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Abstract 

This report briefly elucidates the progress made during the course of research 
undertaken under AFOSR grant no: 91-0427. The thrust of this work involves 
deformation modeling, identification of dominant contributors to plasticity, and 
exploring the subtleties of microstructural effects in brittle intermetallics 
Molybdenum Disilicide and Titanium Aluminides and are described under separate 
headings. 

A. Molybdenum Disilicide: Experimental evidence of stacking faults in MoSi2, 
processed over a range of solidification velocities is presented. Shear type faults are 
observed on {110) planes in plasma-sprayed polycrystalline specimens (grown at 
106cm/hr growth rate). Condensation faults on (001) planes, probably associated 
with silicon loss during processing, are observed in single crystals (grown at 
lcm/hr to 30cm/hr growth rates) and are thermally stable. Prior experimental 
evidence for the transformation of C40-MoSi2 (high temperature phase) to Cllb- 
MoSi2 (low temperature phase) has been re-evaluated such that the fault character, 
and in particular the existence of the C40 structure, is questioned. Thus, 
transformation-induced stacking faults, originally described as 1/4<111> lying on 
(110) have been reinterpreted as 1/6[001] condensation faults on (001). The 
possibility of these faults contributing to strain (under the action of diffusion- 
assisted mechanisms) and strain-hardening (by crystallographic glide processes) is 
elucidated. 

Deformation Modeling efforts assuming crystallographic slip indicate that finite 
deformation textures could only be produced by<100]{013) slip and not by 
<111>{ 110) slip. Additionally, such textures could also be produced by fracturing 
effects on (001). 

B. Titanium Aluminides: Tensile Deformation microstructures in y-TiAl + 0C2Ti3Al 
based fully lamellar (FL) and nearly lamellar (NL) microstructures have been 
simulated using micro-mechanical methods. The deformation is extremely 
inhomogenous resulting in a large accumulation of hydrostatic stresses at the grain 
boundaries, thereby promoting intergranular fracture initiation. In particular, the 
increase in ductility with increasing equiaxed y-grain volume fraction (with 
compliant deformation characteristics) in nearly lamellar alloys is explained by the 
reduction of the hydrostatic stress buildup at the boundaries, consequently 
mitigating fracture. 

For finite deformations in compression, crystals with their lamella parallel to the 
loading axis, demostrate an increased tendency to buckling and contribute to 
localized behavior extensively. 



A)       Molybdenum  Disilicide 

Research efforts were directed in two broad categories: i) Establishing the dominant 
deformation mechanisms responsible for the observed high temperature plastic behavior in 
MoSi2, ii) Exploring the textural effects of activating the different proposed slip systems in 
MoSi2 

i. Dominant High Temperature Deformation Mechanisms in MoSi2 

We are attempting to explore the deformation contributions of the various slip systems 
being proposed (as observed in transmission electron microscopy (TEM) investigations) in 
the literature. Several aspects of the high temperature ductile behavior are of interest; i) the 
plastic behavior is extremely strain rate sensitive (Gibala, Ghosh, Van Aken, Srolovitz, 
Basu, Chang, Mason and Yang, 1992), suggesting the possibility of time dependent 
phenomena, ii) there is significant evidence of climb dominated <100] segments lying in 
non-slip planes (Unal, Petrovic, Carter and Mitchell, 1990) and iii) there may be some 
contributions from transformation-induced plasticity (Umakoshi, Sakagami, Hirano and 
Yamane, 1990). The first two aspects relate to the diffusion based mechanisms, consistent 
with the strain rate sensitivity as observed experimentally (Gibala et. al., 1992). The latter 
pertains to the polymorphic transformation of the low temperature phase Cl lb-MoSi2 to the 
high temperature phase C40-MoSi2 (Umakoshi, Sakagami, Yamane and Hirano, 1989) 
presumably under applied stress. 

Recently, it has been suggested that high temperature ductility can be derived from the 
high temperature instability (starting around 1300K) of the Cllb structure with respect to 
the C40 structure, see figure 1. Indeed evidence of such transformation has been presented 
by Umakoshi, Sakagami, Yamane and Hirano (1989) in single crystals of MoSi2 deformed 
at 1173K. It is suggested that the transformation from Cllb to C40 activates 1/4<111> 
partial dislocations and creates pure stacking faults in MoSi2, thereby enhancing ductility. 
The evidence of such transformations has been questioned recently because in equilibrium 
phase diagram studies of high purity MoSi2, the high temperature phase field has not been 
detected. In particular, phase equilibrium studies (Boettinger, Perepezko and Frankwicz, 
1992) preclude the possibility of an equilibrium C40->Cllb polymorphic transition in pure 
MoSi2- 

In light of these inconsistencies, we have revisited the problem of transformation- 
induced ductility as originally suggested. Prior experimental data has been reinterpreted, 
such that the fault stability, and the existence of the C40 structure is questioned. 
Specifically, the metastability arguments have been explored to account for the shear 
polymorphic transformation. 

