiate from the particle / matrix interface. However, no individual deformation structures have
been identificd within these particles. The active deformation mechanisms in the ¥ grains are seen to
vary from grain to grain. While grains B and F deformed primarily by the glide of dislocations, A and
E deform by profuse twinning. In addition, various deformation systems can be activaied locally
(usuvally at grain boundaries or in the vicinity of oy particles) and this is an important and general
charzcteristic of the equiaxed microsoucrure, Since this collection of grains presents many gencralitics
of the structure, the deformation mechanisms within each grain will be presented in detail. This
anglysis will also provide typical examples of the methods of identification used in this work. Finally,
important distinctions arc magde berween deformation mechanisms which are generally active
throughout a given grain and those which are only fonnd {n localized regions of the grain.
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In order to define the orientation relationships between the grains, selected arca diffraction patierns
(SADP) were taken in each grain at various orientations as shown in ﬁmgd_Z[_a_l For pasition 1, ail
grains were aligned with the incident beam paralle] 1 a <101] type direction. However, the paitern in
A is rotated 180° compared to B, E and F. For the tilt position 2, the beam is parallel to a <211] type
direction in A, B and F, whilc E cxhibits 2 <112] type zone axis. The commaon <1113 diffraction
spot in both zones in all grains is 1aken ax the pole of rotation and the orienration relationships are
defined using the method presenied in Section 22,2, This common plane of rotation has been defined
2s (111} and, hence, unique identification of the diffraction panems can be subsequently carried our,
Schematic representations of the zone axes identified at posigons 1 and 2 are shown in Fig 4.2(b) with
the specific reflections appropriacly indexed. These diagrams clearly demonstrate the plane of
rotation as (111) which is represeniod by the large spots in the figure. These rotations defined by the
first two zones can then be confirmed by the nanire and crientation of a third axis, which in this case
is 2 <001] type zone axis shown in Fig 4,2(a). Grain A is tsken as the 0° reference orientatinn and
rotations berween individoal grains can then be 1aken by adding or subracting the necessary muations.
11 should be noted that, in the strictest sense, the roltariorls are not fully descrbed as a multiple ratation
of 60° abour 111> since an additional. 2-3° misorientadon whose pole i not the primary <111> pole
ts superposed vpon the primary 60° rotarion. However, this secondary deviation is small and,
therefore, inconsequential in comparison to the primary rotation.

With these orientation relationships defined, the specific deformation mechanisms of each of the
grains will be examined. Shown in Figere 4.3 are the deformation mechanisms for grain B, In
Fig 4,3(a), an overview is shown which reveals significant activity of dislocations on both sides of an
clongated o3 particle and two differeat twinning systems on each side of 1he particle. Only few twins
were present in localized regions of this grain. The Burgers vectors of the dislocations immediately 1o
the lefi of this partcle are identified by the contrast cxperiments shown in Fig 4.3(0) to (d). Since all
dislocacons are invisible for 002g Fig 4.3(d), & is clear that only ordinary dislocagons are present. In
Fig 4.3(b). the 1/2[110] dislocations are shown, while the 172[110] dislocations ame visible in
Eig 43{c). The preferred line direction for buth types of dislocation is screw. However, trace
analysis was performed on segments of the dislocations (usually the ends) which wers not in screw
orientation to identify the active slip systems as B2[1101(111) and £/2(110)111). These
determinations must be made with due caution since these discontiavities in the line direction at the
ends can be due 1o relaxation phenomenon af the foil surface and most net necessarily indicate the
actval slip plane during deformation. Trace analysis was also used 1o determine the twin planc as
(111}. However, since these are the only three twins of this type within the grain, they are not
eongidered to play an important role in the room temperature compressive deformation. Significant
inhompgeneity of the deformation mechanisms were seen within this grain. In addition to hese
localized twins, shown in Eig 4,3(e} is an area of the grain which is o the left of the area shown in
Fig 4.3(a} and borders an adjacent grain. Although only ordinary dislocations are identified in the
region shown in Fig 4,3(2), significant activity of superdistocations is seen in Fig 4.3(e) Thisis
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Eigure 4.2(b} : Schemaric diagram of the SADPs corresponding with the orientations 1 and 2 in
Fig 4.2(a) with selected reflections identified. The large spots correspond with the plane of rotation
and clearly show the rotation of the reflections about this plare. Solid spots are fundamental
mflections while 1he starred spots indicate 1he position of superlanics spors,

readily verified since all dislocations visible with the 002g maust be of a soperdistocation type.
Unfortunaiely, the foil thickness in this region prevented vnique idemtification of the Burgers vector of
these dislacations.

An overview of the grain F is shown in Fipure 4.4¢a). It can be secn that this grain is adjacent 10 two
of ihe other regions - namely, grain E borders to the lower right side while grain A is 10 the lower left.
Contrast analysis on the dislocations in the area near A (where the F is positioned in the micrograph)
is shown in Fig 4.4(b) 1o {d). Virtually all of the dislocations are invisible in Fig 4.4{d} with the
002g which indicates that chese are all ordinary disiocations. In Fig 4.4(b), the dislocaiions with
b=17/2[110] (labelled 1) are visible, while in Fig 4.4{c] all the dislocations visible are of the type
172{110] (lshelted 7). The line directicn was again near screw and trace analysis was used to confirm
that segments of both types of dislocations ean be found on both of the possible {111] glide planes.
A zone along the AJF interface and well removed from this primary region, as indicated by the arrow
in Fig 4.4(2), has also been examined, It can be seen in Fig 4.4(¢) 1hat many superdislocations arc
visible with & D02g. These dislocations are associated with the twins in A and do not propagate far
into the grain F. Again, the foil thickness prevented identification of these dislocations; however, it is
necessary 10 emphasize the point that the 1ocal actvation of deformaton modes which are different
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from the modes that are homogeneous throughout the grain is an imponant fearure of the deformation
of the equiaxed structure. This point will be discnssed in more detail in Section 4.3,

1t is appropriate to note that both grains B and F have the same crienzation with respoct to the
compressive axis during loading (as shown in Figure 4.2) and that they &lso deform primarily by the
glide of ordinary dislocations. This would indicate that, as a first approach, the prain orientation with
respect to the deformation axis plays an impaonant role in activation of the varous passible
deformation modes. :

Overviews of area A are shown in Figures 4.5(a)&(b). Fip 4.5(a) shows that one twinning sysiem
is dominant in the grain nesr the A / F inierface, while a second twinning system dominates the
defarmetion structure in the region which borders area E as shown in Fig 4.5{t). In order to idendfy
the active twinning systems and dislocations in this region, a more detailed analysis was performed on
the area indicated by dhe boxed region at the right of Fig 4.5(h). Traoe analysis wae used to
determine the twin plane of the system oear erea E ag (111) since the twin plane is viewed paralle] to
the beam direction B=[121] in Fig 4.5(d}. Similarly, the twinning system domiaant near area F is
confirmed to be on ({11) in Fig 4.5(c). The majority of the disiocations in this grain have the
Burgers vector 1/2[110] since they zre visible with 020g and invisible with 111g and i1lg
Figs 4. 5(dh&(e}). Trace analysis showed the line directions of the distocations 1o be near [121] and
[011] (30° and 50° from screw orientation, respectively) and, thus, the glide plane is defined as (111).
“These dislocations were found o be homagenecusly dismibuted throughout the entire grain which is
in contrast te the activation of the twinning systems that are active in varying density depending upon
the location withia the grain. A minor number of distocations with the Burgers vector 1/2{110] were
identificd to be 0n the (001} plane; however, due to the low density of these dislocatons plas the fact
that (001) is not expected 1o be a glide plane at room temiperature, it is assumed that thc.se were created
during thermal treatment or the subsequent cooling process.

Finally, it is nceessary 10 identify the deformarion mechanisms in grain E as shown in Eigure 4.6.
Twao rwinning systems are active throughout this grain and a lesser number of dislocations are preseat
as showt in Fipg 4.6(a). Two regions selected for further analysis are indicated in Fig 4.6(z) with the
numbers 1 and 2. Analysis of area 1 (Figs 4.6 (b)-(4)) showed tha the direction of iniersection of
the two twin planes is [011] and this fact, combined with raoz analysis of the 1win plane, dsiermines
the twin planes as {111) and (111) 25 indicated in Fig 4.6(d). The preferred line directions of 1he
twinning pamial dislocations are screw and 13° from screw, respectvely. The distocations in
Figs 4.6(b)&{e) become invisible with 11 g, thus defining b=1/2[110). The preferred fine directions
are near [211], (101] and [011) (30° and 60° from screw, respectively) which defines the slip plane as
¢111). These dislocations are present throughont the grain in a low density. In coawast, a second
type of disTocation is seen only lacally, as forexample in ares 2, and is described by b=1/2[110] as
shown in Figs 4.6(c)&(. These dislocations are near ihe twin / twin intersection and have been
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the oy particte. Hence, it has been shown that ordinary dislocations, superdislocations and winning
can all be locally activated depending upon the specific stress distribatiom within the grain.

A summary of deformation sysiems which were found to be homogeneously active throughovt each
of the grains is given in the schematic diagram shown in Figurg 4.7. Also given in the figure are the
oricntation relatonships berween the grains defined as a rotation abous (1117 and the Schmid facror,
m, for each of the deformation mechanisms, In a general manner, it can be noted thag the active
deformation systems comespond 1o the possible systems with the larpest resolved shear stress.
However, exceplions to this starement oecur regarding the activation of superdislocatons. For
instance, Tabie 4.1 gives the Schmid factors for the observed twinning and endinary dislocation
systems and the highly stressed superdistocation systems which were nor observed (o7 seen only

locatty as in Fig 4.3(¢} or Fig 4.4{e).

Mechanism Grain A |Grain B=F] GninE
ordinary 1/2<110] 32 48 22
Observed dislacations .47
twinning systems 34 - A7
.20 46
supendislocations 45 34 50
Not <101} 37 .32 .48
Observed superdisiocations - 25 34
1/2<112]

Table 4.1: Schmid factors for the ordinary distocation and twinning systems which were observed in
the grains A, B, E and F. Also listed are the Schmid factors for the most highly swessed super-
dislocation systems which were not active,

As can be seen in the 1able, there exist several highly siressed superdislocation sysiems in each grain
which could be expected 1o be activaied solely on 1he basis of resolved shear stress calculagons,
However, these systems are not activated and this demanstraies that twinning and glide of ordinary
dislocations are the preferred deformation modes. Hence, in pddition ta the resolved shear swess,
other faciors such as elastic energy, Peierls lamice fraction and consideretions of the mobility and fault
energies of these dislocations must play a role in activity of the mechanisms, Likewise, propagation
of 1/6<112] partial dislocations to form a twin appears to be mor: favorable than glide of 1/2<112)
dislocadons since the former has been observed in spit of the fact that the resolved shear siressona
1/2<112] superdislocaion would be the same.

Finally, it is appropriate to conclude this section with a brief synopsis of some of the essential features
of deformation in the equiaxed microstenere:
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Figure 4.7 Schematic diagram of the four grains shown in Fig 4.] with the deformation mechanisms

identified in each grain and the corresponding Schmid factors,
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1.) several deformaton systems are active within esch grain which vary from grain to grain,

2.} generally, 1/2<110] ordinary dislocations and twinning are the preferred deformadon modes.

3.) the petive deformation systems can generally be predicted by calculation of the Schmid
facior. However, this is certainly modified by the energy and eritical msolved shear stress of
the specific xystam as discussed above.

4.y significanm local activation of additional systems near grain boundaries or ag particles is
possible depending on the local stress distribution.

5.) the o2 phase does not defarm and, as such, is only a source of stress concentration which is
partially relieved by flow in the surrounding ¥ phase.

1,12 Role. of Twinni

In arder to completely describe the active twinning sysiems, it is necessary to determine both the twin
plane as well as the partia) dislocation responsible for the twin shear, In the previons section, only the
twin plane was determined and the shear disection was raken to be <112] in accordance with the
requirements of ordered rwinning in the L1g strecture [21-22). However, it is necessary to verify this
assumption by performing detailed contrast analysis of the twinning partial dislocations.

1t is generally difficult to identify the partial distocations with the twin fault in contrast since the
visibility criterion for partial dislocation overlapping a stacking fault are complex and sensitive 1o the
devietion parameter, foit thickness and depth in the foil [125-126). However, when diffraciion
conditions are used with the twin stacking fault ts invisible - namely g*RF = 0, 11 or £2 - the twin
partial dislocations may be directly analyzed. Analysis of this type is presented in Figure 4.8 which
shows a small segment of twin in grain E (Fig 4.6} on the {111} plane. The first step in the
identification process is ta assure that this fault indeed comesponds to a region of twinned material and
is not just an arrangement of overlapping stacking faults. This can usually be done by filting the 1win
so that the incident beam direction is parallel 1o the twin plane {i.e. edge-on} to verify that a finite
region of twinned marerial exises and the nature of the (win can be verified by che appropriate rolation
of the lattice as seen in the diffraction patterns. Sinee it was not possible to Hit the cuerent twin inwo
the adge-on position, verificarion of the twinned material was obiained through knowtedge of the rwin
plane. For a twin on the (1 11) plane, the appropriate mawix wansfarmation was used (as given in
Section 2.3.3) 1a calcutate that the [110] zone of the twin is parallel with the {114] zone in the marix.
Diffraction patierns taken in the matrix with B=[114] and in the twin, &s shown in Figs 4.8(b)&{c),
confirm that 2 region of twinned material exists.

Hence, the nwin was imaged using four conditions of feult invisibility as shown in Figs 4 8{d}-(g).
Far the 220g and 311¢g the partial dislocations are invisible, while for 131g and 311 the partials arc
visible. Since the twin plane has been determined to be (li 1), the partials must be one of the thres
Shockley partiels in this plane. A summary of the observed and predicted contrast for these panial
dislocations is given in Taple 4.2.
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g+'bp = £2/3. The resules of these bright field, 1 experiments are shown in Figure 4,10 foc
presumed values of g+bp = £1/3 and g-bp = 2273, The images for the upward twin in Fig 4.9(a) are
showa in the left column of Fig 4.10, while the downward twin images in Fig 4,9¢b} are shown in
Fig4.10 at the right. Also, the diffraction condiions indicated on the left micrograph apply equally io
the right micrograph. For all micrographs, the value of the rocking psrameter, w = s-{s, WS
controlled berween 1,0-1.4, Experiments were conductad e investigate the influence of w on the
contrast behavior, however, these did not bring any additional information and are not presented here.
A summary of the experimental pbservations of the first partia) dislocation is given in Table 4.3 slong
with the contrast expected for possible pardal dislocations,

Observed Contrast 2-by, for possible partials
£ Upward | Dowaward | 1261112] | w019 | 150012y | asiidg
i vis vis +23vis | -2fin +4/3in | -473vis
11 invis invig 23m | +23vis | 4Bvis | +4Am
200 invis invis +1f3in 3 | +23is | -2in
200 invis invis -13in ¢+ +13in | -23in | 4273 vis

Tablz 4.3 : Observed contrast for the upward and downward wing (Fig 4,]10) compared
with the value of g+by and expected visibility of the possible parzia) dislocations [127).

From Table 4,3, it can be concluded that the 1/3 type partial dislocatdons are not possible since the
characteristic image asymmetry for 24/3 is not observed for the £ experiments with 200g. Thus, it
would appear that both partial dislocations are 1/6[112] by comparison of the ebserved and predicted
conirast behavier. However, it must be noted that the contrast rules defined for the visibility
conditions of +2/3 o -2/3 are defincd for a partial dislocation o the right side of the stacking faull
[126-127]. When the pardal dislocation is to the left of (he fanlt, these visibility conditions are
reversed. Based on this criterien, it would eppear thel the rwo partial distocations are, thus, of
oppasite sign. However, this rule was determined by Clareborough for stacking faults bound by
unlike Shockley partial distocations. In contrest, Silcock noted that the contrast behavior of the partdal
dislocation on the right and left side of a fanltzd loop was idenrical when the fault was surrounded by
& Frank partial dislocation [128]. This farter work nceds 1o be applied w analysis of the present
twinning since these twins must correctly be considered ag loops. This loop should then show similar
conmrast on both the left and right side in accoedance with Sileock, as was correctly observed
experimentally. The apparent opposite sense of propagation is only an effect created by viewing the
projection of an expanding twin toop. Crystailographically, the sign of the partial dislocation is the
same around the entire loop as it must be, while the projected direction of motion will clearly depend
on which part of the loop is observed. Careft analysis of these contrast experiments, therefore, is
fully consister with the polarity of the iwinning process and verifies that only passage of 1/6<112]
partials in the defingd senze creates 2 twinned crystal. The complexity of this contrase analysis clearly
shows the need 10 1.) consider how the projected two-dimensional image of eleetron micrographs
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occasionally found int trientations 30° from screw orientation (u=<211]) and, rather infrequently, 60°
from screw (b=<0117). Edge dislocations were virtually never encountered. The ordinary
dislocations also exhibit a tendency to form long, approximately planar pile-ups as shown in
Fig 4.12(b). Again, these dislocations tend to glign in the screw orientation. Due to the geatle
curvature of the dizloeztions in both of these micrographs, it can be concluded thar these dislocations
are mobile,

48 i tion: inole.

In the previous sections, superdislocations have been shown 1o be activated only in localized arcas
(Figures 4.3 & 4.4} However, under the loading conditions which tesuit in & sofficiently large
Schmid factor, superdistocations can be active throughoot an entire grain, In this section, three types
of deformation sructures will be presented and identified in detail: <1017 superdislocations, 1/2<112]
superdislocations and faulted tipoles, 1t must be nated that, in contrast 1o the widespread activation of
twinning and ordinary distocadons, these mechanisms are found only in limited grains.