Fault Analysis of the Transformation Evidence 

The experimentally obtained contrast (Umakoshi, Sakagami, Yamane and 
Hirano, 1989) for the fault (Rp) and the partial (bp) is presented in table 1 along with the 
g.Rp, g.bn tabulations for the diffracting vectors used in the analysis. The image recorded 
with g=110 offers the clearest invisibility for the bounding partial as well as the stacking 
fault. Thus, the choice of stacking fault partial is either 1/4[111] or 1/4[1 IT]. In each case, 
the dislocation partial visibility and the fault contrast is not matched consistently for the 
remaining diffracting conditions. For the presumed scenario of the bounding partial, at least 
three images should reveal no fault contrast (i.e., g.RF= 0, integer) whereas only one 
invisibility has been presented. We have also included the computed contrast for 
bp=l/n[001] (n=l/2,1/6) which appears consistent with the experimental contrast. 



Table 1: Fault Analysis of experimental data extracted from Umakoshi, Sakagami, 
Yamane and Hirano(1989). The six diffracting conditions are listed as presented in 
the published literature along with the 'computed' and 'experimental' fault contrast. 
The experimental data has a perfect match with 1/2[001] or 1/6[001] rather than the 
suggested 1/4<111>. 

experimental 
g.Rp     i/4rnn     i/4rnn     i/2roon    l/ernoi    Fault   Partial 

(T03) 1/2 1 V V V V 
(HO) 0 0 I I I I 
(211) 0 -1/2 V V V V 
(0T3) 1/2 -1 V V V V 
(002) 1/2 -1/2 V V ? V 
(ZT3) 0 -1/2 V V V V 

It is unlikely that these errors can be attributed to rotation calibrations, since the expected 
fault contrast in itself does not agree with the experimental observations. Interestingly if we 
consider the possibility of a 1/2[001] or 1/6[001] partial dragging a fault, we note that the 
experimental contrast can be matched correctly to the computed contrast assuming the 
g.bp=0 criteria. The [001] fault can be created by shear in any plane (hkO) and by 
condensation on (001). 

Experimental Evidence for New Interpretations 

Our experimental evidence was obtained from i) plasma sprayed polycrystalline material 
produced at growth rates > 106 cm.hr1, and ii) single crystal MoSi2 melt processed, in a 
halogen-powered optical float zone at a growth rate = 1.0 cm hr1, in an identical fashion as 
that reported by Umakoshi et. al (1989,1990). 

i) Plasma-sprayed material: The most significant and unique feature of the as spray- 
deposited specimens is the observation of a wide variety of symmetrical shear faults lying 
on (1T0) planes, prior observation of such faults has been linked to ductility. Figure 1 
shows selected micrographs of the experimentally observed contrast for the faults. Fault A 
exhibits a g.RF=0, integer and g.bp=0 type for g=iro, figure 1(b), yielding a fault vector 
= 1/2[001]. This is consistent with the image formed with g=006, figure 1(c), where the 
partials are observed but the fault disappears on account of g.bp * 0 and g.RF = integer, 
respectively. Fault B exhibits a g.RF= integer and g.bp=0 type of contrast for g=103, 
figure 1(a) and g=lT0, figure 1(b), yielding a fault vector = 1/4[33T]. Table 1 lists the 
contrast observations for visible (V) and invisible (I) for the fault vector (Rp) and the 
bounding partials (bp) along with the expected contrast for faulted pairs of different feasible 
magnitudes. A 1/6[33T] fault is ruled out because of the strong contrast (see also Table 1) 
observed for g=T03, figure 1(d), and g=00&, figure 1(c). A 1/3[001] fault is ruled out 
because of the strong fault contrast observed for g=103, figure 1(a), and g=I03, figure 
1(d). Thus, the experimentally observed contrast is consistent with fault vectors of 
l/4[33l] and 1/2[001] bounded by equivalent partial dislocations on either side with 
Burgers vectors given as b =l/4[33l] and b = 1/2[001] respectively. These dissociations 
are not faulted dipoles as has been confirmed by ±g analysis. 

ii) Single Crystal MoSi?: Stacking faults were readily observed in the as-grown samples as 
shown in figure 2. Both the stacking fault and the bounding partial are visible for g=0l3", 
figure 2(a), and g=T03", figure 2(b). The stacking fault exhibits a g.Rp=0 or integer type of 



Table 2. Comparison of experimentally obtained fault (F) and partial (P) contrast with the 
absolute values of the expected contrast for faulted pairs of varying magnitudes. The 
experimentally observed contrast* is listed as visible (V) and invisible (I). 

SJLF. T33T1*    1/4T33T1        l/6f33T1       fOOll*    1/2[Q011       1/310011 

F/P F/P 
(110) VI 0 0 VI 0 0 
(005) V/V 3/2 1 w 3 2 
(013) VI 0 0 V/V 3/2 1 
(200) V/V 3/2 1 VI 0 0 
(103) V/V 3/2 1 V/V 3/2 1 
(TT0) V/V 3/2 1 VI 0 0 

\D®8 

4ft^..-:-..-1 «*..-: 

HjD^I^.^11^-. 