An example of a grin containing many superdistocations is shown in Fig 4,13(a), where twinning,
dislecations end numerous stacking faults can be seen te the right of an elongated o particle. All the
visible dislocations in Fig 4,13(a) are of the superdislocation type and the twin plane was idemificd as
Q11). A higher magnification view of the central region of the micrograph indicated by the arrow is
shown in Fig 4.3 3(b] where the nature of the faulved dipoles becomes clearer. The Burgers vesior of
the dislocations assaciated with the dipoles was determined to be 1/2[112] from appropriate contrast
experiments and the dislocation end stacking fault are coplanar on the (111) plane. The elongated
direction of the stacking fault was found to be {101}, 1solated stacking faults on the (111} plane are
also seen throughont the grain. A more complete identification of these dipoles will be given below.

At the lefy of the particle, the deformation structure is considerably different. No mare twinning is
seen and only superdislocations of the type <101] have been idendfied. Seversl disloeation pile-ups
are seen on this side of the particle gs indicated by the armow in Fig 4.13(n) and a representarive pile-
np of these distocations is shown in more detail in Figure 4.14(). Since these dislocations are visible
with 002g, they must be of & superdislocation type. Furthermore, as shown in Fig 4. 14(b), this pile-
up apparently congists of tislocations with two differemr Burgers vectors. Two tisiocations in this
pile-up, indicated by the 1 and 2 in Figs 4.14(a)& ) were stlected for the derailed contrast enalysis
given in Figs 4,14{c) 1o (). A summary of these contrasi experiments is also given in Tabls 4.4.

It cen be siraightforwardly nored from Jsble 4,4 rhar the observed contrast marches the Burgers
vectors [101] and [011] for dislocations | and 2, respectvely. Forthermore, detailed obsgrvation of
the dislocation dissociation and glide plane reveals sdditional informatian. The line dection of
dislocation 1 was dewermined to be [[01], thus indicating 1hat the dislocation iz in the screw
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diffracting conditions 1 Observed g+[101] 2 Observed g-[0i1

{110y 002g visible 2 visible, dissociated 2
dio g ipvisible Q visible, dissociated -2
(dinying visible 2 invisible Q

aining visible, dissociated 2 — -
(100) O03g visible, dissociated -2 vistble, dissociated 2
(011) 200g visible 2 invisible 9
Qinlhg invisible 0 invisible 0
Table 4.4 : Summary of the contrast experiments for dislocations 1 and 2, The
observed contrast is given fer both dislocations along with any evidence of
dissociadon and the value of g-b for the proposed Burgers vectors.

orientation. Trece analysis of the directico containing the ends of the dislocations in the pile-up
(assuming that the dislocations are glissile on the same plane) determined the glide plane to be (111).
It should be noted that this is also the plane with the higher Schmid factor, m = 0.35, versus
m = 0,23 for the glide plane (111). However, dissociation of the dislocation is observed on the &
plane other than {111}, This is cbserved by comparing, for example Figs 4.14(j) with (k). For the
same diffractiog vector 002, the dislocation is seen 10 be dissociated for the beam dircction (100),
while only a single image is observed for the (110) beam direction. Similarly, no dissociation is seen
for the 11igin the {110) beam direction Fig 4.14(i}, while a dissociation is again observed for
B=(i21)- Fig.4.14(g). This indicates that the dislocation must be dissociated on die {111) plane
since the dissociation is not visitle when the beam direction is contained within this plane. Thus, the
observed plane of dissociation Is different than she glide plane during deformation, 1t cannot be
derermined whether this dissociation configuration occurred during the actual deformarion process or
was created during any relaxation processes associated with unlosding, foil preparstion and foil
observarion. The ohservation of two partial distocations and no stacking fault fringes betwezn the
pemials indicates thaf the superdislocation i5 dissociated accomding 1o

{1011 = 12(101]7 + APB + 1/2[101] 4.2)

In regard 10 dislocation 2 with bp=[01 1], the line dircction was found to be near [112] and, thus, die
glide plane iz uniquely defined as {111). The observation that both distocatians ! and 2 appear o be
piled-up on the same glide plane, Fig 4.j4(a), plus the unique glide plane of dislocadon 2 further
vezifies the conclusion from above that ibe glide plane of dislocation 1 was alse (111). Dislocarion 2
is also trailed by a small siacking fault. Anabysis of the edges of the fanlt indicates thar they lie along
the dicections [101] and [011], respectively, Thus, the errsngement of partial dislocations and
stacking fault is coplanar on the (111) planc. It shoeld be notegd that the dislocation to the right of by
is a 1/2[110] ordinary dislocasion.
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Additionally, superdislocations may be involved in reactions oc decompositions with ordinary
dislocations. An example of this is shown in Figure 4,13 where 2 loog, irregular dislocatiosn labelled
2 i8 sten to be associated with muliiple stacking fauhs which vary in width from 5-50nm. Since this
dislocation is visible with 111g, 111g 2nd 020, its Burgers vector must be paralle] o either {112) or
{112]. The Burgers vector is uniquely determined to be paralle] to [112] by its visibility with the 131g
Fig 4,155 and is assumed to be 1/2[112], Both the dislocation 2 and the stacking fanlt are foond w0
be on the (111) plane by trace analysis. Contrast analysis tentatively identifies the partial dislocation
surrounding the stacking fault as 1/6{112); however, a complete analysis of the partials surrounding
the dipoles is deferred until Section 4.2.3. One segment of dislocation 2 is seen to exhihit different
contrast be havior and has, thus, been indicated by 1. Since this dislocation is invisible for 020g and
111g, its Burgers vector is defined by [101]. Finally, the segments labelled 3 are 1/2[110]
dislocations as verified by the invisibility for 002 and visibility for 111p and ese segments are also
on the {111} plane. From the idensification of the Burgers vectors and the form of the dislocadons, it
is postulated that the following decomposition is responsible for the observed arranpement :

[101} = 1721112 + 1£2[110] 4.1
followed by the reaction :

1720121 = gz + SF + 1740112 44)

A schematic diagram with 2 sommary of the Burgers vectors and line directions of the full
arrangement is given in Fig 4.15(g). 1t is necessary to note that all fanlted dipole arrangements
ideniified are associated with 1/2<112] type dislocations and that the elongated line direction of the
fault is always a <101] type direction.

The propensity of the 1/2<112] superdislocations w form faulted dipoles depands upon the individval
grain orientatiop. For instance, the right side of the grain in Figure 4,13 was shown 1o be dominated
by stacking faults and faulted dipoles. 1n contrast, 4 grain is shown in Figure 4,16 where a large
number of superdislocations are present, but only a negligible fraction of these form faulted dipotes.
All the dislocations visible in Fig 4. 16{a) with the 002g must be of the superdislocation type. These
superdisiacations have boen identified o ve [011] screw dislocations. However, as shown in Eig
4,16(b), there is liule wodency for these superdislocations 1o form favlied dipoles. Only five faulted
dipoles and four isotated stacking faults have been idensified in this area. This is very low in
comparison to the density shown in Figupe 4.13.

In summary, the most impartant points from this section are:

1.} superdistocations can be active throughout a grain, thongh they are less common than
ordinary dislocations and rwinning.
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2.) <101] superdislocations are usvally swaight, screw segmems, they can be dissociated
on {111} planes ami thcy may decompose into 1/2<112] and 1/2<110] dislocations.
3.) 1/2<112] dislocations are observed to be irregular in shape and can decompose 1o form
elongated fanlted dipole armangements.
4,) the tendency of the superdislocations ta form favlted dipoles varies from grain to grain.

415 Summary

Ai this point it is appropriate to summarize all of the deformation structures which have been observed
in the equiaxed microstructure. The distinction has beea clearly pointed out between the deformation
mechanisms which are globally active within a grain and those which are only present locaily, [En this
section, only the deformation mechanisms which were sctive homogeneously throughout the grains
will be considered.

Tabie 4.5 lists the Schmid factor for the deformartion mechanisms which were observed in eech grain.
Also lsted in the table is the plane of stacking faulis / faulted dipoles when they were observed
throughout a gizin, the toal number of systems active in the grain and the approximale grain size,
The identificatios code for the grain is only an internal system, however, it can be noted that the grains
54, 5B, 5E and 5F correspond to the grains A, B, E and F presented in Section 41,1, When twe
Schmid factors have been listed (for example, in the case of the ordinary dislocations), this indicales
¢ither thar the dislocations are only found in the serew orientation and a unique slip plans cannot be
defined or thet segments on both possible slip planes have been identified. In the case where
deformation twins and 1/2<112] superdislocations were found on the same plane, these were taken as
two separate mechanisms of deformation.

The relative importance of the different deformation modes is readily seen from the table. OF the 15
grains which were examined, all but one contained at least one ordinary dislocation gystem. Far this
one exception (i.e, 6A), four twinning systems wers activated and m < 0.12 for ali ordinary
dislocetions. Hence, it can be staled thar the ordinary dislocations are generally activated for
m > 025, Only in ooe case wes m > (.25 and 1he ordinary dislocations were not acrve. Likewise,
deformation twinning is favorable for values of m > 0.30. OF the twinning sysiems observed, 18
were active for m > 0.30, while 5 were active for values less than this, However, since significant
deformation twinning was observed in the as-heat treaved condition, it can not be determined with
certainty whether these other 5 rwioning systems were created during the room temperature
compresgion or the heat freatment process. Also, it must be noted tha1 there are grains where m > .30
for a twinning system yet it was not activated. Also, 1/2<112] dislocations are sometimes observed
instzad of twinning. These topics will be addressed in more detzil in the discossion. Finally, it
should be obsarved that the superdislocations were only observed for m = 0.33 with the sxception of
grain 6B where 1/2<112) dislocations were observed for m =0.12. 1t should also be noted that 68
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was tmusnal in that it wes the only grain where the fanlted dipoles were & commen occurrence. As
pointed ont previously, for graing where twinning was observed, there exists at least one <101]
superdislocation system where m > (.40, Despite this large Schmid factor, the superdislocarions are
not active; therefore, it is clear that twinning is more favorable than glide of superdislocations and that
superdislocations will only become active in grains where the twinning process is unfavorable,

Finally, the orientation of the investigated grains is summarized in Figure 4.17(a) and 1he active
deformation mechanisms have been comelated with the axis of the applied compressive loading as
shawn in Fig 4.17(b). A full (001] stereographic projection has been used in place of a standard
wiangle in order to preserve the consistent indexing method. However, io 1he current analysis, the
grains are considered as separate entities that deform independently of one anather. In conmast, the
consistent indexing will be exploited in Sectiog 4,3 in order 10 examine the influence of the
orientation relztionships on the active deformation mechanisms.

1t is worthwhile to note same of the general features of the influence of loading oriensation on the
deformaton mechanisms. Firstly, twinoing appears (o be prevalent for Joading oriemations nearly
parallet to [001], while superdistocations are only observed for loading orientations at the "perimeter”
of the projection or nearly parahel to the (001) plane. As siated carlier, ordinary dislocations are seen
for all leading orientations. Finally, extsnsive faulted dipole and stacking favl armangements are seen
only in the grain which is loaded nearly parallel 10 a <111> ditecton. These observations will be
compsred 1o the lamellar structure and treaied in detail in the discussion. (Mot : a schematic
summary of these observations is presented in Fig 4.26() in order 10 aid 1he reader in visualizing the
loading orientations where (e vanous deformation mechanisms have been observed.)



)
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Fimuee: 4,17 : Summary of the influence of {a) loading orientation on () the deformation mechanisms
in the equirxed strocture 1) twinning, 2) 1/2<110), 3) <101], 4) 1/2<112] and 5) faulted dipoles.



4.2) Transformed Lamellar

In this sectioo, the deformation mechanisms of the ransformed lamellar scructure (1270°C, 64h) will
be presented. In the first pan, the deformation characteristics of the coarse lamellar grains will be
described by presendng the analysis of a collection of four Jamellze in detail in order to emphasize the
general characteristics of this structure. A peneral rule nsed in the section 1o differentiate "coarse”
from “fine” (amellae has been defined ar approximately um and the choice of this value will become
apparent in Secripn 4.2.2. Next, some further details will be given concerning the formetion of the
faulted dipoles and the nwinning, Subsequently, the differences berween the defermation of the coarse
and fine Jamellze will be presented wlong with some further datails of the mechanisms in the fine
lameliac. This analysis will then be concluded with a summary of all resnlts on the lamellar structure
and these resnles will again be related to the loading orientation, Attention will &lse be given in this
summary to the: so-called “hard” and "casy” modes of deformation [11].

Furthermore, sioce the £z phase may play an important role during the deformation of this structure, &
final section will be included to present some of the observations of deformation in the ez lametlae.
Although no deformation stnictunes were observed in the ot lamellze in The heat-treated and deformed
material, observations were carried out on the as-cast and deformed material.

2.1 General O -

In order to introduce the general charscieristics of deformation, an overview of four coarse lamellae is
shown in Figure 4,18 Two types of interfacial boundaries exist between these four grains. Firstly,
the interface between lamellae A/B and E/F is a flat, reguler interface characterized and the rotation
between these grains is described as a 180° rotation about a [111) plane. It should be noted that the
vasl majeriry of interfaces between the adjacent ylamellac are of this 180° rype. The second type of
boundary is that between the lamellae A/E and B/F which separates & single lamells into two
differently ordered 1egions. These interfaces an: imregular in nature 2nd cannot be described by a low
index plane. However, it should be noted that these ondered domains within » single Jamella can only
be described 2s a 90F rotation about a cobe axis {or equivalently, 120° rotarion about a <111>), Fer
the current exampls, both relatonships between lamellae A/E and B/F have been described by a 50°
rotation ghout (0101, The SADPs used to determing these orientation relationships plus the zone axes
carresgonding with cach SADP plus the orientation relationships between the lamellae are shown in
Figure 4.19(a). Schematic diagrams of the zone axes at the tilt positions 1, 2 sod 3 are presented in
Fig 4.1%b) in order to facilitate visualisation of the rotations berween the grains.
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Fignre 4,19(h) : Schemaric diagrem of the SADPs comresponding with the orientations 1, 2 and 3 in
Fig 4,198} with selected reflections identified. The large spaots indicate the plane of rotation common
to all the zones. Solid spots arc fundamental reflections while the stamed spots indicate the position of

superlattice spots.

It is readily seen in Figurg 4,18 char the deformation mechantsms vend o vary from lametla to Jamella,
but that they are horrogenesously distributed within any given lamelia. In each coarsc lamella, at lzast
two deformation mechanisms are active and this is more elearty demonstrated in Eigure 4.20. In
Figs 4.20(a)&(h), the deformation mecharisms of lamella A are shown o be deformarion rwinning
on the (1113 plane, few 1/2{1101 ordinary dislocations (indicaied by the 2), few 1/2[112] dislocations
{dislocations labelled 13 and some isotated stacking faults on {111), marked with the number 3. Also
socn are several 1/2[112) dislocations which have ransformed to yield faulied dipotes. Fig 4.20(b)
shows that all deformation structures are invisible with the 111g which confirms that the Burgers
vectors of all dislocadons are comained within this plane. It is also interesting to pote that both
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1/61112] twinning and 1/2[112) superdislocations are identified in this lamellz. The deformation
structurt in lamella B is straightforwam and consists af deformation twinning on the (111) and (11}
planes and a low density of 1/2[110] ordinary dislocations - see Eig 4. 2(¢).

The deformation structure in lametla E consists of many stacking fanlts and dipole arrangements,
Fig 4.20(d}, and it can also be seen that a significant densicy of superdislocations is also present,
Fig 4.20(F) with (2. These fanlied dipoles are essociated with 1/2[112] dislocations (labelled with
1) and the cther isoiated faohs also lie on the (111) ptane. Several of the supsrdislocations have been
identified as [101) (identified with 2) on the (111) ptane. Finally, Fig 4.20(¢) demonstrates thar &
low density of 1/2[110} screw dislocations (designaled by 3) is also present in the lamella. Finally,
famella F contains a high density of dislocations and these have been identified as bath ardinary
172[110] dislocarions (Jabelled with a 3) and [101) (labelled 2) or 1/2{112) (labelled 1)
superdislocations as indicated in the Figs 4.20(g\&(<h). The nature of the superdislocations is
confirraed by the visibility with 002g as shown in Fig 4. 20(h).

A summary of these active mechanisms is given in the schematic diagram shown in Figure 4.2] along
with the Schmid factor for these systems, Similar to 1he equigxed microstruciure, the active systems
generally correspond to those with the highest Schmid Factors. Again, it is also clear that rainning is
generally more favorable than the ghide of superdislocations in grains. One notable exception ta the
observation that the aetive systems comespond 1o the systems with the largest resolved shear sress is
the low Schmid facror for the dislocations associated with the fanlted dipoles in E (m = 0.07). A low
facior for the dislocations associated with the faulied dipoles is frequently observed in this
microstructure. 1t should also be noted that the tendency of the 1/2<112] superdislocations to form
dipodes tends to vary between prains (for example, Janella Fvs. A and E).

4.2.2 Fine Lamellar Zones

The deformation structure in the fine lamellae adjacent 1o lamella A is shown in Figure 4,32, This
structure consists of alternating, fioe lameflae of ¥ and ¢ as previously shown, with only oceasional
examples of adjaocnt ¥ lamellee. Alihough siress conorntrations are observed in the a2 lamellae,
individual deformation siructures are infrequently identified. Thus, a larger proportion of the total
deformation occurs in the ¥ lamellae and the propagation of deformation from ¥ to v lamellze is
impeded by the oy lamella berween the two. However, for sufficiently thin o the deformation does
appear ta be ransmiited from one side 1a the other as indicated by the amrow to the right of the figure.
The orientation of mos! of the ylameXlac here is the seme ag thar of lamella B {Fig 4.18) and ivcan be
seen that these all dsform predominantly by deformation winning on the (111} plane. Few
dislocations are visible in the other ¥ lamellac. Hence, it it is shown that this lamellar colony tends o
deform as & unit such that the lamellae with similar orientadon deform by the same deformation
mechanisms. The infleence of lamellar thickness is afso clearly seen by comparison of
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Similarly, the lamella shown in Figs 4.23(c}&(d) also contained a high density of stacking faults
which are verified to be on the (111) plane. Although the tamells contained numerous isolated
stacking faults (i.e, presumed 1o be faukied dipoles for which the associated supendislocation is not
contained witchin the thin foil section), faulted dipoles were also observed to be assoriated with
1/2[i12] dislocations (tabelled 2) for which the Schmid factor m=0.18, Fewer {101] (111)
dislocations, labelled 1, {m = 0.34) were also cbserved in \he prain as were a tow density of
120010101 11) ordinary dislocations (m = 0.37). The invisibility of most of the deformation
structures with the 111g confirms that the Burgers vectors 0f mast dislocstions in this grain are
comained in the (111) plane,

Finally, an example is shown in Fgs 4.23 {eh&({} where superdistocations are active {visible with the
002 in Fig 4.23¢) which show little tendency 1o form fauled dipoles. These dislocations have been
idenified 10 be of the type bz = [011] (m = 0.49) and b3 = 1/2[112] (m =0.30). Also active in
this tamella is a low density of dislocations by = 1/2{110] &= shown in Eig 4,23(0),

Cne important difference between the tamellae which formed the favhied dipole arrangements and
those which did not is the proxonity of the loading otientation to a <111> direction, For instance, the
three lamellae which have been shown io contain a high density of fanited dipoles (lamells E in
Figum 4.200d) and the two lamellae comgining fanhs in Figs 4.23 (a)&(c)}, are 11°, 12° and 8%,
respectively, from a <111> direction. In contrast, for the two lamellse shown which contain many
superdislorations widow any stacking faults (grain F in Fig 4.200h) and Fix 4.23 ()} are 33° and
30° from a <111> loading direction. Ir should be noted that this propensity 1o form dipoles near
<111> loading direcrions was also observed in the equiazed microstructure. Thus, there appear o be
1wa necessary conditions for the formation of the fanled dipoles and stacking faults to dominate the
deformaticn stcture:

1.) actvation of 1/2<112] and / ot <101] superdislocations
2.) and a loading orientadion nearly paraliel 10 a <111> dirscrion.

Returning 1o the faulred dipoles presented in lamella A (Figure 4.20), detailed contrast experiments
have been performed in order 1o identdfy the disfocation associated with the fault and the partial
dislocations sumounding the faelt. The results of this analysis are reproduced in Figore 4.24 and
summarized in Table 4.6, Since the main dislocation is invisible for 111g Fig 4.24(d), the possible
Burgers vectors would be [$01), [081) and 1/2[112]. The distocarion is visible with both the 200z
and 020g soeh that the Burgers vector must then be 1/2{412). Similarly, since the fanlt is shown by
trace analysis 1 be on the (111) plane, then the possible Shockley partials surrgunding the feult wouald
be 1/6{172), 1611217 or 1/6{211]. The Invisibility of the partials for the 022g and [11g, plus the
£2/3 contrast asymmetry for the 111g canfirms thet the direction of the Burgers vector of the partial
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dislocation must be 1/6[112]. The stacking fault is elongated in the [101] direction and the line
direction of the long segment of the dislocation is {1101,

Dislocation | g-by = Partial gbp=|gbps=|gbp=
12112 16112} 1/6(121] | 1/6[211)
(M2 il1g | vis nomal 1 in +113 2{3 -13
(011) 200g vis normal 1 in +1/3 +1/3 +2f3
(101) 030g | vis normal 1 - - - -
(aonilg invis 1 — - -- --
{(112)230g | vis double 2 vis +2/3 +173 +1/3
(1113 022g | vis double 3 vis +1 -1 0
| ©11)11g | visdouble 2 __vig +2/1 13 +1/73
0y ilg vig -2 in -2/3 +1/3 -153
@1y atg™ vig -1 in -1/3 +23 143

Table 4,6 : Observed conmast for the main dislocation and the partial dislocation surrounding the fzult
and the predicted contrast for possible Burgers vectors, ** not shown in the Fiaurg 4.24.

Crain | Dislocadon | m Line Plane Fault Cnther Mechanisms
Direction Direction in Grain

1A | 1201z toze ) 1oy | din fo1j 1211010113,
(110} ¢(111) twin

IE | 12(112) | o8| [0l1] | D o1 12201101 (1 Ain,
poixtin

24 — 0.11 (1) (o] 121011y,

(o1, o aKiin

2C | 12(112] | Cag | [oin] | (b fion 12[1101¢111),
[10i)111)

6B [ 12{112] { 0.12 (i fioI] 1201007 (Taty (1113,

(101311, [0iY](1an)

Iabie 4.7 : Summary of observations for the formation of faulied dipoles (both microstructures).

Finally, 2 summary of the observations of the faulied dipoles is given in Table 4.7 including the
dislocation associgled with the fault, the Schemid factor for this slip system, the direction of the
dislocation line and fauh and other mechanisms which were idendfied within the grain, It is
interesting 10 note that the efongated fanh direction is always atong a <101] direction since this is
proposed 1o play an important role in the formation mechanism of the faults [20]. 1 should alse be
noted that the dipole armangements are ofien seen for low values of the Schmid facter, m.






425 Summary

A summary of all observations af the lamellar microstructure is given in Table 4.8 which gives the
Schemid factor for the systems which were identified in cach grain. In Table 4. 8(a}, a summary is
given of the coarse lamellae, while the results of the analysis of the fine lamellae are given in
Table 4 B(lr). 1t can be secn that the results on 1he coarse lamellae are comparable to those of the
equiaxed microstructure in that several mechanisms are active in each grain at roughly similar values
of m and that cwinning and ordinary dislocations sre the preferred deformation modes.
Superdislocations and stacking faults are reladvely more common in the lamellar structure, while less
rwinning is observed. The erientations of the grains wdennfied is summarized in Figuge 4.26(2) and
the influence of loading orientation on the deformation mechanisms is shown in Fig 4.26{b). The
differences in the deformarion mechanisms in the wa microstructures can be partally explained by
differences in the orientations of the sample population for each structore.

The influence of loading ariemation on the deformation mechanisms is presented schematically in
Fig 4.26(c) and can be sumenarized by the following generalizatons ;

1) ondinary dislocations are active in virtually every grain (except for the lamella where four
twinning systems were activated) and for m > 0.25.

2)) rwinning is prevaient for loading crisntations near [001] and for valees of m > 0.25,
One natable cxception to this is twinning observed in the area designated 3L with
m = (.06, This observatian will be discussed separzately below.

3.} in lamellae where twinning doesn't appear o be favorable, superdislocations may be
observed. <101] superdislocanions are observed for m = 0.21 1o 0.49, while [/2<112]
supendislocations are observed at both high and low values of m. As In the equiaxed
structure, thers are many grains for which m > 0.35 for a <101] superdistecation slip
system, but anly twinning and ordinary dislocations are observed. This again indicales
that twinning and ordinary dislocations are the preferred deformation modes and
superdislocations are only observed in grains whers twinning is unfavorable.

4.) extensive stacking faulis and faulted dipoles are observed only in grains with a loading
derection 10-15° from <1115

These gbservations are essentially in agreement with the conclusions presented for the equiaxed
stfucture.
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Figure 4.26 : Summary of the influence of (a) loading orientation on (b) the deformation mechanisms
in the coarse lamellar structure 1) twinning, 2) 1/2<110], 3) <101), 4) 1/2<112} and 5) faulted
dipoles.



1

Figupe 4.26(¢) : Schematic diagram showing the influence of loading orientation on the observed
deformarion mechanisms. Deformation twinning is most frequently observed in ke central shaded
portion centered on the [001] pole, while <101] and 1/2<112) superdislocations are confined 10 the
regions utside of this area (lightly shaded). Finally, the circles aronnd the <111> poles indicate the
arcas where fanlted dipoles have been identified as an imponant deformation feature.  Crdinary
dislocations are observed for all Ipading orientations.

4.2.6 Influence of Lamellar Thickness

The deformation behavior of the fine lamellar regions differs from the coarse stuctures in two ways.
Firstly, there t=nds to be one dominant mechanism throughout the lamellae, This is clearly shown by
comparison of grain B (Tipupe 4.18) with similarly oriented fine Jamellae in Figure 4.22. Secondly,
there appears to be less preference for the ordinary dislocation modes since superdislocations were
observed in tamellae [H and 44 even though ondinary dislocation systems with m = (.48 or (.41
and m = 0.40 were available for the: two lamellas, respectively. It shonld be noted that lamellac 10B,
10C, 10E and 10X correspond to deformation structures in the as-cast material.



4.2.7 Hard versus Easy Modes of Deformation

In the lamellar microstructures, two types of deformation are possible which have been defined as the
"hard" and "easy” types [11]. As previously stated, far the easy types of deformation, dislocation
glide or deformation twinning cccurs on (1117 planes which are paralle] to the lamellar interface. In
contrast, hard modes of deformation occur on {111} planes which are inclined to the 1amellar
boundary. It has been stated that the hard medes of deformation are active when the loading
orientation is nearly parallet or perpendicular to the lameltar interface, while the easy mode is active for
intermedizte loading orientations. In light of this, the angle between the loading direction and the
normal to the lamellar interface, @, is given in Table 4.8 along with the observed mode (hard, easy or
mixed). 1t ean be seen that al! of the coarse lameilae deform by the hard mode of deformation, even
for the lamella with ¢=52° (3Z). This tendency is also emphasized in the fine lameler souctures since
all grains either exhibit only hard ar mixed deformation modes even for the angles down 10 56°.

The lamella designated 3L in Table 4.8 exhibited unusval behavior in that 1.) twinning was observed
for a Schmid facter m = 0.06 and that 2.) thix was the only coarse lamellz which deformed
extensively by the sasy mode. An overview of this lamella and the sumounding area ig shown in
Fig4.27(a). In this micrograph, the deformation twins are viewed edge-on, The hole of the thin film
foil is sezn to the left of the micrograph, while in the upper right region & coarse, equlaxed ¥ grain is
seen as indicated with the star. In Fig 4.27(h), the deformarion rwinning on the ¢(111) planes parallel
to the lamellar boundary (m = 0.06) is no longer viewed edge-on and, therefore, is clearly seen,
1201101¢111) ordinary dislocations {m = 0.44), 1/2{112]¢111) dislararions {m = 0.17) and many
stacking faults on the (111) plane are also identified in this lamella, While the dislocadans and
stacking fanlis could be expected on the basis of the Schmid factors and loading orizmarion,
deformation twinning on the (111} plane is not expeeted for such a low value of m. However, as
shown in Fig 4.27(a), 1his lamella is adjacent to an equiaxed ¥ grain and it conld be expected that the
stress distribution in this boundary region could be significamiy different than that expecied on the
basis of the applied load. Hence, it is presumed that these: twing are created becauss of localized stress
concenwadons at the grain boundary rather than dirzcily due to the applied loading. This is
substantiaved by the observation that all eight of these twins end afier propagating only 2 short distance
into the l]amela. The longest twin propagams approximately 15(im into the grain - presumably where
the localized boundacy stess decreases to insufficient values and the stress disttbution is better
predicted by the lnading orientation.

A secand example of the influence of the easy mede of defarmation is observed in the lamella 32
where all four twinning systems were activated. In the large area examined (16 um long), only two
twins parallel to the {1 11) interface, i.e. the easy mede, were observed in spite of a Schmid factor
m =0.45. In contrast, seven (111} rwins were observed with m = 0.48, nine (111) twins with
m = 0.39 and ¢ven three (111} for m = 028, Thus, even though the Schmid Factor is rather high
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the (1100} plane. Geometrical consideratien of the length of the dislocations confirms the conclusion
that these are {1130] dislocaricns on the (1100) plane since they appear the longest for B = 1100
(viewed nearly flat in the foil) and are roughly half the leagih for B = 1010 Gnelined in the foil 60°
and cos6® = 0.50). Thus, it is confirmed that these dislocations are 1/6[1120] dislocations on the
(1100} plane for which m = (.48, Itis interesting to note that these dislocations appear to be preseat
¢ither individually or in pairs (1) and that complex dissociations may alse be possible {2).

The dislocations in the vicinity of the interface are examined in more derail in Figure 4.30. Tt is
immediately seen that these dislocations are visible for the 0002g and., thus, must be either <a»+<c>
or <c> type dislocations. However, since the dislocations are invisible for both 0220g and 2420z,
they can only be of the Burgers vector [0001]. Again, by comparison of the length of the dislocsticn
in different beam directions, it can be determined that the probable slip plane is near (1100). This is
readily verified {n Pigs 4.30(3)&(b) where the dislocarion is the longest for B = (1300) and
approximately half the length for B = (1010). Of the possible {1100} and { 1120) type planes, caly
the (1100) plane matches these geomerical observations. 1t is possible that other higher index planes
very near (1100) could also he the slip plane, however, the current analysis cannet provide any more
precision for the slip plane. 1t must again be emphasized that these were only found as loops oc shor
segments immediately adjacent to the interface and were often associzred with & twin in the <y lamella.
The Schmid factor for duis system is only m = 0.05 and, thus, it is unlikely that these can be atributed
directly 10 the applied loading. The arigin of these dislocations will be discussed in more detail in
i 1.5
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4 ic ibility and Slip Transfi

1n this section, the influence of 1he specific crientation relationships on the activation and transmission
of the deformation processes will be investigated. In this context, the geometric companibility factor
which was introduced in Section 1.5.2 will be used to asceniain che compatibility of individual
deformation systems in one grain relative 1o the deformation systems in the adjacent grain, With the
help of this factor, it shoold alsa be possible to determine whether the specific typs of orientation
relationship is important in the transfer process. Arne the transfer mechanisms the same for the 60°,
120° and }8OP rotation orientation relationships? Similardy, does the microstructure have an influence
on the transfer of deformation between adjacent grains?

31 Fquiaked Mi

In general, several deformation meehanisms ane active within sach equiaxed grain. Therefore, it is
difficult to correlate a deformation mechanism in one grain with 2 single mechanism in the adjacent
grain since several possible combinations exist. However, in some instances, it is possible 1o directly
relate the mechanisms in one grain with the activation of systems in adjacem grains, Several examples
of this will be given below for the various rotations.

Ajs an initial example, reference is mads wo the grains A and E shown in Figyre 4.1. Twinning on the
(111) plane is active in each grain and there appears 1 be a correspondence in the activation of these
1winning systems across the grain boundary. This correspondences is emphastzed In Figure 4.31(8).
A higher magnification micrograph is given in Fig 4,31(b} which shows rkat a significant pile-up of
dislocations oceurs at the A / E boundary, Although this grain boundary is generally imegular, wace
analysis was used to determine the local boundary plane as (110) and the rotation between the two
grains is described by 60° anti-clockwise as given in Figure 4.2. In order to examine how the
twinning in E may influence the activation of deformation in A, the compatibitity factors have been
computed in Table 4.9. Also listed are the appropriate Schmid factors.

As can be seen in Table 4.9, several deformation systems could be expected in grain A on the basis of
the Schmid factor and that severzl possible ship systems would provide moderare compatbility with
the twinning in grein E. Of the five possible systems with m' > 0.50, the ordinary dislocation
system can be eliminated since the Schmid factor is very low for this system, Similarly, the thres
<101] supendislocation systems can be eliminated since these are generally observed only when
ordinary dislocarions and twinning are not possible. This leaves the twa twinning systems which
were both identified in grain A - namely, the (111) and (111) twinning. On the basis of the Schmid
faetor alane, both systems are more or less equally expected to be distributed homogeneously
thronghant the grain. However, anly the (1i1) twinning was observed near the A/E interface and this
can be. atributed to the better geomeatric compatibility with the twinning in grain E. Hence, it appears
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deformation from grain to grain. Rather, the pile-up in one grain seems o create a stress
concentation which is relieved by Bow in the adjacen: grain, In chis lighe, it iz interesting to note thar
the geometric comparibility caleulation can give some information regarding the selection of the
deformation system in the adjacent grain.

010 010

100

Eizure 4,32 : Geometry of the transmission of (111) twins between grains A and E.

The influence of the geometric compatibilicy of slip systems in adjacent geains is also seen in the
inkomogeneous activation of superdislocations in the grain F Figure 4.4), In order o recsll this
physical situation, 2 schematic diagram of the deformation mechanisms in grain F and the neighboring
greins is given in Figure 4,33 1t can be seen that in the region near the F/E interface (where grain E
deforms primarily by twinning on the {111) and (111) planes), grain F deforms ooly by the glide of
ordinary dislocations. In contast, near the F/A interface (where grain A deforms primarily by (111)
twinning), docalized activation of superdislecations is also observed. The geametric compatibility of
the twinning systems in grains E and A have been calculzred in Table 4.10 in order to determine the
peomerrically favorable stip systems in geain F,



Super-
dislocations

F
E
12010 1D D Figure 433 : Schematic
120110 A1) (111 \ diagram of the deformation
11'6‘[3 12} (li l) mechanisms in the equiaxed
1/6[112] (ij]) grains A, E and F.
180112 (1)
Possible Skip in F m m' (bservations
1201101 (111) 47 .87 activein F
poilain .32 87 —
diaqgin 1 50
pe i .35 .10 -

Table 4.10(a) : Geometric compatibility of possible slip systems in F
with 1/6[112] (111) twinning in grain E for a 120° rotation about [111].