Figure 1. Weak Beam TEM micrographs of faulted partials in rapidly solidified (Spray-deposited) 
MoSi2. a) g = 103, B « [010], b) g = 1T0, B - [110], c) g = 005, B - [010], d) g = 103, B - , 
[010]. Fault labeled A is dissociated as [001](lT0) = 1/2[001](1I0) + 1/2[001](1I0) and fault 
labeled B is dissociated as 1/2[33T](1T0) = l/4[33l](lT0) + l/4[33l](ll0). 
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Figure 2. BFTEM micrographs of 1/61001] condensation faults on (001). a) g =T03", B ~ 
[331], b) R=1T0, B«[001], c) g=110, B«[001], d) g=0Z0, B*[001], e) g=Z00, B«[001] 



contrast for g=H0, figure 2(c), g=l 10, figure 2(d), g=0Z0, figure 2(e), and g=Z00 figure 
2(f), thus yielding an Rf=l/n[001]. The partial exhibits a g.b=0 and g.b x u^O type of 
contrast for g=lT0, figure 2(c), g=l 10, figure 2(d), g=0Z0, figure 2(e), and g=Z00 figure 
2(f). Trace analysis indicates that the fault is spread out on the (001) plane with the line 
directions (UJ) of the curved partial as A=100 and B=010. Thus, both A and B exhibit a 
g.bxu=0 type of contrast for g=Z00, figure 2(f), and g=020, figure 2(e), respectively. 
Conventional dark field imaging indicates that the experimental contrast could not be 
derived from completely overlapping faults. 

Comparison  with Prior Literature 

For the case of single crystal data, the contrast observations of [001] faults in the 
present study are essentially similar to 1/4<111> shear fault evidence presented earlier by 
Umakoshi et. al. (1989) for deformed specimens of single crystal MoSi2. It is speculated 
that the condensation faults are produced possibly by i) a condensation of vacancies, or ii) 
by loss of silicon from the MoSi2 unit cell. The former possibility is somewhat diminished 
as we have observed no condensation faults in rapidly quenched specimens. Regarding the 
latter possibility, the idea of silicon loss is plausible, since the observation of such faults is 
linked with the sample's high temperature excursion during processing and/or mechanical 
testing. Considering the stacking in the C direction in the (LT) Cl lb structure; six different 
layers, 2-Mo layers and 4-Si layers constitute the unit cell. The layers are stacked in 
sequence as Si, Si, Mo, Si, Si, Mo layers, Figure 3. 

Figure 3: MoSi2 unit cell 

Since there are alternate sheets of Mo and Si atoms on the (001) planes in the Cllb 
structure, the chemistry can be altered by eliminating either the Mo sheets or Si sheets of 
atoms. MoSi2 is a line compound and owes its oxidation resistance to the formation of a 
surface film of Si02- One can imagine that loss of silicon, (or Mo enrichment to form 
MosSis) occurs by the removal of sheets of silicon. It is hypothesized that a single or 
double layer of silicon atoms may be removed to create the 1/6[001] and 1/3[001] fault, 
respectively. A 1/3[001] fault is ruled out because of the strong fault contrast observed for 
g=0l3, figure 2(a), and g=103, figure 2(b), and so a 1/6[001] vector is most likely. Note 
that a 1/2[001] fault will remove Si and Mo atoms in the ratio of 2:1, and thus no chemical 
changes are created. 

It appears that the origin of these faults is derived specifically from the duration of the 
high temperature excursion. The degree to which silicon is lost depends on the processing 
conditions: ambient pressure, temperature of the melt, and overall time of melting 
(Lograsso, 1992). Thus all other things being equal, the growth velocity determines the 
residence time at high temperature. If temperature alone were the dominant effect, the 
growth velocity would not be expected to have any effect. To validate this point, single 
crystal samples were processed at various growth rates ranging from lcm/hr to 30cm/r. At 
high growth rates no faults are observed, whereas [001] condensation faults are observed 



for slow growth rates indicating that their origin is somehow derived from the time 
dependent excursion into the high temperature regime. In this regard the suggestion of 
silicon loss appears most plausible. Additionally, any vacancy condensation effects are 
eliminated since one would expect them to be more dominant at the higher growth 
velocities. No specific details of the growth velocity for the optical float zone processed 
MoSi2 crystals were presented by Umakoshi et. al. (1989), but growth rates associated 
with such halogen-powered optical float zone furnaces are usually low (Kimura, Nakamura 
and Hirano, 1990). 

Phase Diagram Implications 

In the immediate vicinity of the condensation fault, with the removal of a layer of 
silicon atoms (see figure 1), the local chemistry is enriched from MoSi2 to MoSi, such that 
the average unit cell now has the composition Mo2Si3. In the most recent compilation of the 
Mo-Si phase diagram (Massalski, 1990), MoSi2 is referred to as a Hne compound. Thus, 
silicon loss to form the oxidation barrier Si02 is presumed to be derived by the 
decomposition reaction: 

5 MoSi2 = Mo5Si3 + 7 Si 

This appears plausible as MosSiß pecipitates are routinely observed in MoSi2- Evidence of 
condensation faults, on the other hand, allows for a possible deviation in chemistry while 
retaining the Cllb structure, and thus the strict definition of the 'line' compound is 
violated. Additionally, since condensation faults continue to grow, under the application of 
stress, further Mo-rich variations are likely. In the current context, the silicon loss may be 
accommodated by extending the phase composition of line compound MoSi2 to the Mo-rich 
side at high temperatures, such that the reaction 

MoSi2 (stoichiometric) = MoSi2 (Mo-rich) + Si 

may be possible. Such a possibility has indeed been indcated in an earlier version of the 
Mo-Si phase diagram reported by Brewer and Lamoreux (1980), as well as in the 
isothermal section of the Mo-Cr-Si phase diagram at 1300°C (Ageev, 1964). However, it 
is emphasized that: i) the changes in chemistry do not involve any 'incorrect' site 
occupancy, and ii) such a compositional window can only be proposed for high 
temperatures, presumably even greater than 1300°C, since all attempts to create such faults 
by heat treatment in the temperature range 1400-1600°C were unsuccessful. 

Ductility   Considerations 

We now attempt to explain the possible growth mechanism of such condensation loops 
as observed by Umakoshi et al (1989) under compressive loading. These pre-existing 
faults may grow upon testing in the creep regime based on diffusion-assisted climb 
arguments. Groves and Kelly (1969) have shown that shape changes can be produced by 
climb. Thus, the fault could possibly expand on the (001) plane and produce strain. Such 
climb would be activated by a component of stress acting normal to the plane of the fault 
(001). Seemingly, this explains why the faults would grow when tested in the [001] 
orientation. In fact, this is likely since the major contributors to deformation, the <100] 
dislocations, are not activated at this orientation. However, two additional facts are of 
related significance: i) the originally suggested mobility of 1/4<111> contributes four slip 
systems with strain contributions available in the 8XX, 8yy, 8ZZ orthogonal directions, 
whereas the climb-assisted expansion of the [001] loops can only produce strain in the 8ZZ 
direction. Thus, its role can be of minimal contribution at best, ii) we expect that these 
faults are significant barriers to dislocations with Burgers vectors not contained in the (001) 
plane because the periodicity of the lattice will introduce some APB components, as 
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discussed in the next section. We expect this to be of some significance as [001] is not the 
most likely plane for <100] slip. This point is elaborated in the next section. 

Hardening Mechanisms Introduced by Faults 

Interactions of slip dislocations with various metastable and stable faults can contribute 
work hardening effects. As mentioned earlier, condensation faults are quite large (several 
microns wide), and presumably grow under the application of stress (Umakoshi, 
Sakagami, Hirano and Yamane, 1989). Thus the probability of their interaction with climb 
and or glide events is increased. For the climb event of a <100] dislocation, normal to the 
fault, the dislocation spreads out in the (001) plane of the fault (Kad et. al, 1995). For 
crystallographic glide events, the schematic diagram in Figure 4 shows the effect of 
1/2<111> and/or 1/2<331] dislocations gliding on (110) past the (001) plane of the fault. 
Each event creates two layers of APB related stacking error residing on (110), which 
doubles with the passage of the next dislocation. Similarly 1/2<331} dislocations gliding 
on (013) create two layers of APB-induced stacking error on (013). Though the APB 
energy on (110) is not known, it is expected to be much higher than the SISF energy ~ 
255mJ/m2 (Evans, Court, Hazzledine and Fräser, 1993). Our initial flow stress results in 
[001] orientation, though preliminary, indicate that float zone crystals exhibit a significantly 
higher flow stress compared to Czochralski crystals. This flow stress behavior, also 
observed by Maloy, Mitchell and Heuer (1994), may be attributed to the possible effects of 
stable condensation faults. 

Condensation Fault on (001) 
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Figure 4. Schematic diagram of the hardening process as produced by the intersection 
of glissile dislocations, containing the 'c' component, with the condensation faults on 
(001). Passage of each lattice dislocation gliding on (110) planes creates an APB 
component on the gilde plane. 

ii. Texture Effects of High Temperature Deformation 

This component of research attempts to rank the proposed slip systems in M0S12. At 
least five different slip systems have been proposed in the literature. These are <100] (013), 
<100]{011), <110]{111}, 1/4<111>{110}, 1/2<331]{1100, and 1/2<331]{013) slip 
systems. While they have certainly been observed in the deformed samples by TEM, it is 
not entirely clear if they are indeed contributing to strain or if they are just sessile residuals. 
This point is ever so important in brittle MoSi2, where the mere observation in TEM 



samples may in fact point to their immobile nature. To counteract this problem we are 
attempting to simulate the crystal rotations incurred by polycrystalline aggregates with the 
activation of one or a combination of slip systems. The objective of computing the 
geometric hardening incurred by the activation of a specific slip system is to ascertain the 
increasing levels of stress required to accommodate the diminishing schmid factor obtained 
as a result of rotation of the crystal lattice. 

In the Cllb structure MoSi2, the close packed slip planes (in decreasing order) are 
(110) and (013) with a packing density of 1.73 and 1.55 atoms per unit area (a2, where 
a=3.2Ä) respectively. The corresponding numbers for just the Mo atoms are 0.58 and 
0.52, respectively. The most likely slip vectors in these close packed slip planes in MoSi2 
are <100]{013) and /12<111>(110). Experimental corroborations for dominant slip 
system activity were obtained by compressing MoSi2 compacts to strains greater than 50% 
in compression. Assuming random texture in the samples initially, deformation texture 
were measured by X-ray pole figure examinations and compared with simulations for each 
of the slip systems. Thus we have employed each family of slip systems (4 in each case) 
independently (in computationally derived deformation simulations) to generate a moderate 
deformation (« 0.5 true strain). Figures 5(a) - (d) show the computed (001) texture for 
crystallographic slip activation for <331]{110), 1/2<111>{ 110}, <100]{013), and 
1/2<331] (013) slip systems respectively. 