Possible Slip in F m m' Qbservatons
12[1101 (111) .49 .87 active in F
poiy {1y .28 .87 --
(11210111 02 .50 -
[my¢in .35 .10 -
Table 4. 1b) : Geometric compatibility of possible slip systems in F
with 161121 (111) twining in grain E for a 120° roatian zbout (1111
Bossible Stipin F m m' (Jbservations
nizgdn .27 1.00 activated 7
pondim 35 87 —
12[110) (111) 49 19 active in F
1201i0] (111 A9 .19 active in F
1/2[110] (111) 47 0.0 active is F
R 110]{i11) .32 0.0 active in F
Tablg 4.10(¢) : Geometric compatibility of possible slip systems in F

with 1/6[112] (111) twinning in grain A for a 180° rotation about [1111.
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Examination of Tables 4. 10(a)&(h) reveals that the there is a good compatibility between the
deformation systems which have been observed in the grains B and F and, therefore, there is no need
for the activation of any other systems. Compatibility can be maintained at the imerface without
further modes of deformation, In conmast, Table 4.10(c) shows that the compatibility of the
deformation systems in grains A 2nd F is low (0.1% and 0.0 for the four ordinary dislocation systems
which are active in F). Thus, in oxder for coherency te be maintained between the two grains,
additional deformation modes must be activated in either grain A or F. Thus, activation of &
superdistocation system in F appears to be requived to maintaln coherency at the imterface.
Unforunztely, the foil thickness did not allow for exact determination of the Burgers vector of these
dislocations; however, it is interesting to speculate that these are 1/2[112] supendislecations since
thes¢ would exhibit complete compatibility. Regardless of the Burgers vector of thess dislocations,
calcutation of the comparibility between the active deformation systems in grains A and F¢an be nsed
to predict the need for additional slip systems.

A final example of the mensfer of deformation berween adjacem grains is shown in Figure 4.34. In
Fig 4.34(n), five deformation nvins ane seen in grain 1 {to the right side of the micrograph) which
intersect the adjacent grain II (at the left side). The orientation relationship between these two grains is
120° about [111]. The boxed region in Fig 4.34{8) 5 shown at a higher magnification in Fig 4,34(b)
and it can be sezn that the intersection of the twinning system in grain T with grain T results In the
emission of 5-10 dislocations in the adjacent grain I7 as indiceted by the arrow head. Trace analysis
was used to identify the twin plane in grain | 2s (111). Similarly, contrast expcriments and ace
analysis were also used o determine the dislocations in grain I as 1/2(110] dislocations on the (i 1)
plane. In Fig 4.34(h), these dislocations appear to be continvous with the twin, while in Fig 4.34(¢)
the glide plane in I and rwin plane in I are both viewed edge-on. This confirms that the deformarion
continues from grain I to the adjacent grain II on a comesponding stip plane. The schematic diagram
of this situation given in Fig 4 34(d) emphasizes that the deformatton transfers between the grains on
the same {111} plane, which in this ¢ase Is the (111). Calculation of the geometric compatibility of
these two systems gives m' = {.87 which is the maximum passible value for the given twinning
system. The Schmid factors for both systems are, however, rather low and it appears that this
sitnation was created during the heat weatment process. Nevertheless, it is a nseful example since it
shows that the value of m' is apparently en important factor in selection of the deformation system in
the adjacent grain, m' is generally high foc 120° rotations, and for certain rotations there appéars 10
exist a possibility for continuing deformation from ane grain (o the next on a corresponding slip plane.
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4.3.2 Transformed Lamellac Smicture -

An example of the geometric compatibility of deformation syswems in the lamellar structure is giwen in
Fig 4.35(g) which shows twa thin, adjacent lamellse, labelled A and B, embedded within & large
colony of yand a2 lamellae, For these two lamellae A and B, the orientation selationship hes been
determined to be a 120° rotation about the (111}, It can be seen in both lamellae that 1.) the density of
deformation structures is low and 2.) there appears (o be only one active mode in each prain. Further
conmrast ¢xperiments used 10 identify these modes are shown in Figs 4.35(bl-(2). Since these
lamellae are related by a 120° rotation, there is a correspondence between the [111} and (110} in each
lamella such that diffraction conditions are simultaneously fulfilled in each grain and only the specific
indices vary. Thus, for example, the diffracting conditions in Fig 4.35(b) are (110) 111z {n lamella
Aand (101) IN1gin B,

Trace enalysis was used to determing the twin plane in lamella B as (111) and this is confirmed by the
invisibility of contrast in Fig 4.35(} (g-Rf = 0). The Schmid factor for this twinning system is
m=0.50. Inlamella A, a low density of intividuel dislocations can be seen of which two were
examined in detail as indicated in boxed region Fir 4.35(a). Most of the dislocations comespond 10
the type 1, while only one isolated dislocation was identified like the dislocation 2. Dislocation 1 is
invisible with 020g and 111p and, thus, by = [101]. This Is confirmed by the characteristic double
contrast for the 111 Gi.e. g-b = 2) and visibitity for 330g and 002g (not shown), Trace analysis
indicared that the line direztion was [211] such that the ship plane can be determined to be (111). The
contrast for dislocation 2 was unusual in that it appears invisible 020z which wonld Indicate a Burgers
vector paraliel 1o [14M] or [101]. However, the dislocation is visible for both 111g and T11g which is
inconsistent with either possible Burgers vector, Trace analysis indicated that the line direcdon was
perallel to {112] which would indicate that the dislocation sheuld lie in the (111} plane. The possible
Burgers veciors would thus be [101], [011) and 1/2[112]. [101] can be eliminated on the basis of the
visibility for 111g and [011] is also eliminated due to the visibility with the 111g and the lack of the
characteristic double image for 117g (2-b would equal 2), Hence, it is presumed that the dislocation
is a 1/2[112) and this is conflemed by the invisibillty with the 220g as shown in Fig 4.35(e). The
screw crientation is not common for these dislocations and i1 is possible that this particular erientation
or an unnsual dissociatdon could account for the apparent invisibility seen for the 020g. However, it
must be emphasized that this was the ony distocetion in this lamella with this Burgers vector and that
the rest of the dislocations were identified as [101]¢111) distocations.

In order 10 examine the influsnce of (e comparibility requirements berween the two lamellag, the
geametric compatibility factor for possible deformation systems fn lamella A has baen calculated.
These resules am shown in Table 4,11, along with the Schmid facior for each system.
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Possible Slipin A m m' Ohbservations

[101] (111 45 .87 identified in B
1/2(110] (111) ~ .40 .87
fion iy A5 J0 v
172{13101(111) .40 J0 -
12(110] Qi1) 34 .28 -

Table 4,11 : Schmid factor and geometric compatibility facwor, m', for the deformation systems
lamellae A for 1/6{112)¢11 1} twinning in the adjacent lameliz B and a 120° arientation relationship.

This table indicates that bodh the Schmid factor and geomenric compatibility Factor are important in
determinintg which mechaaisms are active in the finc lamellac. Althovgh 4-5 systems are possible on
the basis of the Schmid fartor, 1the actuat deformation mode corresponds with the system which
maximizes the compatitility of the two systems. 1 is interesting to note that the 3/2{1 10111} system
wonld give the same geometric compatibility as the [1013(111) system, and it also has a large Schmid
faetor m = 0.40. However, the fact that these ordinary dislocations were not identified would appear
to contradict the observation that ordinary dislocations are preferred over the supsrdislocations.

An eanmple of the compatibility of deformation systems in adjacent ¥ lame!las which are related by a
180° rotation about the {111] is shown in Figure 436, Roth lamellaz contain anly ordinary
dislocations and the Burgers vecior of the dislocations in both lamellae is seen to be 121101, A
negligible density of 1/2[110] dislocations is also seen. Since practically none of the 1/2{110]
dislocations are observed t be saaight ssgments parallel to the (111) lameler imerface, the slip plane
of these distocations cannot be the {i11) plane. Thus, the deformation system in eatch lamella is
characterized as 1/2{110] (111). Furthenmore, the geometric compatibility calculations for these two
gsysterns is given in Table 412, Ti Is observed that several possible slip systems in C conld be
expected salely on the basis of the Schmid factor, However, the active system tends to be that which
also yields the maximum geometric compatibility.

Possible Sfipin C m m' QObservations
172(110) (111) .28 .78 gctive in C
1/2[110] ¢iiyy .32 .33

[z . .38 0 —
iz iy .34 0 —
[112] Q1IN .35 .32 -
i1y ain 42 .39

Table 4,]2 : Geometric compalibility for possible slip systems in C for
172[110}(111) dislocations in B atid an orientation relatienship of 180° abaut [111).
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Thus, on the basis of these two analyses it 1s evident that both the Schmid factor and the geometric
compatibility play an impertant role in the activation of the deformation systems in the fine lamellar
structures,

Finally, particulac mechanlam for the transfer of hwinning between adjacent grains is shown in
Figure 4,37, which gives two examples of the so-called cross-twinning process.! In Fig 4 .a
micrograph is shown of lamella B (Figuze 4.18) which contains a fine lamella with the same
orientation a5 lamelia A. It was shown (hat these two lamellac are related by a rotation of $80° sbous
the [111] - thus, the true twin orientation. This micrograph demonstrates that there exists a ong-to-one
carespandeace of twins on each side of the thin lameltae. A higher magnification view of the boxed
region in Fig 4.37(b) reveals that deformation twins are also present in the fine lamella and that they
correspond one-w-pn¢ with the rwing in lameila B. The twinning plane in each lamelia has been
determired 10 be (111). This means that twinning oceurs in each lamellae on the same plane, and that
these two planes are rotated with respect to one another by 180° due 1o the given crientation
relationship. Similarly, the same 1/6[112] partial distocation is responsible for twinning in each grain,
2lthough the true spatia) direcrions of these Burgers vectors iy different relative 10 one another due 1o
the rotation. Tt shoutd be noted that significant pile-ups are not observed at the interfaces and this
seems to indicate that the transfer process between lamellae is rather favorable. A second example of
this cross-twinning is shown in Fig 4, 37(c) which shows an area containing five lameilze which ere
all related by consecutive 180° rotations about [E11]. Analogous to the previons example, twinning
on the (111} plans is seen to occor in each of the lamellae and that these twins propagate across the
lamellae in am exact comespordence.

Due to the apparent ease of this mansfer process, the geomery has been examined in more detail in the
stereographic projection shown in Figurs 4.38. The tace of the tamelar interface (111) and trace of
the twin plane in the initial lametla have been inticated in the projection. In order te Iocats the trace of
the twin plane in the rotated tamella. the {J 11) twinning system in diis adjacent Jamellae is transformed
10 a twinning sysiem on the (251} plane in the {712] direction in the initial lamella coordinate system.
It is immediately evident that the common direction of intersection of the ¢wo twin planes is the [101]
direction and that this direction is contained in the lamellar boundary. Further analysis of 1he cross-
twinning process will be given in the discussion along with a proposed madel whick indicates the
relative importance of wds process.

1 The wam cross-1winning was first introduced by Lipsitt [25] 1o describe the propagation of 1wing 10 another piane of
the same: family when (he twin interzects anather iwin of the sams kind, This proctss nas initially nated only over
RATOW Emperatun: rEngs.
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{aip
1amellar
boundary

By [+

Figum 4.38 : Geomery of the cross-twinning process for (111) twins as shown ir Fig 4.37.
433 Summary

A summary of the geometric compatibility factors for both microstruchures is given in Table 4,13
Determination of the compatibility for the fine lameHar structures is straightforward since only one
mechanism is usually active in each lamella. However, the siteation is less easily defined in the coarse
and equisxed structures singe several mechanisms ere active in each prain. In 1his case, the
compatibility factors were maximized for each deformation mechanism.

1n general, the following observations can be rnade;

1.} the orientation relationship of 120° rotations tends to yield higher compatibility between slip
sysiems in adjacenm grains, Several observations of perfect correspondence (m' = 1.0) have
been made and the factors are generally 0.87 or 1.0. In contrast, the rotation relationships of 60°
and 180" tend to give much lower values.

2.) the microstructure influences the number and distribution of the rypes of boundaries present.
Furthermuore, the 180° relationship exhibits a different behavior in the cwo microstructures. For
the equiaxed smucture, perfect comrespondence of slip systems may be observed for the case
when deformation occurs on the plane of rotadon in both equiaxed grains. This is not possible
in the lamellar structure.
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5. Discussi 1 Int \ation_of Result

a 3

Various citeria are applied in an atfempt 1o predict the ductility of a material. Two of the best known
of these are the Rice-Thomson medel [131] which evaluates the ability of a material 1o nocleate
dislocations at a crack tip in grder 1o blunt an atomistically sharp crack and the von Mises criterion
which requires that five Independent slip systems must be avallgble for homogensous deformarion
occur in a polyerysigiline material [112]. With regard 10 the lavter demand, sofficiem slip sysiems
exist in TiAl such that these polyerystalling reqoirements should be mer. It has been shown that both
1/2<110] ordinary dislocations and <101] superdislocations are active in the current alloy 2nd these
glone are known o provide five independent slip systems [132]. Further slip in the <112] directions
in the form of rwinning or 1/2<112] superdislocations provides addidonal degrees of freedom in
fulfilling the required compadble deformation within each grain.

According to the Rice-Thomson model, dislocation emission under the stress concentration at a crack

tp will be favorable as long as the Following conditions are meet :

G b
Ys

< 7.5-100 3.0

where ¥ is the trus surface energy, G the shear modulus and b the lengih of the Burgers vector.
Taking typical valucs for TiAl, this parameter ranges from 3.5 10 8.5 depending upon the specific
distocation burgers vecror and the crack plans {since the surface energy varies stighily with plans}
which are used. Hence, for all but the least favorable sivvation (i.e. <101] superdislocations required
1o blani a crack on the (100) plane), the Rice-Thomsen crirerion for a ductile marerial is folfilled.
Hence, the cbvions question remains. Why is the ductility of TiAl limiied 1o only several percent
ensile elongation prior 1o failore?

Cleerly, the above 1wo criteria do not consider all the factors which influence the duciility of
iniermetallic alloys. 1n fact, Rice and Thomson wert comrect to point out that this approximation can
be modified by variations in the core size of the dislocaion and other geometric considerations. Yoo
and Fa [133] elso showed thar elastic anisotropy plays a crucial role in the dislocation mobility at a
crack tip and will modify the ductile / brinle behavior of intermerallic alloys. Regencly, the canses of
embrittlemem of intermerallic phascs were reviewed and a nomber of intrinsic aed extrinsic factors
causing embrittlement were shown to occur such as difficelt nucleation of dislocations, reduced
dislocavion glide, restricred planar glide, inhibited slip transminal, impuriries and environmeneal
embrinlement [10). A number of these factors have been shown 10 be importam for TiAl such as
embrittlemen by interstitial pxygen [29,108] and environmental embrinlement [134-135]. While a
great number of studies are being devoted to \hese factors and the general glide characteristics of
individual dislocacions, relatively less is known abour the “macroscopic” bthavior of dislocations
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including the role of eack mechanism in the deformation process, the influence of microstructure on
the activation of deformation mechanisms and the importance of die orientation relationships on the
iransmission of slip berween adjacent greins. The gos) of this discussion will be to try o answer a
number of questions which will, hopefully, shed further light on the aspects which control the
ductility of two-phase TiAl alloys.

Even in a polycrystalline material, it is reasonable to assume that the direction of compressive loading
will play an important role in the activation of the deformation mechanizms, While multiple slip
systems are expected 10 be activaled at the grain boundaries in erder to accommodate the localizad
stress concentrations due 1o ¢lastic and plastic incompatibility berween adjacent grains, this stress
coucentration will decrease with increasing distance from the grain boandary., Therefore, only the
resalved shear stresses due to the applied load will be significant in the intericr of the grain,
Obviously, whether grain boundary or applied shear stress effects dominate the deformation behavior
will depend sensitively on the grain size.

The infloence of loading direction on the deformation behavior of single-phase TiAl has been
previously discussed by several anthors. In the first comprehensive work on the plastic deformation
of TiAl, Shechiman et. al. [22] calcalated equi-Schmid factor lines and concluded that inhomogeneous
plastic deformarion would result from differing abitities of the individual grains to activate the "easy”
ordinary dislocation systems. However, no direct experimentel observations were given to support
thizidea. A tensile fcompmssive asymmetry of the rwinnintg process was indirectly supponed by the
observation of no more than two systems at 2 time within # single prain deformed i tension [25), In
the only single-crysizl work to date on TiAl, Kawabata was able to directly verify the setivity of the
varioas $ysiems as a function of applied [oading orfenadon. These observations cormespended with
the calculaved Schmid factors in that <101] superdislacations were active for toatling parallel 1o (001}
and [110], while ordinary dislocations were observed for the loading orientations mear [011].
However, 1t was also shown that Schmids law did not strictly apply since variations in the cridcal
resolved shear stress were observed for different orientations. Unfortunately, no systematic attention
was paid 1o rwinning sinee it was only observed at §73°K. These twins were only observed for the
1001] and the near [011] orientations (for compressive loading). Finally, single-crystal deformation
behavior was approximated by performing in-situ observalions op thin foils [33]. At room
temperature, twinning was found 1o be active for orientations near [110), superdislocations tended to
be active near [001] and erdinary distocations were found in 2l orientations except thase which were
closest to [00L].
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The current results compare favorably with [33] in ihat ardinary dislocations were identified in most
grains regardless of ardentadon. However, the abservations of twinning are inverted relative ta the
current observarians due to the difference in dhe direction of the applied stress as explained later, The
observetions in [26] for twinning near [001] is also consistent with the curreni results, Therefore, it
c&n be concluded that the present resulis correspond well with previous studies and the influence of
loading orientatian is the same in both single-phase and rwo-phase alloys.