Analysis of experimental textures presented here, Figure 6, indicate that a strong [001] 
fiber texture is produced parallel to the compression direction. These results can be 
reconciled with theoretical simulations only for the case of <100]{013), and <331]{013) 
slip systems (both of which produce closely related [001] fiber textures). One aldditional 
possibility is that the brittle intermetallic undergoes some form of textural reorganization by 
a combination of fracture and healing processes on the (001) plane. This could account for 
the experimental textures observed, since any fracture process on (001) plane introduces 
identical rotational components (as those of <100]{013) and <331]{013) slip) necessary 
for texture and can be most readily reconciled with the experimental data. 

These textural observations lead us to conclude that 1/2<111> dislocations reported in 
the literature are only minor contributors to the overall finite deformation. It seems likely 
that the abundant <111> dislocations observed experimentally are mere dissociations of 
<331] dislocations given as: 

1/2<331]   =1/2<111>+[110], 

where the [110] dislocations may further dissociate as 
[110] = [100]+ [010] 

This explanation is most consistent with both the macroscopic texture alignment and 
microscopic dislocation observations. 

Summary 

Metastable shear type faults are observed lying on (110) planes in plasma-sprayed 
polycrystalline specimens (grown at lO^m.hr1 growth rate). Condensation faults on (001) 
planes are observed in single crystals (grown at lcm.hr"1 growth rates) which are thermally 
stable. The transformational evidence presented earlier in the literature has been 
reinterpreted as simple condensation faults probably produced by the loss of silicon at high 
temperatures during crystal growth. While these faults may produce some strain by climb 
assisted mechanisms at high temperature, it appears that they act as general barriers to the 
motion of more mobile dislocation segments. 
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Figure 5: Simulated (001) pole figures for compression textures in MoSi2 (£=0.6) for 
a) <331]{110), b) 1/2<111>{110}, c) <100]{013), and d) 1/2<331]{013) slip 
systems respectively. 
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Figure 6: Expereimetal textures of polycrystalline MoSi2 specimens deformed at 
1400oC at a strain rate of 10"3 sec*. The textures indicate the typical [001] fiber 
textures produced parallel to the loading direction. 
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For finite compressive deformations (i.e, e=0.6) at high temperatures, the deformation 
texture can only be reconciled with <100]{013), and <331]{013) slip system activation 
(both of which produce closely related [001] fiber textures). Additionally, it is possible that 
these textures are also influenced by cracking on the (001) plane, since this process could 
also account for the experimentally observed texture. 
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B)      Titanium Aluminide: microstructural development 

Two areas of target development were, i) generating a physically based understanding of 
microstructurally sensitive mechanical response, and ii) developing processing parameters 
(including texture) for application specific component design. The task involved employing 
experimental and numerical methodologies to design optimum microstructures as well as 
optimum textures in these highly anisotropic materials. 

Recently, an effort has been made to apply finite element procedures [Harren, Deve and 
Asaro, 1988], incorporating physically based crystal plasticity models [Asaro et. al, 1979, 
1982, 1983, 1985, 1988], to study the evolution of non-uniform deformation in TiAl 
based polycrystalline alloys of engineering development interest [Kad, Dao and Asaro, 
1995]. The impetus for such efforts is to gather fundamental insight into microstructure 
sensitive deformation mechanisms, and to extract additional information, that is nominally 
not obtainable from traditional mechanical property measurements. The most productive 
approach to understanding how microstructural mechanisms operating on the grain level 
(i.e., in single crystals) determine the polycrystal behavior is through the development, 
application and the subsequent refinement of numerical procedures, which predict 
polycrystal response with some appropriate average of the response of its constituent 
grains. In lamellar TiAl alloys, such an effort is particularly desirable to help track various 
aspects of plastic anisotropy (Inui et. al, 1992, Nakano et. al, 1992) of single crystals (i.e., 
strength, failure strain etc.), and the contribution of micro-constituents (y-grain Vs lamellar 
colony volume fraction) as implicit in polycrystalline aggregates (Kim, 1992). Within that 
framework, the results presented here are inspired by the need to explore mechanistic 
reasons to explain the functional dependence of ductility on y-grain volume fraction in 
nearly lamellar alloys, figure 7(a), when no apparent clues can be discerned from the 
mechanical property measurements, figure 7(b). The exact details are that fully lamellar 
alloys exhibit very low ductility, but a significant improvement is obtained by incorporating 
small volume fractions of equi-axed y-TiAl (occurring mostly at the lamella colony 
boundaries). This is a surprising and an unusual result since monolithic y-TiAl is extremely 
brittle and exhibits fracture strains of <l%. 
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Figure 7(a) Schematic of the effects of increasing y volume fraction on tensile 
elongation, from b) Stress-strain curves of the fully (FL) and nearly (NL) lamellar 
microstructures [11]. 

Experimental Observations 

The experimental effort is designed to supplement the existing body of experimental 
data especially as related to micromechanics and to provide the essential 'input' for the 
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quantitative efforts. This evidence is presented separately as the essential 'markers' on 
which the modeling effort was based, such that the theoretical results must reflect these 
subtleties of deformation behavior. 