The influence of loading orientation on the current material has already been presented in Figures 4,17
and 4,26 and is very generally summarized again in Table 5.1.

Deformarion Mode Orientations Active Minimum m
1/2<110] ardinary dislocations all 2 0.25
1/6<112] {111) twinning near [001] 2025
<101] superdislocations near (001 2 0.35
1/2<112] superdislocations near {001) various
faulted dipoles pear <311>

Tsble 5.1 ; Tnfleence of loading orientation on the active deformation mechanisms
and the ¢stimared minimum Schmid factor, m, required for activation.

The value of the minimum Schmid factor is only intended to be interpreted in a very pencral way and a
mere precige deterrnination is limited due 1o the approximations encountered in using & polycrystalline
marterial, However, it i3 useful to establish such minimum values 1a construct equi-Schmid factoc
diagrams which indicate the aorientations where the stress should ke sufficient to produce an
observable dislocation density. The differences in the minimum Schmid factors of the various
systems can be attriboted to both the ease of nucleation (i.e. the elastic enerpy) and mobility of the
dislocations (i.e. the core soucture). On one band, the Jower clastic energy of the ordinary
dislocations and twinning parvials would inticatc thar these are casier to nucleate. On the ather hand,
the differences can alsa be linked to the mability of the dislocations which, in tum, depends on the
dislocation core soucture. A narrow core on the slip plane, extensive core spreading out of the slip
plane and the rendency to form locked configurations will all reduce dislocation mobility.
Furthermare, the Peierls latice resistance has also been shown ta depend npon crystallographic
direction due ra covalent-like bonding berween aluminem and 1itanium layers, as well as within the
ntativm layers [29.43,136]. Thercfore, based upon these simple arguments of elastic energy and core
structure, ordinary dislocations and twinning would be expected ta be the more common modes of
deformation. It muse again be emphasized thai these are only ¢stimartcd values and are not meant to
indicate a precise value of the critical resolved shear soess for the systems.

Using 1hese minimom Schmid factors, it is possible 10 consmruct equi-Schmid facior diagrams which
indicate the deformation mechanisms that could be cxpected to be active for any given Joading
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orientation. For construction of this map, an average valne of m 2 0.30 was 1aken to be an
approximate value for slip along the <112] directions. The distirction is not yet made between
1/6<112] twinning partial dislocation and the 1/2<112] snperdislocation. This point will be discussed
below. In Fig3.14ad, it can be seen that at least one ordinary dislocation system fulfills the minimuem
Schmid factor for most orientations. Only near {001) loading orientations and «11(] loading
orientations should ordinary dislocations be difficult to activate. While no ordinary dislocations were
observed for the two orientations closest to [001], the only grain examined near <110] was seen o
deform extensively by twa ordinary dislocation systems. This apparent inconsistency could likely be
atiributed 10 two effects. Firstdy, since this <110] oriented grain was only abeuat 4um wide and
sandwiched between two coarse o3, the stress distribution within the grain may be more complex than
the simpte applied stress would imply. Moreover, for the [001] oriented grains, Four twinning
systems were acdve which is presumed to be sufficient for the requited deformation and ordinary
dislocations are not required. In contrast, for the <110] orientation a mixture of several
superdislocation systems was identifisd. The presumed low mobitity of these superdislocations may
be insufficient for deformation in this region and, thus, the ordinary dislocation must be activated to
satisfy the necessary deformation.

In Fig 5. ){8), it can be seen that <1017 superdislocations could be expected for loading directions
nearly paraflel o [001] ar paraltel to the (001) plane. However, <101] superdislocations were, in
fact, only observed for the loading crientations neacly parallel to the (001). As previonsly stated,
severel <101) superdistocation systems are highly swessed for the J001] oricntations, yet only
twinning is observed. Since twinning parial dislocations may be more easily nucleated than
superdisloc ations due to their redoced elastic energy, dhey would then be the preferred deformation
mode. Secordly, il could also be considered thar <101] superdisiocations ars, in fact, nucleated bol,
instantaneous to the nucleation process, they could undergo a core transformation that emits partial
twinning dislocatons according to :

<I01] =5 1j6<211] + CSF + 1/6<112] + APB + 1/6<211] + SISF + 1/6<112] 1.3}

Thus, a superdislocation could evolve into a pole source of twinning dislocations pinned by 1he ather
immobile peaction products. This type of mechanism wss, in fect, predicted by Yoo and Fu {133] and
this decomposition may be aided due to tonque effects among the reaction products. However, it must
be noted that this dissociation has never been observed. Inany cass, it can be concluded that the equi-
Schmid lines carrecily predices the activation of superdislocations for loading directions near (001).
Hawever, For loading near [001], superdislocations are not observed despite the large resolved shear
stress on supendislocation slip systems and chis can be attributed to & preferential necleation of (wins,

Finally, in Flg 5.1(c} the equi-Schmid calcnlations for slip along <112] with m 2 0.30 are shown,
1t can be seen that thess lines predict stip along the <112} directions for orisntations centared around
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Figure 5.1 : Equi-Schmid factor lines for (a) m > 0.25 for 1/2<110) ordinary dislocations, (b m >
(.35 for <101) superdistocations and (c) m > 0.30 for slip in <112] directions. The number within
the surface indicates the number of slip systems of this type that Fulfil the minimum criterion.

[0C81] and for zones which radiate out from <110]. This comecily predicts the occumrence of twinaing
with 1/6<112] panial dislocaripns for the orientzripns near [(301]. For the zone around <110), this
also approximately predicts the ocourrenes of the 1/2<112] superdislocations. The factors influencing
the appearance of twinning or 1/2<112] superdislocations will be discussed subsequemly,
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Hence, this diagram correctly predicts in a qualitative manner the observed deformation behavior
when the appropriate exceplion is taken thar twinning is mote favorable than glide of <101]
supendislocations, It should also be noted from a superposition of the diagrams that, in comparison
with fee erystals, the region surronnding the <111> loading orientation is a zone with few possible
slip systems. Stated differently, for <111> loading, the Schmid factor kends to be low for atl possible
slip systems such that deformation can be difficult for this oriemarion. Clearly, deformation in these
onentations covld be restrained and this will be the subject of further discossion.

It is apprapriate to now ask the questian, why is twinning favored for some orientations, while in
other orientations glide of 1/2<112] superdislocations is abserved? To answer this question, it ls
necessary to examine the polarity of the twinning process. In contrast to glide dislocations which can
move in gither direction depending upon dhe sense of the applied shear, twinning partial dislocadons
are restricted to motion in & single direction in order to create the required atomic displacements
necessary for the twin stacking arrangement. This process is readily visualized with the aid of Figure
3.2 which shows these atomic displacements. 1t ean be seen that passage of a single Shockley partiat
dislocarion changes the ABCABC stacking sequence of the (111} planes 1o ABC/ BCA BCA where
the / indicates ihe plane on which the partial dislocation bas passed. If a second partial dislocation
passes on the plane immediately above the initial plane, the stacking sequence becomes ABC/BA B
CARB. Thus, it is apparent that the ABCBA stacking sequence of a twin can be created by the passage
of Shockley partiat dislocations on sucocssive {111} planes. The atomic arrangement has now been
changed above the twin plane from the original amangement indicated by the open circles in Figure 52
to the arrangement of atoms irdicated by the full circles. Now, if this process is repeated by moving
the partial dislocaton in the opposite sense (i.e. cight 10 left in the figure), the ABCARC stacking
sequence is transformed to ABC / CAB. This CC stecking is 8 high energy configuration and clearly
nat favorable. Although a partial dislocation with 1wice the length (i.e. & 2x1/6<112) = 1/3<112])
could be moved in this opposite direction to achieve the required atomic displacements for creation of
a twin, the lerge energy barrier at the CC saddle point would still need to be overcome. On the basis
of ¢his simple atomistic model, the polarity of the twinning process can be understood and it is
apparent that twinning dislocations can only be the positive sense Burgers vector (and not the
negaive). This phenomenon has been verified in single-crystal experiments and is expected to be
applicable for polyerysials as well

The importance of this polarity on the deformation process was first identified by Schmid {137] who
notzd that twinning will always result in a specific shape change of the crystal. Since this shape
chenge Is geometrically fixed, there are loading orientations where the shape change imposed by the
applied force viclates the shape change that wonld be ereated by 1winning and, thus, twinning is
“forbidden” for these orientarions. Based upon this restrictton, Schmid stated the simple law that
twinning resulés in exiension for gt the loading directons contained in the obtuse angle between the
twin plane, K1. and the origing] poslion of the second invaniant plane, K2, whils compressicn oceurs
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Figure 5.2 : Projection of the (110) plane showing the atomic displacements created by the movement
of 1/6[112] panial dislocations of successive (11 1) planes to form a twin,

for orientations within the acute angle of these plancs.! Thiis law was based on the assumption that
the twin occopies the entire volume of she material. However, for situations where only a limired
volume of the crystal twins (which is the actual physical situation more frequently encouontered), then
the extension / compresgion criterion of Schmid mnst be extended (130). For conditions of
incomplete rwinning, the plane defined by the pole of the shear direction, N1, replaces the K2 plane in
the Tule originally stated by Schmid. Agcouming for these medifications, the influence of loading
direction can be represented in the stereographic projection in Figore 5.3, The regions harched
indicate where rwinning is favorable in compression, while the open arcas indicate that twinning
would be "forbidden” in compression. It must be noted that the areas favorable for twinning in
compression overlap soch that all four systems are possible near [001].

Figure 5,3 thus aids 1o understending why rwinning is ¢xperimentally observed for the loading
orientations centered about the {001) direction. For these orientations, both the geometric polarity
condition as well as the resolved shear swress requirements are fulfilled. Although orientations where
twinniag is favorable in compression extend as far away from [001] as out w0 the <110) orientation,
the Schmid factor for these twin sysiems is very [ow away from {0H]. Similarly, Fig 5.1(z) shows

! for a deftnition of the twinning elements K1 and K2 see, lor example, ref. [129,138]
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that highly smessed <112] systems do ocour for the orientadons radisting oot from <110), but the
geametric cansiderations indicate that these twinning systems would result in extension. Thersfore,
for these loading orientations, slip in the <112] direction must proceed by the passage of full 1/2<112]
superdislocations rather than the twinning partials.
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Figure 5.3 ; Shaded regions indicate where 1/6<112] twinning is favorable in compression.

It should be mentioned at this point that twinning is often prevalent under conditions of low
dislocarion mobility such as low temperature deformnadon [139]. Thus, twinning is generally
undesirable in materials and is frequently linked with britile behavior. Yet, an apparent paradox is
encountersd in TiAl since alloying edditions are desirable which decrease the stacking faule energy
and, thus, promote twinning in onder to improve the ductlity. The observarion that twinning is
preferned over the glide of <101) superdislocations indirectly verifies the low maobility of the
superdislocations. Thus, in the absence of twinning, the low mobility of the superdislocations limits
the ductility of the alloy, However, activation of twinning provides some additional ability to deform.
Nonetheless, twinning is still not a favorable mode of deformation since largs stresses ane required to
nucleare the twin, large stress concentrations are creeted at the terminaing ¢nd end the soain
accomplished by twinoing is small. Thus, even with twinning active, the tensile dectility of the elloys
is still limited 1o 2-3%. One approach to improving she ductility is, thos, to minimize the stress
concentration at the end of the twin and in a subsequent section this topic will be eddressed.
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Obviously, increasing the mobility of the supcrdisioeations thraugh appropriate alloying additions
would also improve the ductility.

Fioaily, it is appropriate to speculate on why the favlied dipoles show a grearwer endency o form for
Yoading orientations near <111>. It cauld be envisioned that the erientation of the applied ioad conld
be important, for instance, in assisting the core ransformation which lcads 1o the dipole formatgon
itself. For instance, it has been well establiched thai the orientatton of ihe applied stress is important
in the formation of blocked dislocations in the L1z stucwre [140-143). Thus, it is possible to
imagine that the applied stress covid favor or inhibit the tansformations responsible for dipole
formation. For instance, the current meodel w account for the formation of the dipoles assumes that
cross-slip of a 1/2<101) supcrpartial dislocation on an octahedral plane is a necessary step in the
formation process and that this cross-slip direction subsequently defines the direction of the fael [20].
It is possible 1o extend this model to allow for the cross-slip of this superpartial an the cube plane
which is driven by a reduced APB energy on the cube plane [19,31,42,43] and, possibly, the applied
load. In order 10 sce if this assumption is plaosible, the Schmid factor for the cross-slip of the
Eppropriate seperpartial onto 5 cube plane has been calculated. For 2l of the observed dipoles,
m > 0.45, and this would indicate that the applied shear stress may act to 2id the cross-slip of the
superpartial dislocetion if the Hug model is extended to include cross-slip onto the cube planes.

Morzover, it was also observed that the Schmid factor for the 1/2<112] supendislocation associated
with thes faulted dipoles was frequently rather low. Several dislocation reactions have heen observed
that could account for the formation of these dislecations. Therefore, the observed dislecations could
be the immobile maction prodoct of a dislocaticn decomposition rather than being direcily nucleard
doring the deformation process. Similar conclusions have been drawn by both Farenc [33] and
Greenberg [37]. For instance, the following two decompositions have both been observed in TiAl
[20,37,144-145] and could accoont for the formation of dese 1/2<112] superdisiocatians:

12<110] + <101] = 1/2<112] 1.8}

<141] = 1/2<i10} + 1/2<i12} 1Ty

Tentative evidence for the decomposition given in gquation 1.7 is shown in Figu 4.15. However,
only limited observations of these reactions were performed such that it is ingppropriate to atribute the
formation of the dislocations associated with a low Schmid factor w either of these reactions. Clearly,
more detailed analysis would be necessary ta verify which if these decompasttions are indeed
respansible for the 1/2<112] superdislocations with a low Schmid factor. Similarly, the suggestion
that cross-slip of the superpartial onto & cube plane is imponant doring the dipole formation must also
be experimentally confirmed.

In concluston, it has been shown that the deformation mechanisms in both microstrucnures depend
upon the orientation of the grain with respect o the loading onentation. In general, this orientation
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dependence can be explained by resolved shear stress caleulations shown in Fig 5.1, Due to the
ordered L1p structure, this erientation dependence results in asymmetric deformation behavior.
Crdinary dislocations and twinning are cleady the prefesred deformation medes. It was alse shown
that twinming is preferred over <101] superdislocations and the polarity of the twinting process can be
used to explain why twinning 1s active only for limited orientations. Finally, the significance of this
analysis on deformation stedies should be cleas. Atiempis to correlate deformation mechanisms with
temperature, composition, microstructure, ele. car only be made after a sufficient number of grains
have besn investigated. Conclusions drawn on limited analysis can be inappropriate due to the
influence of loading crientation on the activation of the variaos deformation mechandisms,

By comparizon of the results presented in Sections 4.1 and 4.2, i1 1s elear that a number of differences
¢xist in the deformation behavior of the equiaxed and lameliar microsmuctures. These differences will
be defined below and rationalizations for these differences will be proposed. The expected influence
of these differences on the duedlity of the materials will also be reated.

One obvious influence of microstructure i3 the rols played by the y grain size or lamellar thickness on
the number of deformation systems activated within the grain. In the equisxed grains and the coarse
lamellae (21pm), fwe or more deformation systems were active thuoughout the grain, In contrast,
only one primary deformation system was identified in the fine lamellae below Ipm thick. This
sestriction of the deformation to a single primary system will most likely resimict the ductility of the
materia) for two reasons.  Firstly, unless the slip systems in adjacent grains ane fully compatible,
incompatibility stresses will be created at the interface. Without a second slip system to accommondate
or minimize these swesses, Frectore will enzus st the interface. This effect is trested in more derail in
Secrion 5.4. Secondly, operation of one system will necessarily limit the toral amount of sorein that
can be realized by the grain.

Similarly, it was shown that the equiaxed microstructure readily undergoes localized deformation in
regions of presumed stress concentraton. This was seen at grain boundaries as well a3 in the vicinity
of large &z particles. In contrase, deformaiion was seen to proceed mther homogeneous!y along the
lengih of she tamellag in the lamellar structers, This seems te indicate a difficly in locally activating
deformation meéchanisms in response (o stress concentrations at the various interfaces. Instead of
plastic flow in response to the siness concentration, inlerfacial decohesiem or cleavage fracture can
occur and, thus, limit the doctiliry of the alloy.

One exception to this homogeneity of deformation within the lameHar structures was identified in the
vicinity of a grain boundary as shown in Figure 4,27. Tn this lamella, deformation systems were
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idemified in response to both the applied load, as well as, to presumed stress concentrations at the
boundary. Therefore, it appears that only at the grain bonndaries of dic lamellar colonies does the
stress distribution become favorable for the activation of plastic flow ip response to a localized stress
concentration. 1n this contex!, it was noted in Section 1.4.4 that several investigations have found an
increase in doclity with decreasing grain s{zes. 1tis penerally accepted 1har reduced grain sizes will
result in a maye homogeneous dismribution of stresses within a material [146-147]. Due 1o this more
homogeneous stress distribution, there will exist more opportuniries to activate grain boundary
sources. Thus, it ir is readily predicted that the conmibution of localized deformation systems to the
total plastic deformation increases as the grain size decreases. For the one particular case examined,
propagation of the locakized rwinning system was seen 1o end at approximately 151m into the lamella.
Based on this observation, it could be anticipated that the oprmum colony Size would be
approximately 30gm. However, it must be noted thar this optimum size has been estimated for only
one specific stress distribotion and this size may decrease as smaller grained materials would be
examined. Therefore, the corrent observations form a basis for inlerpreting the observed infivence of
grain size on the ductlity of TiAl alloys. Norwithstanding these colony size effects, the ductiliry of
the lamellar sucture appears to be limited by its inability 1o locally deform in response te stress
concentrations at the inmerfaces within the siructure. This is not the case for the equiaxed
microstructure.