Tensile failures: Tensile failure experiments were designed to monitor the initiation and 
evolution of cracking during the tensile test. Fracture initiation is an important criterion for 
establishing the exact regions. In a typical tensile test carried out to failure, we typically end 
up with two fractured specimens, which only suggest the probable failure propagation 
path. For the sake of monitoring the evolution of fracture, we concentrate on duplex alloys 
since they possess a higher ductility. Tensile specimens are mechanically polished and 
electropolished in the gage section and the samples are strained isothermally at temperatures 
from RT to 500°C. Figure 8(a) shows the mixed mode fracture evidence on the surface 
normal to the loading direction. However, the evidence just below the fractured ends 
(parallel to the loading direction) indicates fractures predominantly intergranular in origin, 
Figure 8(b). 
*&$!^**'*^%p.. y 

Figure 8: (a) mixed mode fracture evidence on the surface normal to the loading direction, 
and (b) fracture evidence just below the fractured ends (parallel to the loading direction) 
indicates fractures predominantly intergranular in origin. 

The idea of intergranular/grain boundary cracking as being the origin of tensile failures 
in two phase microstructures is not currently entertained in the literature. Though a great 
deal of fracture evidence of failed tensile segments is presented, one can only infer the 
general propagation path to failure, i.e., whether intergranular or transgranular? The sites 
of fracture initiation (or for that matter the specific cause of failure) are not explicitly 
specified. It is suggested here that intergranular regions provide nucleation sites for fracture 
of debonding/decohesion type. Such qualitative observations in tension and in compression 
(described below), prior to bulk fracture, indicate that specific inhomogeneities exist in the 
aggregate, and consequently allow us to adapt quantitative numerical methodologies to pay 
specific attention to the grain boundary effects and their response to morphological 
variations. Looking ahead to the next section, it will be shown that the presence of large 
hydrostatic stresses at these boundaries provide nucleation sites for fracture due to 
debonding or decohesion. 

Compressive Failures: Figure 9(a) shows the fracture evidence of a fully lamellar 
polycrystalline specimen (with its external surfaces prepolished) deformed «3% in 
compression at 10~3 sec"1 strain rate. While the bulk of the material is essentially sound, 
regions of microcracking and delamination are present close to the colony boundaries. 
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Initial experiments reveal that a significant amount of microcracking precedes bulk failure 
and invariably has its origins at or near the grain boundary. For example, cracks are present 
at =3% deformation, well before the =18% fracture strain in compression. Since 
compression failures are not catastrophic, their evolution is monitored readily. 
Observations indicate that at strains of the order of 10%, specific crystal orientations 
(lamellar nearly parallel to the loading direction) in the polycrystalline aggregates exhibit 
noticeable buckling behavior, Figure 9(b). 

Figure 9: (a) Fracture evidence of a fully lamellar polycrystalline specimen deformed ~3% 
in compression at 10"3 sec-1 strain rate, and (b) at «15% strain, specific crystal orientations 
in the polycrystalline aggregates exhibit noticeable buckling behavior. 

Localized Deformations: Figure 10 shows characteristic features of localized deformations 
as observed in lamellar microstructures deformed 15% in compression at 10"3 sec1 strain 
rate. This observation implies that homogeneous deformations, as assumed in Taylor's 
numerical formulation, are invalid for the constitutive study of deformation in lamellar 
microstructures. It is surprising that, even at relatively low strains of order of 2 to 3%, 

Figure 10: (a) Localized deformations, as observed by the displacement of fiducial gold 
lines, in lamellar microstructures. (b) Localized deformation at a bi-crystal boundary. 
Crystal A and B are in hard and soft mode orientations, respectively. All samples were 
deformed 15% in compression at 10"3 sec*1 strain rate. Arrows indicate loading direction. 
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the microscopic deformation behaviors in the constituent phases are highly anisotropic, 
thereby most likely exacerbating the non uniform deformation response. 

Interface Slip: Figure 11(a) shows evidence of coarse slip parallel to the laminates, and 
specifically localized at the -yiy and/or 7I0C2 interfaces. This observation, not only provides 
evidence for inhomogeneous deformation but also pinpoints the specific origin of such 
discontinuities. The concept of -yly and 7I0C2 interface sliding was introduced earlier by Kad 
et al.. Preliminary Ti-Ti, Ti-Al and Al-Al bonding considerations across the interfaces, 
following discrete partial slip vector translations, suggest that discrete slip can be 
accommodated at these interfaces without incurring any APB related energy penalties. 
Preliminary compression tests support this idea and warrant further investigation. 

5um ••- 
' C^-v. 
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figure 11: (a) Evidence of coarse slip parallel to the laminates, localized at the yly and/or 
yi0C2 interfaces, (a) -> (b) transition from coarse slip to mode II cracking (arrows), (b) -> 
(c) transition from mode II to mixed mode with crack opening displacements (arrows) 
approximately parallel to the loading direction. In (b) and (c), the displacement of vertical 
scratches indicates the localized strain contributions for samples tested in compression. 

Generally, inter-phase boundaries contain geometrical defects, ledges etc., and sliding 
has to be accompanied by local accommodation around the defects. This accommodation at 
ambient temperatures may be elastic, in which case the material response to applied stresses 
is instantaneous and the maximum sliding produced will be small. However, at high 
temperatures and high stresses, accommodation most certainly must come from matter 
transfer by diffusion and by dislocation movement during plastic deformation. 
Realistically, the behavior in the local environment of the defect is not the same as that of 
the grain volume. The ultimate contribution of such localized events in determining the 
overall creep response, at service temperatures, is of quantitative interest. 