The frequency of twinring in the nwo micrestructures alse appears o be different. Sinee twing were
identified in 12 of the 15 equiaxed grains examined, and the fact that twins were frequently observed
in the equiaxed microswucture in the as-heat reaed condition, it seems that the siress distribution in
this sTucture i5 favorable for the nucteation of 1wins. In contrast, the lameltar stuctore contained
virmually no twins in the as-heat oeated condition and showed a lower propensity ror‘mrinning in the
deformed materials. Two factors are proposed for this behavior. Since it is known that significant
localized stresses ane necessary for nucleadon of twins, the specific smess distributions in the two
microstruchires can be used 10 explain the occurrence of twinning. In the casc of the equiaxed grains,
large tocalized stresses are likely to be formed at the imegular grain boundaries under conditions which
are favorable for 1win nncleation, By favorable, it is imaplied thar components of the stress field
rommal to the boundary are necessary (o preduce a twin at some defined angle to this boundary. In
contrast, more regular siress concemtrations arg expected in the [amellar structures and these
concentrations are less likely to nucleate a twin since the normal component of the swress field may be
reduced. In the lamellar stucture, twins appear 1o be created only when the corditions of the applisd
load are such that the entire length of the lamellae is subjeced w a sufficient shear sess and rwins are
then nucleated homogeneously along the length of the lamellae at inteefacial misfit dislocations [73].
By limiting the nucleation of twins o these conditions, the lamellar saucturs is resricred in its ability
to defarm by twinning,
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A second explanation for more frequent observation of winning in the equiaxed microstructure could
be related to a localized twinning which may result in mecroscopic extension. Since the shape change
accomplished by twinning is fixed, geomertric conditions indicars that rwinning will reselt in cither
extension or compression of a grain. The large grain size of the lamellar seucture indicates that,
during compression wsting, all grains must undergo compressive deformation and twinniog which
would result in extenston of a sinple grain is prohibited. Thexe conclusions are supported by the
experimental observations. However, due to the smaller grain size of the equiansd structure, it can be
envisioned that some graing cowld undergo extension even though the imposed macroscopic shape
change of the sample requires compression. 1t is covisioned that a small volume of winning which
results in extension of a single grain in response ta localized stress concentrations would not distrb
the macroscopic compression of the sample, Thos, the suict polarity conditions for the rwinring
prooass could be locally relaxed in the equiaxed microstructure. Tentative experimentat evidence for
twinning in "violation" of the established polarity conditions may be observed, for example, in grain
SE (for both systems) of Table 4.5. Tt was previonsly suggested that this twinning is dve to the fact
that this area is rather thin and sandwiched between two large, elongated g panicles which
subsequently alters the stress distribution In this area and imposes additional shape changes on the
grain. Under these conditions, twinning which results in extension of the grain and contradicts the
macroscapic compressive shape change may be locally favored. Unfortunately, it is impossible ta
verify whether these twing were created during the deformaden process or were residual twins present
after the heat reatment. Therefors, it is impossible wo establish without doubt that local mlaxation of
the polerity law has occurred. However, based on the abave arguments, it is reasonable to suggest
that local “violations” of the polarity of the twinning process may occur in the fine, equiaxed
microstructure, while it would be less likely in the cagrse lamellar grains.

The shape and distribution of 1he a2 phase also assumes a critical role in the deformation process. In
the cquiaxed microstructure, the onarse particls play only a minor role in the deformation behavior of
the material, The large spacing between particles indicates that Crowan strengthening is negligible.
Hence, these particles onty locally modify the stress distributions in the ¥ phase and act as coarse
barriers to dislocation motion. Jn conmast, i1 could be expected that the &2 phase plays a decisive role
in the deformation characeristics of the lamellar structore. 1t is expected that the ct2 phase will
influence the deformation in the y phase by :

1.) altering the stress state due to both elastie and plastic incompatibilities,

2.) impeding the flow of dislocations and reducing the effective slip length, The
efficiency of impeding this slip mansfer across the Jamellae will depend on the
cxact geometry of the slip systems involved and the thickness of the oy lamellae.

1t was shown by experiments on oriented lamellar colonies [11,104-105] that the oricntetion of the
Yamellar onlony with respece to the loading axis gready infutnces the mechanical propenies. This was
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believed to be due to the influence of onientation on the activation of the hard {across tha lamellze) or
easy (parallel to the interface) deformation modes. However, i1 was recently found that this
dependence is more appropriately atoributed 1o the deformation characteristics of the oz phase itself
[49]. This role of the @3 phasc is shown In Fig 5.4 where it is obscrved tha the increase in yield
strength of the lamellar structure is directly related to the yield strength in the o2 phase, Hence, the
deformability of the individual ¢z lamellae could influence the overall behavior of the structure.
Further significance of the deformability of the ¢tz phase will be discussed in Section 5.1.4.

—0— Ti-rich TiAl PST crystals N ]
2000 - ~—e— TijAl single crystl Fi 4 : Influence of
loading orientation on the room
- temperature yield sirength of
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E’ Tial f TizAl (PST) in
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% crystals. From {49].
> 500}
0
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Aushis point, itis relevant (o pose the question why the <101] superdislocations appearcd to become
more favorabie in the deformation of the fine lamellaz? In Fig 4,35, a fine lamella was shown to
comain <101} superdislocetions, even though the resolved shear stress on an ordinary dislocation
system was nearly equal 10 the superdislocaton system. 1t was previously concluded that the erdinary
dislocations would be the preferred mode in 1he equiaxed gnd coarse lamellar microstructures.
Howevey, in the fine lamsllae, the superdisiocation mode was preferentially actvated. Assuming ihat
this observation corresponds with 1he active mechanisms during deformation {i.c. assuming that it is
not true that ordinary dislocations were responsible for the deformation, hut that they are then readily
absorbed by the interfaces and, thus, were not observed in pasi-mortem examination), then there must
be additional forces in the fine lamellae which have not been previously identified.

It may be possible that the ease of dislocation nuclzation js the factor which determines ihe active
deformation system in ibe fine lamellae. For instance, ledpss of defined character at the interfaces
may be mome favorable to ibe emission of one type of dislocation than another, While 1he demils of
such a Jedge mechanism bave not been investigated, the notion is possible 1har the preferential
nucleation of a certain type of dislocation could be related 10 the specific geometry of the boundary.
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Additionally, it oould be imagined that the nucleation process js aided by dislocation reactions berwesn
the dislocations which arrive at the interface from an adjacent grain and any interfacial dislocations
which are present. For the siteation shown in Fig 4,33, it is possible that the 1/6{112] partials in the
adjacent lamella B could react with interfacial dislocations to form ihe [101] superdislovations in
lamella A. Making use of the known 1207 [111] romtion between these two grains, the Burgers vector
of the twinming partial in lamelta B is eansformed to the coordinares system of lamellas A as:

vetlizg & 1s3iiga 5.2)

Subsequently, in onder to create a [101] superdislocation with this incoming partial dislocatian, the
following reaction would be required at the interface:

2% 1/60210) + 2 1/8[112) = [101] 5.3)

However, it is clear that the required 1/6[1 13] will not be presentin the (111) interfacial plane. Based
npon similar ealenlations, ne plausible reactions were fodand which wonld invoive the expected
interfacial dislocations and the incoming twin partial dislocations which would give a probable slip
system in lamella A, Therefore, it is concluded that dislocation reactions invelving interfacial
dislocations and dislocations whith intersect the interface do not assist in the nuclestion of dislocations
in the adjacent grain,

Furthermare, it is known that dislocation image forces may play an important role in the deformartion
behavier of nanoscals microstructures [148-149]. Based upon ealculations of the forces required to
activate Frank-Read dislocation sources and the image forcss in multilayer structures, it was found
that a crideal thickness, to. was fonnd below which operation of the Frank-Read source is suppressed
{150]. This equation for i, is given as:

32nb
e<—g

5 5.4)

where R = (G - G2 ) £ (G} + G2) and Gj is the shear modulus of leyer i. 1tis possible that image
forces are important in the currend lamellar arrangement by favoring nucleation of distocations with the
appropriaee Burgers veetors. Therefore, the influence of these image forces in the deformation
mechanisms in fine larnellae has begn estimaied using equarion 5.5 [149].
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where R is defined above, r is the dismance of the dislocation from the interface, F is the image force
on the dislocation and G and b shear modulus and Burgers vector, respectively, This gives the foree
due to the nearest image. Caleolations of ihe magnitude of this image force for various dislocations
vsing calculatsd elagtic constants and simplified assumptions of the influence of anisotropie elasticity
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have indicated that these forces arc rather small. On this basis, it is necessary 10 presome that the
image forces will not play an imponant role in the nocleation process. However, these simplified
calculations cannot rule out the possibility 1hat more derailed considerations of the elastic anisotropy
would identify a larger cffect of the image forces.,

Tr should again be noted that deformation ended o proceed in the hard mode (i.e. across the lamellag)
for all lamellar orientations. This is in contrast to the expectations outlined in [11] which predict
deformaiion parallel to the lamellar interface (i.e. the easy mode) for loading orientations near 45°,
The lack of deformation paralle] to the interface could be due 10 insufficient dizlocation sources.
While the lamellar boundary provides snfficient sources of deformation acoss the lamellae in (he hard
mode, only the grain bounderies appear to be useful for initiating slip parallel to the interface. tis
possible 1o speculate that the domain boundaries which occur within a single lamellz could also
provide nucleation sites for deformation parallel to the interface. However, the evidence presented
here does not support this speculation. As such, the only way 1o increase the activity of the easy
mode of deformanion is to decrease the grain size as discussed previously.

Finally, although nat the forus of this work, it is possible 10 comment on the configurations of the
individual dislocations that have been observed. Since directional bonding effects have been reponed
1o oceur in TiAl elloys, it is possible to compare 1he observed disloration line directions with the
predicted bonding effects. Greenberg first proposed that directiona] bonding would result in deep
Peierls velley for defined crysiallographic directions [40] and these predictions hawve since been
confizrned vsing more sophistcaied methods [43]. If large Peierls valleys do influence disloration
mobility, then it would be expected that the dislocations would be frequently observed 12 lic along
these directions. In Tgble 5.2, the experimentally observed line directions ane compared with these
Peierls valley calculations.

Tislocation Ohserved Line Larection Predicted Peterls |
(° from screw Ofientation) Pinning Effect
1f2<110) ordinary dislocarion sgong tendency (P Lerpes
«101] snperdislocation sgong tendency O° none
1/2+112} supendislocation weak wendency 30° or 90° none, luge
1/6<112] twinning partial sgong tendency 0-30° maoderate © bone

Table 5.2 Observed line directions compared 1o the predicted Peierls valiey effects.

Interpretation of these line directions is based on ihe essumption that the observed directions
correspond to the dislocation segments that are blocked or exhibii low mobility and ere, therefore,
most commonly observed in the thin foil specimen. The higher mobility segments of the disfocation
loops are assumed fo have been sbsorbed by the free surfaces (i.e. grin boundaries) during
deformation. 1ccan be seen from the table that the observed prefersnce of the ordinary dislecadons For
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the screw orientation may be atmiboted w0 2 Peierds blocking effece.  However, the ordinary
dislocations are generally curved in nature and are st perfectly straight as would be expected if such 2
blocking mechanism would be active. Funthermore, the observation of dislocations lying along the
screw orientation must be regarded with due cantion sinee line energy effects would also favor the
creaton of dislocation segments in specific oriemarions. For instance, on the basis of elastie isoropy,
the screw orisntation would be expetted 10 he the low energy orientation and this may explain the
tendency for the ordinary dislocations to align along screw orientations, Although detailed elastic
anisotropy calculadons have not been performed for THAL, calentations on other intermetallic phases
[151] have shown that andsotropy effects will have a strong influence on the lowest energy orientation
and the screw orientation may not necessarily be the lowest energy. Similacly, there is also a strong
tendency for the <101] superdislocations to be aligned in straight segments along the screw direction,
though this configuration is not predieted by the Peierds valley caleuladons as listed abave. Therefore,
the tendency to observe screw <101] soperdislecations must be due to other locking mechanisms
originaring from, for example, non-planae core configurations or wansformations, which leave the
distocations lecked in this orientation. Evidence of the possibility of a core dissociation not contained
in the primary glide plane is shown in Figurs 4.14. Finally, the line direcrion of the 1/2<112)
superdislocations or twinning partial dislocation dors net seem to be influenced by a Peierls cffoct.

In light of the compatibility requirements outlined in S¢ction 1.5.2. it is necessary to know how (he
specific orientation relationships in TiAl may effect deformation and to define the role of
microstructure in this process. Recall thae it has been shown that the orientation relationship berween
the adjacent ¥ grains in both microstructures can be described by mulsiples of a 60° rotation about &
«]111> diregdon. Through knowledge of the exact spatial relafionskip betwesn graing and the
subsequent application of the geometric compaddhbility facior defined in Section 1.5.2, i1 has been
shown that the specific crientation relationship does indeed influence the deformation process
{Section 4.3). The significance of the orientation relationship is that it geometrically defines the
relatve alignment of slip systems in adjacent grains.

In summary, the resulis in Section 4.3 showed that :

1.} the geometric compatibility factor could be applied in the equiaxed microstructure 1o
predict the activation of the ship systems at 1he grain boundary or at a pile-up.

2,) the geomewric comparibility factor pleys an important rele in the setivation of the
deformation modes in the fine lametlar sewctures,

1) in geneml, the orientation reletionship defined by a 120° typs rotation provides the
best compatibility berween slip systems in adjacent grains.
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In order to fully understand the influence of these orientations re]aiﬂonships, it is useful 1o look at the
geomerry of inerseeting slip systems at the grain boondary as shown in Fgure 5.5. In this diagram,
a [111] slip plane in the initial grain ] is shown inersecting the boundary plane between an adjacent
grain M. For both the 60° pseudo-twin and 1807 truc-rwin selationships, the angles formed &1 this
boundary berween the slip plane in ] and the possible {111] slip planes in I are @ = 39°, 56° or 71°
as shown. 1n addition, if the deformation in grain 1 occurs on the (111} plans used to define the
plane of rotation, then obviously this plane will be parallel to the same plane in grain 11 {(while the
other three {111} planes all intersect this plane of rowtion 10 form 71° angles). Although it was
shown in Section 4.2 thar deformation parallel to the inerfacial plane is rare for the lamellar
structures, it is readily possible in the equiaxed microsiuciure, Therefors, # = (7 bas also been
indicated in the diagram for the equianed structore only. Since bath the 60° and 180° crientation
relationships lead w similar geometric situations, it is expected that the behavior of these boundaries

would generally be the same,
I a
oundary
plane

(E11)slip plane p=739° 56°,71°
{07 once for equiaxed)

{111}

Y
120° rotatiop ~ (111)
£} = {° for one plane ™
=71° two planes

s
s

-

Figure 5.5 : Influence of the rotsiion between adjacent graing I and II on the geomerry of the
intersection of possible slip planes in each grain.

Now, if the geomemry of the slip plane intersections a1 1he grain boundary is examined for the 1207
rottion, a completely different geomerric sitmation can be identified. For a {111} slip plane defined in
grain 1, one possible slip system in grain 11 will form a 0° angle with this original plane, while the
other two |111] planes will form a 71° angle. Thus, for any {111} slip plane in grain 1 there exists a
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(111} ghide plane in grain H which comresponds exaetly to the ariginal slip plane. The same geometry
applies for the {111} plane which defines the plane of rotation, Straight away, it can thus be
envisioned thet deformation on {111] in grain [ could be transmitted directly to the corresponding
{111} plane in grain I (i.e. © = (%) with relatively lite resistance. In this case, the transfer
mechanisms would then depend upon the specifie Burgers vector of the slip systems involved,

The importance of the direction of the Burgers vectors involved in the transfer process can be
understood in a general way by applying the specific rotations on a <111> projection as tliscussed in
Appendix 9] or using the mawix mansformations defined in Secjon 2.3.3. For both the 60 and 180°
rotations, neither the <110> nor the <112 slip directions in [ will comespond to a possible slip
direction in grain 11. Again, the notable expectations to this are the directions whicb Le in the (111)
used to definc the crientation relationship in which case the directions in each grain do correspond.

However, there will_In general, be po comespondence between slip directions in prains 1ang 11 fo

Again, this b havior directy contrasts the geometric sitation for the 1207 rotation. Since the 120°
type rotation is equally defined by a 90° rotatiom about <100 such that the cube axes in each crystal
are parallel, one could expect a comrespondence between slip directions in each grain. Calculations
show thar this 1s Indeed the case since cach <110> slip divection in grain I will be parallel toa <110>
direction in grain 0. Although the <i12> dinsctions are also parallel in each grain, the L1g ordering
imposes restrictions on the possible slip directions such that slip is only possible in the <112)
direction. Hence, <112} in grain I will be paralel to a <211} direction in the related grain, but this
<211] is not a possible slip direction. Thus, although there is an exadl comrespondenec between all
<110¢> slip directions in the two grains, this is not the case for the <112] directions.

With this physical picture in mind, it is possible to calculare the maximum geometrie compatibility
factor for each slip system and for tre three types of orientation relationships - 60°, 1207 and 160°.
Listed in Table 5.3 are all of the possible slip systems in the initial grain 1 and the largest eompatibility
factor, m', which would be possible for a slip system in the adjacent grain II. Also given in the tahle
is the type of slip system which comresponds 1o dus maximum value. In relevant cases, only a <112}
direction is intlicated since either twinning or 1/2<112] supcrdislocations would be appropriate
depending upon the exact conditions regarding the polarity of awinning as discassed in Section 5.1.1.
From Table 5.3, it can be concluded that the slip systems in adjacent grains related by a 120° rotadon
can resul¢ in better compatibility than either the 60° ar 180° rotations. The exceptions to this are the
slip systems contained in the (111) plane of rotation, in which case the geometric comparibility
factors are either 0.87 or 1.00 for all rotations, It 15, hence, possible to hypothesize that the transfer
of slip between adjacent grains will be the easiest for a 120° rotation due to the good geometric align-
ment of slip systems. In contrast, transfer of slip across grain boundaries between grains related by
60° and 180° rnations would be expected 1o be more difficult due 1o the lower geometric compatibility.



Slip System I Maxirmurn Compatibility Factor in IT
b (hid) &r 1207 1809
1o | in 0.650 100 § 0.65 §
110 111 0.65 § 100 8 0.65 §
110 | 11 078 8§ 100 § 078 O
110 il1 1.00 8 1.00 8 L.O0 O
112 111 087 § 087 O 1.00 112
12 111 0.67 O 0.87 O 0.67 §
12 | In | o732 ]| o870 057 8

112 111 0.54 8 087 O 0.60 112

100 § in 078 8§ 100 O 078 §

101 1i1 1.00 § 1.00 O 1.00 §

101 1 0.65 O 100 O 0.65 8

101 1i1 065 8 .00 O 0.65 O

011 1i1 078 O .00 § 078 §

o | i L.00 O 1.00 8 1.00 §

o 1 0.65 S 1.00 § 0.65 S

o [ i1 0.65 S L0 8 0.65 O

Table 5.3: Influence of orientation relationship on the maximum compatibility factor for rotations

about [111]. Type of slip system which gives this compadbility ; § <101} superdislocation system,

O an ordinary 1/2<110] dislocation system and 112 slip or twinning in a <112) direction.

The compatibility factor ¢an also be used 1o undersiand the aciivation of slip sysiems ar the grain
boundary in response io # pile-up of dislocations in a neighboring grain as shown in Section 4.3
Although this problem is cenmral to the underssanding of grain size strengthening, there exists
relatively little understanding in the exact mechanisms controlling this effect. 1n a famous series of
papers, Stroh [152-154] addressed a retated problem and calculated that the plane experiencing the
maximum normal stress would be found at an angle of 70.5° 1 the original slip planc. While this
calculation is useful in understanding the fracture behavior at a pile-up, it gives no information
reganding the activation of the possible slip systems due to the shear swresses which are presen. Stroh
gives the shear stress a distance r from the head of the pile-up as:

1”2
1= (3) 5.6)

where L is the length of the dislocaion pile-up and Tg is the applied shear stress (resolved on the
approgriate slip system). However, this equation also depends upon an orientation factor and doesn't
indicare the direction of this shear smess, Henee, it is limited in its ability to be uscd w predier the
activation of the possible slip systems. Shen [119) also showed thet it is possible 1o calcutate the full
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stress field associated with the pile-up in order to predict the slip systems in adjacent grains.
However, this caleulation is necessarily complex and must be computed in full for cach different
simuation {including the infleence of the line direction of the dislocations, the nature of the prain
boundary and the anlsotropic elastic constants).

Therefore, it is interesting to note in this coniext that the compatibility factor was able 1o provids
information regarding the aetivation of deformation in adjecent graims. |n considering only the
geametric compatibility of the slip systems in the two grains, the complex mathemarics involved in
calculating the exact stress distribution have been avoided. This simplification 15 necessary in the case
of, for example, a twin since the pile-up of twinming pardal dislocations occurs on consecutive {111)
planes and the Eshelby solution to the stress conocntration at the pilt-up only applies if che pile-op
occurs on 8 single (111} plane. Additionally, the exact siress distribution at the head of the pile-up is
expected to be a complex function of the chamcter of the dislocation and chis introduces further
difficultics in finding en exact mathematical solution. Themfore, any mathematical scluticn will be

limited for only the exact condml:ms upon whlch it was defined. Ln_gmma_s_t._n_s_unggm:d_t_m

Additionally, it was shown that the geometric compatibility of slip systems appears 1o play an
important role in the selection of the single deformation mode which is activated in adjacent fine y
lamellae. In order to visvalize the significance of the compatibility factor in thess lamellae, it 1s
possible io refer to the concept of "geometrically necessary dislocations” as first postutated by Cottrell
and developed inlo 2 complete theory by the works of Ashby [155}. Accordingly, the density of
geometrically necessary dislocations in a marerial can be direcdy related to the serain gradients which
arise due to different deformation behaviors in adjacent phases or grains. This density of
geomenically necessary dislocations, S, is given by:

047
P *ob 57

where Yis the shear strain and Ag is the geometric slip distance. For 2 polycrystal, Ag is given by the
graln size, while this distance is defined as the spacing berween the lamellae for lamellar
microstuctures. There will always exist & competition during the deformation process berween pG
and p%, the density of randomly stored “statistical” dislocatons. However, for geomeic slip
distances las: than approximately 2um, it has been shown that 1he peometrically necessary
contribution should dominate the total dislocation density [153].

Since che thickness of the fine lamellas in the Jameltar mlcrostructures is below this approximate limit,
it is expected that geometrically neoessary dislocations would dominate the toia! dislocation densiry in
the fine lamellae. The actual physical sltuatien of deformation in the fine lamellae varies from tha
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model proposed by Ashby since the model was derived by assuming that the bondiog between the
lamellae is such that dislocations are not absarbed at the interface, that sliding docs not accur at the
interface and that the second phase does not deform.  Althovgh these conditions are probably relaxed
for the lamellar structure of TiAl and TizAl, the general considerarions of the geometrically necessary
mode] stll apply - dislocations must be generaied in order 1o maintain a compatible shape change
between adjacent lamellae and this effect becomes mote important with decreasing lamellar thickness,

The resalls in Section 4.3 demonstrate that both the Schmid factor and geomeric compacibility factor
are important in activation of the deformation systems for Jamellae Jess than 1jtm thick. Apparemly,
the choice of deformation system must simultaneonsly maximize conformity to the shape change
required by the imposed stress (i.¢. the Schmid faciar) and the shape change required to emaintain
compatibility with the adjecent grain (i.¢. the geometric compatibility factor). The influence of these
two factors can be described by representing the stress state in the grainas:

Tiowl = Tapplied + Tadjacem 5.8)

where Tapplied is the ttress due to the applied load and Tagjacen: the stress due to the shape changes
occuring in the adjacent grain. ln this way, the activation cof the deformation system in the adjacent
tamellae will be influenced by both the external loading and the local compasibility requirements.
Detailed caleuletions regarding values for Tadjacen; Were not attempted. However, it is expecied that
these are in the same order of mageitode as the Tappiica since both factors have been shovn to be
important in the activation of the deformation systems.

Finally, it is necessary o consider some of the limitations in applying this type of calcnlazon.
Obviousty, the ability of the boundary 10 deform will infleence the applicability of the compatibility
factor, This may be especially important in the lamellar stuctures where the interface is defined by a
{111} plane which has been shown o contain glissile dislocations [71,77,156). Thercfore,
deformation along the interface conld accommodate differences in the deformation systems.  This type
of effect is demonsrated in the enalysis presented by Lim [157]. A residual slip vector was defined as
the difference in the Burgers vectors in adjacent graint and it was postulated that this parameter must
be minimized by the deformation systems in adjacent graing. Mobility of this residual slip vector in
the interface plare would enhance the deformaton of the two grains through increased compatibtlity of
the deformation. In contrast, immobile residual veciors will accumulate at the interface and evenmally
lead io crack formation and failure. Obviously, minimization of 1he size of these residual slip vectors
is imponant in reducing stress concenrations at the interface and this is achieved only if the geomeiric
eompatibility factor is maximized.

Ancther impertant factor which is not taken into agcouni in the proposed geomewric comparibility
analysis is the additive properties of the deformation systems. An assumption which has indirectly
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been made is that the deformation systems in adjacent graing can be compared on a one-to-one basis,
However, it i3 plausible that even though the compatibility of a slip system in grain L, 81, is low with
respect 1o two individval systams A, Spa, and B, Spp, [a grain I, the geometric compatibility of the
deformatica systems in these grains cauld be sufficient according 1o a simple addition of the smains in
grain [1:

Sia + Smp = §¢ 5.9)

Thas, the grein boundary coherency contidons defined in gquation 1,16 may also be sadsficd by the
cumulative strains of two or more slip systems. This possibility has not been taken inte account
during the current analysis. The fact that the fine lamellze daform principally by a single deformation
mechanism removes this concern, while in the case of localized activation of deformation systems ac
the grain boundary this possitility also does not appear to play a major role. In contrast, some of the
compatibility factors given previoosly in Table 4,13 could bz limited by this sffect. Tt was stated that
these values represent the maximization of the compatibitity between individual mechanisms and, as
such, do not take into aceount the possibilities Nlominated by gauation 5.9.

Notwithstanding thess limitations, it has been demonstrated that the compatibility factor can be useful
in predicting the activation of deformation systems at the grain boundary in the equiaxed
microstucture and that it plays an important role in the activation of deformation systems in the
lamellar microsmoctures. Also, it has been reasoned on & geomenic basis and verificd experimentally
that the deformadon systems in grains related by 8 120% rotation will exhibit higher geometric
compatibility.

On the basis of these conclusions, it is possible fo identify additional influences of the microstructure
on the deformation process.

1.) on average, the equiaxed microstructurs will contain more 1207 type boundaries than the
[amellar structure (where the 1807 rotadon 15 the most common).

2.) in the equiaxed microstructure, deformation is possible on the |111) plane used o define
the orientation reladanship and, in this case, there exist slip systems in the adjacent grain
which regult in high contpatibility for all orientation relationships. In contrast,
deformation rarely cecurs on the {1111 planes parallel 1o the lameliar boundary and,
thus, these high compatibility systems for dhe 60° and 180° mtadons do not exist.

Taken wogether, these rwo factors would indicans chat supesior ductility shoold be ehiained in equiaxed
structures, Experimentally, this notien has been confinmed.
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Finally, it is appropriate to comment on the cross-twinning process thal was identified in Fig 4. 37.
In this context, cross-twinaing refers o the transfer of twinning deformarion between adjacent
lamellae, whereby twinning occurs on the same {111} plane tn each lamella and that the mansfer
occurs with apparently little resistance. Two cases of this process (observed only for 180° rowtions)
were identified and the relevant geometry of this transfer process was presented in Fig 4 38,
Althoagh it is alse frequenily presented in the liuerature [64,81,99] as a commaon transfer mechanism,
lisde artention has been devoted (a this process. Therefere, it is necessary to comment qn the possible
mechanisms invalved in the process and its importance in the overall deformation behavior.

For the current 2lloy, this cross-twin process was identified only in the lamellar microstruciore and
only for wrue- twin, 180° criented lamellze. In contrast, for the case of the 50° rotation (Fjg 4.31), the
large dislocation pile-ups at the boundary indicate thas the favorable cross- twin ransfer process was
not activated, These differences berween the 60° and 180° rotation could be due to 1.) nature of the
boundary itself, 2.) prescoce, absence or density of misfit dislocations or 3.) the differing intersection
geometrics. With regard to the last point, the intersection of the twin planes in each lamella for the
18(F rotation is a <101] direction comained in the boundary plane. However, this intersection wes a
<123> direction in the case of the 60° rotation examined (Fig 4.32). By assuming that cross-
twinning is only possible for 180° rotations, that the geomerric polarity requirements for twinning
must be met for both lamellze and thai the Schmid facor for each system must be sufficiently large, it
is possible 10 predict the loading orientations where cross-twinning may be expected, For a (112)
boundary plane and cross-twinming on the (111) planes, these requirements are fulfilled for the amall
region of Ioading orienlations shown in the superimposed standard / twin projection in Figure 5.6.
Also shown in the figure are the three experimental cases where {111) rwinning was observed in ¢1i1)
twin-related lamellae. These experimental observations verify the predictions since the two
oricniations where cross-twinning was observed lie within the smipped zone while the one where it
was not observed lies outside the zone. Geometrically equivalent predicted favorable zones anc
obiained for (111) cross-twinning, However, there exisis no favorable zone for {111} twinning.
Hence, for deformation twinning, non-equivalent geomewic sitmations contrel the ability of a specific
win system (i.e. (111) or (}i1) rwinning) 10 wansfer through twin-oriented ¥ lamellae. Similar
considerations shouold alse apply to the intersection of twins during deformation of equiaxed prains
since the deformation twin wbich occurs firse can be considered as a win-oricnted lamedla that is
present within the grain. Sobsequently, a second twin which intersects this original twin will be able
1o transfer through this fwin by cross-twinning only if the geometric and loading conditions of cross-
twinning are fulfilled. Outside of these favorable cross-twin orientaticns, othet mechanisms are
expected 10 be activated 1o transfer deformation between intersecting twins [158]. 1t should also be
nated that, although chis cross-twin phenomencn is freguendy proposed as an imporant mechanism
of deformation mansfer in the lamellar stuctures, the process is, in faci, restricted 10 be active for only
panticular loading orientations. Therefore, its overall importance in sfip transfer between adjacent
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lamellae is limited. More work is neoessary ta properly define the specific mechanisms which coour at
the boundary.

0io

Eigore 5.6 : Standard stereographic projection (solid symbols) overlapped with a projection of 2
(111) twin-related crystal (open symbols with zone axes indicated in shadowed characters). The
stripped area shows the loading orientations where (111} cross-twinniog between (111) twin related
Tamellae is expecied to be possible, % and €= represent orientations where cross-twinning was
experimentslly observed and not observed, respectively.

In general, the o3 phase deforms rather less than the ¥ phase. Nevertheless, the plestic properties of
the oz phase may be crucial to the deformability of the lamellar structure as shown in Figure 5.4,
Increased ductility in this phase could certainly increase ductility of the lamellar strocture by reducing
the density of geometrically necessary dislocations required in the y phase and by reducing interfacial
stress concentrations. Althongh only limited examination of this phase has been carried out in the
current work, some important conclusions can be drawn through application of the concepts of
geometric comparbility that were discussed in the preceding section.
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In Section 4.2.8, detailed examinarion of the deformatton strucnmes observed in a coarse az lamelta
were presented, It was shown thar twe types of dislocations were found in this lamella - a low
density of dislocations located in the interior of the lamella which were identified as 1/6[1120] (1100)
diglocations and some loops or shert segments which wers localized only in the proximity of the
interfacial regions. This second type of dislocadons were shown 10 have a Burgers vector parallel 1o
[0001] and geometrical considerations indicated that the slip plane could be (1100). 1n contrast to the
interior slip system, the Schmid factor for this localized slip system could not be used o explain the
activation of these dislocagons.

Therefore, in an effort to onderstand the activation of this localized dislocarion sysiem, the geomeric
compatibility factors were calculated in relation to the deformation mechanisms in the surrounding ¥
phase - the twinning system 1/6{112] (111). Then using the definition of the orientation relatiooship
between the ¥ and o7 phases as [31 10]ay #1011)y, the compatibiliny factor may be calenlated in
exactly the same manner as it was for the ¥/ rrelationships. The geometric competibility factors foc
the possible slip systems in the oz are subsequenty given in Table 5.4.

Slip Diirection | Slip Plans m’ Comments
[0001] (1i00) 0.88 maximum compatibility
1i2ig) (1211} 0.34 —-
[2118§) @iin 0.84
[cao1] 2110 0.77
(2iig) 0110} 0.14 | highest for a prismatic slip system
[1120) {1100) 0.00 | observed in interior of the famelta

Table 5.4 : Geomermic compaiibility factors for possible ship systems in the
@3 lamella for twinning on the (111) plane in the adjacent y lamellae,

The results shown in Table 5.4 are indeed provocative and may explain the appearance of the [0001]
distocations in the interfacial region. The compatibility factor shows that the [1130) dislocations,
while active within the lamella due 1o the applied shear siress, provide linle compensaticn for the
shape changes in the surrounding v lamellae due 1e (111) twinning. However, it is siriking that the
(00017 (1100) slip system would provide the maximum compatibility with the twinning in the ¥
lamellae. Therefore, it is suggested that these [0001] dislocatons in the o2 lamella are creased due 1o
the shepe changes imposed by the (111) twinning and, as such. serve 10 accommodate the siresses
created at the ¥ f o3 inwerface,

The general observation that these dislocations are usually associated with the twins in 'y supports this
conclusion. However, the short distances that these dislocations propagate from the interface indicate
thar they have only a low mobility due 10 either a large CRSS or high elastic energy. Due to this
limited mability, they can only partially accomplish the impased shape changes. Since the prismatic
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<1120> dislocations appear 1o have higher mobility (sioce they are found in the interior of the grains),
they wonlé appear to be a more favorable sysiem to activaie in order to accommodate the stress
congentrations. However, the geomerric compatibilities for these <1120> slip systems are all rather
low and, == indicated in the table, the maximuan compatibility factor for @ prismatic slip system is only
m=0.14, Thos, while the prismari¢ family of dislocations may be rather mobile, they do not
provide the required shape changes nacessary to maintatn compatbility with the adjecent ¥lameMee.