Theoretical Results 

The numerical efforts are intended to account for the plastic, crack growth and fatigue 
ansiotropies of the lamellar crystals in the prescribed design for specific components 
intended for tension, compression or torsion loading or a combination thereof. The theory 
employed here accounts for arbitrarily large deformations and rotations, of both the material 
and the underlying crystalline lattice. Texture development, and the resulting anisotropic 
material response, are thereby accounted for along with a wide array of localized modes of 
deformation that are specifically important in the overall deformation behavior of TiAl 
lamellar microstructures as well as in the development of failure. 
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The reference configuration of the two dimensional fully lamellar (FL) microstructure to 
be analyzed is shown in Figure 12(a), where the Cartesian base vectors ej describe the 
orientation of the polycrystal's reference configuration with respect to the laboratory. The 
finite element mesh used in the polycrystal calculations consisted initially of rectangular 
'crossed-triangle' quadrilateral elements in a uniform grid 40 rectangles wide by 56 
rectangles high, which is 8960 constant strain triangles totally, Figure 11(b). No geometric 
imperfections was present in the initial mesh. To account for the small volume fraction of y- 
TiAl in nearly lamellar (NL) alloys, 'corner grains' were constructed comprising of 4vol%, 
8vol% and 12vol% y-TiAl phase located at the grain boundaries, as shown in figure 12(b). 

| Ld^ XX~ -^-|-^ 
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Figure 12. a) Reference configuration of the 27 lamellar crystals representing the 
random polycrystalline aggregate. The orientations \\fn are selected in the 180 > \\fn > 
0°, and b) Incorporating small volume fractions of equi-axed y-TiAl to simulate NL 
morphologies. 

Tensile   Results 

Stress-Strain Behavior: Figure 13 shows the computed stress strain behavior for the two- 
dimensional model microstructure, which is typical of the experimentally observed plastic 
behavior in lamellar microstructures, as shown in figure 7(b). Matching in the elastic 
regime is poor on account of the limited initial constraints in the two dimensional 
polycrystal, but despite the two dimensional idealization, the single crystal properties input 

I)       0.1X15     0.01     O.OI5     0.02     0.025     0.0.1     0.035     (1.04     0.045     0.05 

l:.n£inccrih£ Slniin 

Figure 13. Computed stress-strain curve for the idealized FL microstructure of figure 12. 
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parameters predict the polycrystalline response with reasonable accuracy, and the 
underlying deformation mechanisms are well captured. Note that while the model is scale 
independent, these input parameters can be scaled to account for scale effects of grain 
size and lamella thickness changes as reported curve elsewhere [3]. 

Strain Accumulations: The accumulated strains at aggregate tensile strains of 2.5% is 
shown in figure 14. Regions of gross inhomogenous deformation, both between and 
within grains is immediately obvious. Maximum localized strains on the order of 40% are 
computed at or near the grain boundaries as illustrated between crystal pairs 1-6, 7-13, 16- 
21, 19-25 in figure 514(a), and experimentally observed, using fiducial displacement 
techniques, at bi-crystal boundaries, as shown in figure 14(b). The triple point between 
crystals 12, 13, and 18 constitutes strain localization of =25%. Significant inhomogeneities 
are also observed within the bulk of crystals 3, 4, 5, 12, 13, 16, 26, 27, with transition 
zones from roughly 0% strain to >20% strain. Within a given crystal, the strain 
anisotropies are both parallel (in crystals 6, 8, 24) and perpendicular (in crystals 12, 13, 
25,26) to the laminates. As discussed in the next section, strain localizations parallel to the 
soft mode yield lower hydrostatic stress components, whereas strain localizations across 
the plate require activation of hard mode slip systems, or cutting of the ct2 plates and are 
considered as being additional constraining events requiring higher stress buildups. 

c  6.68<1e-a2 

k o.aoooeJ-aa 

Accumulated Sum of Slips: Fully Lamellar 

Figure 14. a) Theoretically computed strain accumulations (at 2.5% macroscopic 
strain) in FL microstructure. This strain inhomogeneity compares well with the 
experimentally observed strain accumulations at boundaries as shown in figure 10. 

A peculiar characteristic of the crystals is their response to the varying nature of 
constraint at its boundaries. For example, in crystals 12, 13 (both oriented in the soft 
mode) large portion of the crystals do not deform as they are constrained by their 
neighbors. Additionally, in crystal 7, while the bulk of the crystal does not deform, some 
small deformations are indeed observed very close to the boundaries to comply with its 
more readily deformable neighbors. The orientation dependent single crystal deformation 
behavior is thus collectively affected by its neighbors, which in essence raises the flow 
stress. 

Hydrostatic Stresses: Hydrostatic stresses developed in the fully lamellar microstructures 
(corresponding to strain accumulations shown in figure 14) at 2.5% aggregate strain are 
shown in figure 15(a). Note that the hydrostatic stress components range from compressive 
to tensile. For example crystal 11 is experiencing mild compression, whereas crystal 2, 10, 
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27 are experiencing tension. Such fluctuations are observed as bands of tensile and 
compressive 
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(a) Hydrostatic Stress: Fully Lamellar (b) Corresponding intergranular fracture 
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(c) Peak Hydrostatic Stress: Fully Lamellar      (d) Peak Hydrostatic Stress: Nearly Lamellar 
Figure 15. a) Hydrostatic stress distribution in FL microstructure, b) experimental 
verification of the intergranular origin of fracture, c) localization of hydrostatic stresses 
>500MPa near grain boundaries, and d) Peak hydrostatic stresses are significantly 
muted in NL microstructures. 

stresses traversing through the crystals. Thus tensile/compressive bipolar states are 
developed also within single crystals, as seen in crystals 4, 5, 7 and 16. In particular the 
largest values of hydrostatic stresses, far exceeding the experimentally observed fracture 
stress, are encountered at the boundaries and triple points, figure 6(c) (constructed to 
specifically identify regions of stresses >500MPa). The hydrostatic stresses may arise from 
i) a large accumulation of strain, especially those accumulations that activate hard mode slip 
and ii) large deformation incompatibilities and lattice rotations between adjacent crystals, 
resulting in fracture initiation at the grain boundaries, as shown in Figures 8,10 and 15(b). 

Fracture evidence, just below the fractured ends, indicates fractures predominantly 
intergranular in origin, figure 15(b), in accord with the large hydrostatic stresses computed 
at the grain boundaries and triple points. Thus, it is argued that the presence of large 
hydrostatic stresses at these boundaries provides nucleation sites for fracture of 
debonding/decohesion type. 

For nearly lamellar microstructures incorporating small volume fraction of equi-axed y- 
TiAl at the boundaries, figure 15(d), we note that while the deformation substructure is 
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essentially similar, the peak hydrostatic stresses are progressively lower. For example they 
are =1800MPa in FL alloys, but down to =1500 (not shown) and =1335MPa in NL alloys 
containing 4 and 12 vol% y-TiAl respectively. The arrows in figure 15(d) point specifically 
to sites where the benefits of y-grains are realized in lowering the peak hydrostatic stresses. 
This effect is observed since y-TiAl Tcrss is less than the lamellar hard mode xCrss and acts as 
a soft compliant phase in mitigating the development of high stresses at the grain boundary. 
Grain boundary fracture is thus mitigated resulting in a more ductile alloy, in agreement 
with the experimental observations of figure 7(a). 

Compression   Results 

While tensile properties are important, primarily from an in-service design perspective, 
compressive mechanical behavior is also very important, particularly in deformation 
processing to create large shape changes. A comprehensive understanding of deformation 
and fracture under compressive loading in lamellar TiAl microstructures is crucial in 
determining the mechanical workability. The objective of our research is, therefore, to 
study the deformation and failure mechanisms in polycrystalline lamellar TiAl 
microstructures with a physically based micromechanical model. Within this framework, 
orientation dependent localized deformation and failure modes of poly-synthetically twined 
(PST) lamellar single crystals are specifically modeled. Results are presented at large 
compressive strains (5 - 20% in this study). 

Internal Failure Modes: In lamellar microstructures under compressive loading, 
intergranular fracture and internal buckling (lamellar bending) are two of the most important 
failure modes observed. An important type of localized mode is internal buckling. Buckling 
leads to large concentrated stresses which, in turn, causes the initiation of fracture. An 
example is shown in Figure 16(a) for a fully lamellar microstructure deformed 15% in 
compression. This figure contains a trace map of the lamellar orientation within each finite 
element throughout the microstructure. Lamellar buckling, characterized by essentially 
discrete kinks, is evident in grains 7, 21 and 23 whereas gross lamellar bending has 
occurred in grains 2, 4 and 10. 

The corresponding peak hydrostatic stress contour plot, Figure 16(b) indicates that the 
boundary region and the buckled region develop very large hydrostatic tensile stresses 
under compressive global stress! Furthermore, those regions of high hydrostatic stresses 
inside the grains persist completely with the individual buckled grains; in fact the regions 
where the hydrostatic stresses are maximum have generally shifted from the grain boundary 
regions to within the grain matrices. This suggests a possible shift in the most likely 
fracture initiation sites from the grain boundaries to the grain interiors at increasing strain. 

Summary 

Polycrystalline stress-strain behavior has been predicted, using as input the constitutive 
response of single crystals. The deformation is severely inhomogenous, and deformation 
incompatibilities between adjacent crystals create large hydrostatic stress concentrations at 
grain boundaries, which are likely sites for fracture at low strains. Incorporating small 
volume fractions of equi-axed y-TiAl, at grain boundaries, as is the case for NL 
microstructures, greatly reduces the magnitude of the peak hydrostatic stresses, and 
consequently mitigates fracture initiation. This provides a suitable explanation for the 
increase in ductility as associated with an increasing volume fraction of equi-axed y-TiAl in 
lamellar microstructures. In compressive loading environments, at large strains of 10-15%, 
fractures initiated by internal buckling should be increasingly important. 
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Figure 16: a) (top) Trace map of the idealized microstructure of Figure 12, deformed 
15% in compression. Note that crystals with their initial lamellar orientation parallel to 
the loading axis, exhibit large scale buckling (in concert with experimental 
observations) and b) exhibit large corresponding peak hydrostatic stresses (bottom). 
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