Since there are thres possible twinning systems in the ¥ lamellae (excluding the {111] plante which is
parallel to the interface). it is necessary to determine if 311 three possess equivalent geometric
relationships with the possible deformation systems in ¢, Therefore, the geometric comparibilities
have been calculated for the three twinning systems, assuming the same crientation relationship as
ahave as summarized in Table 5.5,

(111 twinning {111) twinning (i11) twinning
[0001] (1300) 0.88 (2110)(@1in) | 0.84 (Izio)(ioty | o0.84
[izig) 1211y | 0.84 (2110 1i;y | 0.82 (i2io) (iowey | 0.82
neeiin { 084 [(126) (13 [ 0.63 friadizn | 063
[0001] 2110 0.77 pilg@itn | 050 [12100 010 | 0.50
2110) (LI 0.14

Table 5.5: Maximum geametric compatibility Factors for the possible slip systems in an op lamelta
for the given twinning system in the adjacent y lamellag vsing (2110)q,/1011]yand (000L)a K111}y,

1t is readily seen that the (111} and (111) twinning systems result in geomerrically equivalent
relationships with the possible slip systems In oz and that they exhibir different geomerry than a (111)
twin. Presuming that the <2110 {0110) prismatic slip systems are the most favorable systems in the
oz phase, it is clear that the two geometric sitnations will vary in their ebility to sccommodate
twinning in the adjacent ¥ [amsllze. As previously shown for the (111) twinning, the maximum
comparibility factor for a favomble prismatic slip system is only m' = .14, Hence, these favorable
dislocations will not be able to sccommodate the twinning in the adjacent y lamellae and. a5 a result,
unfavorable [0001] or <1216% pyramidal dislocations will be necessary. In contrast, for the other
two twinning systems, there exisis 2 prismatic <1 120> system which gives 2 geometric compatibility
of m' =0.82 for the adjacent twinning. Due to this higher compatibility, glide of the prismatic
dislocations will effectively be able to accommodate the adjacent twinning deformation and, dierefore,

wduce stress conceatrations at the interface. Mﬂmimﬂu@.{hﬂz,umgm

1o order for this prediction 10 be valid, the assomption that the <21I0> [0110) slip system is
favorable shonld be addressed in moere detail. The vatues for the critical resolved shear stress for
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varipus ship systems in o are given in Tablg 5.6, The value for the CRSS of the [0001] {1100} slip
system was estimated by assuming that these slip systems were not active for any of the orientations
invesiigated by Inui e1. al. [49). Hence, the anninum value can be approximated. However, this
assumption most be made with proper cavtion since the active slip systems wers determined by
analysis of the slip waces on the surface. 1 would be possible than [0001] and <1120z ship are active
on the same slip plane and would, thus, not be individoally detected. The general appearance of the
slip traces did not give any indication for this multiple slip. Mareover, [0001] dislocations are only
rarely observed in TizAl [46.50] and this eends to confum the fact that the CRSS must be much higher
than for <2110> {0110} slip. Thus, the value indicated in the table can be taken as a reasonable
lower bound. Fumhenmore, it can be scen that the CRSS depends sensitively on the exact chemical
composition. The values lisied given in [49] shonld be most applicable in the current case sinee this
hyperstoichiomeic composition most closely approximaies the compasition of the o lamellae in
equilibrium with the TiAl lamellae. However, it is also noted that vanadium additions nearly double
the CR33 for both the prism and pyramidal slip systems. Hence, it conld be anticipated that Cr in the
hyperstoichiomerric &3 would also increase these velues to some degres. As such, the values given
by Inui [49] can again be taken as lower bound for the CRSS in the current alloy. While the absolute
value of these CRSS cannot be direcdy applied 1o the current alloy, the impartant conclusion emains.
Namely, the CRSS for <2110> {0110} slip is much lower than for any of the other possible slip
systems and would, thus, be 1be favored mode of deformation. Ward has also reparted that <1120>
(1100) prismatic skip is the dominant slip system for various alloys [45] and this further confirms that
this system is expected to be more favorable than the other possible slip systems.

Souree Alloy <1130> {i100) | <1120> @001 | <1126> {1121) ) (0001] [1100}
149] Ti-36.5A1 9aQ-107 329 911 » 250
[48] Ti-28.4A] 65 — 450 —
Ti-29.4AL-2 3V 50-110 1o
[51] Ti-23.1A1 = 635 s = 470 -

Table 5.6 : Critical resolved shear siress, in MPa, for slip in single-crystal TizAL

These CRSS for slip in ¢tz can be compared with the CRSS for slip in the ¥ phase given by Kawabata
for single-crysial TiAl [26]. Depending on the exact orientation, values for 1/2<110] slip ranged from
83 10 97 MPa, while slip parallel w0 the <101] directions required 80 to 116 MPa. It is again expected
that these values will vary strongly with the exact chemical composition and, thus, may not direcily
apply for the curremt alloys under invesdgation. Nonetheless, it is supposed that they give a
reasonable order of magninmde approximation for the corrent two-phase alloy. Therefore, 2t could be
expected that <2110> {0110) would glide under shear stresses which are similar to these necessary
for glide of both dislocation systems in ¥, In contrast, other ship systems in o are expected 10 be
mobile enty under conditions of kigh stzss concentration. If the CRSS For these systems is higher
than the interfacial strength, then interfacial decohesion will oceur prior w activation of the sysiem.
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3. Discussi

1t should be noted that this type of orientational dependence on the ability of slip to ansfer between
adjacent phases has bean previously observed. In a similar srudy on pearlite [159), it was shown that
the ability of twins to shear the cementte lamellae depended upon the interaction of the specific
twinning system and the orientation relationship between the ferrite and cementite. Consequently, two
twin systems in the ferrite were observed to transmit across the pearlite due to their lignment with
possible slip planes in the cementite while the other two twins were nnable to shear the cementite
phase. The cumment work extends this notion by defining the peometrical compatibility factor which
provides more information regarding the slip systems which are reguired to shear the second phase.
Hence, this analysis provides a more deailed deseription of the wansfer process and also gives
guidelines on how to facilitate this transfer.

Ii is, therefore, possible to predict how the o phase could be modified in order to achieve maximom
ductility of lamellar alloys -

1.) the thickness of the o2 lamellae should be strictly controlled since it was shown that the
thitkness has a significant influence on the wansmission of slip systems across the lamellae,
Although a precise value cannot be obtained from the current experiments, less than S0nm
would appear 10 be an optmum thickness.

2.) due to geometric compatbility condlitions imposed by the o / ¥ orientation relationship,
glide of unfavorable <1 26> pyramida! dislocations or [0001] dislocations may be required
to maintain compatibility with ¥ lamellae, depending vpon the specific deformation
mechanism. Therefore, the properties of these slip systems must be understood in mors
detail and alloying efforts to reduce the CRSS of these systems would be appropriate.

In conclusion, it hes beea demonstrated that the deformation behevior of lamellar structures depends
not only on the ¥ phase, but also on the plastic behavior of the o phase. Moreover, the geometric
compatibility factor can be used to show that the geomeiric compatibility of slip systems between the
two phase plays an imperiant role in the deformation of the lamellar structures. Specifically, (111
twinning in the ¥ lamellac will always lead geometrically unfavorable situations with the &3 lamellae
such that plide of [(031]) or <12162 dislocations will be required. Clearly more research on the
behavior of these slip sysiems is required.



6. _Conclusions

In order 10 ¢xaming the influence of microsoructure and crienration relationships on the room
temperature deformation behavior of two-phase TiAl ailoys, the deformation mechanisms of a
Ti-d47.5A1-2.5Cr alloy, heat-wreard in two distinct microstrucmural variants, have been identified vsing
transmission electron microscopy. The two heat treatments were 1270°C/64h and 1000°C/168h and
these resubied in either 3 transformed lamellar structwe or an equiaxed microstructure,
respectively. The transformed lamellar structure consisted of approximately 50% coarse ¥ lamellae
and 50% regions of fine, aliemating 4 and ay lameliae. In conwrast, the equianed stuchare consisted
of 10% large o particles in a fine-grained ¥ phase matrix. Based upon the detailed TEM analysis of
the orientation telavionships and deformation mechanisms of both alloys, the following conclusions
can be drawn ;

4 Tt has previcusly been proposed that 'y greins may assume a total of six different orizntations
such that a total of five orientation relationships may exist between adjacent grains. Although
only four of these six orientations have previously becn observed, a conslstent indexing
method developed here has been used to verify that 2 total of six distinct criemtations does
exist.

4 Utilization of the consistent indexing methed, which is achisved by describing the crientation
of each grain as 2 multipls of a 60° rotailion about a <111> axis, enables the deformadon
mechanisnis in each grain to be deseribed in 4 spatislly comrect manner.

& Both the Schmid factor and a geometric compatibilily factor influsnce the sctivation of the
various deformation mechanisms within each prain. Introduced in this work, 2 geometric
compatibility factor, m', is used to quantify the relative alignment of slip systems in adjacent
grains and is calculated as the product of the cosines of the angles between the slip directions
and the ncrmal to the slip planes.

A Deformation twinning of the type 1/6<112){111} and plide of 1/2<110] ordinary
dislocations are the prefermed deformation mexdes in the v TiAl phase. <101] and 1/2<112]
super-dislocations are usually only present in grains where twinning and ordinary dislocations
are not easily activated,

A Asymmetrie deformalion behavior creates grain 1o grain variation in the active deforma-
tion mechanisms and is due to the Llg ovdering of the TiAl phase. Consequently, 1t is
imperative tp investigale a sufficient number of grains when attempting to identify the influence
of, for example, wemperature or alloying addidons on the deformarion behavior.
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& Only deformaiton twinaing of the rype 1/6<1221{111} is possible, This has been
established by the comrespandence of the twinning polarity criterion with the influence of the
loading orientation and by dirsct analysis of the twinning partial dislocatfons.

A Applicaton of the geometric compatibility factor wes used to show that orientation
relationships described by & 120° rotation will provide the best compatibility batween slip
systems in adjacent grains. This was predicied theoretically and verified experimentally.

A It would be expected that the equiaxed structure should be more ductile than the lameliar
strecture based on the following:

1.)in the lamellar structure, the majority of orientation relationships between ¥ lamellae are
the 180° true-twin type, whils the distibution of erientation nelationships in the equiaxed
swucture is random. This megns that more of the favorable 120° type will be present in
the equiaxed strucrure.

2.} deformadon modes which are active on the {111} plane nsed to define the axis of
rowation between grains can always result in a high geometric compatibility in slip
systems, While this deformation mode 1s possible in the equizxed structure, it is rare in
the lamellar smictore since deformation generally occurs by the hard mode - i.e. an slip
planes inclined to the 1amellar boundary.

3.) deformarion twinning and localized deformation mechanisms are more gasily activated in
the equiaxed microstructure.

A Lamellar thickness plays 2n important role in the deformation charseteristics of the lamellar
strucnures. Forylamellae thicker than 5 1pm, more deformation mechanisms may be acrive,

while below this thickness only a single deformation mechanism is active. The thickness of the
o2 lamellae influences the ability of the deformatian to shear across the lamellae.

& The oz particles in the equiaxed microstrucnare exert @ negligible role during the daformarion
process. In contrast, o lamellae Limit the deformability of the lamellar structure by
restricting the propagation of alip across the y lamellae.

A The known effect of increasing ductility with decreasing graln size can be attributed to the
activation of grein boundary sources. (rain boundaries are showm to be important since they
pravide sourees for the easy mode of deformation - i.¢. deformation parallel to the lamellar

houndary.



6 Conclusiony page 137

A Limited abservations of the deformation mechanisms in the a2 1amellae indicate that the
orientation relalionship between the ¢z and ¥ phases also plays an imponant role in
the deformation process. Depending upon the specific deformation mechanism in ¢he
surrconding ¥ lamellae, glide of unfavorable types of dislocations may be required in order to
meintain compadbility ax the lamelar interface. Therefore, the properties of these unfavorable
slip systems should be examined in detail in order to improve the ductility of the lamellar
structures,

4 Deformation twinning may be mansmitted between grains related by a 180°, true-twin rolation
by & craoss-twinning procass which encounters little resistance to propagation across the
grain boundary. While this process appears to be rather favarable, it is shown to be impartant
for only a small region of loading directions and is, therefore, limited in iis overall importance
in the deformation process.
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The Kikuchi map it commoanly used in onder to perform controlled tilting experimems in the
transmission electron microscope. A sectan of the map for TiAl, with the L1g crystal structure, is
given in Fipure 9.1. Indicared on 1bis map are both the relatve posidons of the zone axes and 2
schematic representation of the diffrection patern which would be encountered for the particular beam
direction. It should be noted that she unique identification of die diffraction pattern is aided by the
preserce of the superlatiice reflections. Diffraction conditions for the 1.1g structure are satisfied for :

h,k  unmixed A

For the usual conditions of diffraction for the foe structure - ie. b, k and | vnmixed - fundamental
reflections are observed. Superlatdce reflections are observed for any planes which saisfy
cquation ¢.1, but do not satisfy the conditions for foc like 001, 110, etc.  Accordingly, superlattice
diffraction spots are observed in the <110] and <112) zone axes, but not in the <101] or <211] zones.
Furthermare, the position of the superlattice spots in 1be <001> zones gives additional information
about the idendfication of the zone, These conditions are clearly indicated in the schemaric
representations of the diffraction paiterns incleded in the Kikuchi map in Bipgre 9.1, The full circles
indicate fundamental reflections and are the same as those for the foe crysial (ignoring she slight
tetragonal diswortion), while the open diamonds indicase the position of the superlamioe spots.

Ta use this map, twa zane axes are located in the crystal and the Kikuchi map is rotated such that the
direction of roration on the map is the same 85 the rotadon diat was executed in the microscope to
"move” between the two cones. The orientation of the Kikuchi map must then remain fixed and is
nsed to define the sense of rotation necessary 1o reach any other zones, Conmolled tlting along the
appropriate “road” is then used to rotate the erystal to the desired onentations. )t should be mentioned
that shis map was constructed without the necessary consideration of the definttian of the beam
dirsction (as the upward normal of the foil) [120). However, selection of the beam direction in the
downward sense of the foil normal does not change any of the calculations performed in this work.

1t must be noted that this method of dlting is valid anly for a single grain. Consistent indexing of
related grains can be accomplished by the method given in Table 2.1 and shown more explicitly in
Figure 9.2. The construction of the <111 siandard projection shown in Fig 9.2(3) is such that the
pole of rotation beiween the adjacent crystals is taken at the center of the projection. In this way, all
directions which are perpendicular to this pole, or alternately contained within the plane of the
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Figum: 9.1 The Kikechi map for the L strucare of TiAL

rotation, are located on the great cirele defined by the rotation plans. Since the orientation
relationships between adjacem ¥ grains can always be deseribed by a mohiple of 60° about a <111>
direction, this projection provides a convenient way of determining the orientation relationship. Also
indicated on this projection is the relative crientation of the [101] and [011] zone axes, This
oricnmiion is defined by the relative position of the [001] pole such that the {020) and (200) “roads"
are coreectly criented. Also indicated by these representations of the crientation is the common (111)
reflection which is used to rotate the crystal with the beam direction always paralle] to the plane of
rotation.

As an example of how this projection is then used to determine the crientation relationship, i1 is
assumed that an orientation relaonship of a 60° rotation about [1J1], i.e. the pscudo-twin
relutionship, is present between the two grains under investigation. The relative orientation of the two
crystals can then be visnalized by manuzlly rotting the projection of one velative to the standard
projection which remains stattonary. Overlapping projections after the rotation of 60° i shown in



Figure 2.2(2): A <111> projection construcied with the pole of rotation, {11 1], at the center,

Fig 9,2(b}. 1n this projection, the initiel or O° grain is represented by the open symbols while the
rotated crystal is represented by the filled symbols 2nd the poles ans identified with a bold print. Now
it is readily seen that for a beam direction parailel w [101] in the inidal grain, the beam must be parallel
to the [011] zone in the adjacent grain. Similarly, if the beam is parallel to [((#11]in the initial grain,
the beam will be simuoitaneously paratle! 1o the [110] direction in ke adjacent grain. However, the
type of zone axes which ar¢ parallel in the adjacent grains is not sufficient 1o define the exact
orientation relationship and the position of the zones must also be compared. Comparing
Figs 9.2(a)&(b), il is clear that the orienration of the difiraction panerns for these two zone axes
appears 10 be reflected across an axis which would contain the spot from the transmiited beam and the
[111} spot. This reflection is characteristic of & 1win relationship and, in the case of the 60°
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rotation, this is associated with a pseudo-twin relationship. The origin of the inversion lics in the
changing of the stacking sequence from ABCABC w0 CBACBA actoss the boundary as discussed in
Section 1.4.1.

In order to identify the relationship between any two grains, the observed diffracdon patems are
compared with the predicted panems as shown in Table 2.1. A minimum of two simpltaneous zone
axes (preferably three) most be identified in each grain. Comparison of the presence or absence of
supetiamics spots and the orientation of the diffraction patterns with the predicted pattens for various
rotations will then give the specific ovientation relationship between the ewo grains, Itis also desirable
to locate a fourth zone axes which is not paralle] to the plane of rotation to confirm the full analysis.
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Figure 8.2(b) : Overlapping projections of both a {1117 standard projection and the projection of a
crystal rowated 607 abous the [111} pole.



It should be nowed that this method allows a clear distincrion 10 be made between the two types of
pseudo-twin relationships (i.e. 60° or 300°) and the two 120° type rotational faulis (i.e. - 120° or
24(°). Furthermore, it can be said that many other methods can be used to define the anentation
relationship berween rweo adjacent graing and thae this can generally be accomplished with
manipulanions of the siandard [001] projection. However, the method outlined here is believed 1o be
much simpler than these trial and error methods. Moreover, it provides rapid and consistent indexing
when three or more gratns are investigated. For insiance, the crientations of many lamellae within a
lamellar colony are rapidly identified and will be fully consistent. It should be emphasized that the
distinciion between the 60° and 3007 rotation is arbitrary since the rptations will be crysiallographically
equivalent. The distinction between these rotations is neventheless made to enable fully consistent
determination of the slip systems and for the calculation of the appropriate geometric compatibility

factors as described in Secton 1.5.2.



