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(ABSTRACT)

Although aluminides with the B2 crystal structures have good properties for high tem-
perature applications, the strong ordered bonds that make them durable at high tempera-
ture also make them too brittle at room temperature for industrial fabrication. In order to
better understand this lack of ductility, molecular statics simulations of planar fault defects
and dislocation core structures were conducted in a series of B2 aluminides with increasing
ordering energy (FeAl, NiAl, CoAl). The simulation results in NiAl were compared with
in-situ straining observations of dislocation motion.

The dislocations simulated were of (100) and (111) types. The simulations results
obtained indicate a strong influence of the planar fault energies on the mobility of the
dislocations. As the cohesive energy increases from FeAl to CoAl, antiphase boundary
and unstable stacking fault energies increase resulting in more constricted dislocation core
spreadings. This constriction of the cores decreases the mobility of dislocation with planar
core structures and increases the mobility of dislocations with non-planar cores.

The (100) screw dislocations were found with planar cores in {110} planes for FeAl,
NiAl and CoAl. For very high APB values, the cores were very compact, as predicted by
the Peierls- Nabarro model. As the APB energies decrease, increasingly two dimensional
spreading of the cores was observed and ultimately dislocation dissociation into partials. As
a result of the deviation of the stable planar fault energy from the APB fault, the partials
were not exact 1/2(111) but deviate to the point corresponding to the actual minima of
the v-surfaces for these compounds. Alloying NiAl with Fe was found to promote the

dissociation of the (100) dislocation.



The in-situ straining of a single crystal of NiAl only revealed the motion of (100) dislo-
cations. Both in-situ observations and atomistic simulations agreed on the zig-zag shape of
the (100) dislocation with an average screw orientation. In this configuration, the mobility

of the dislocation is severely reduced.
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0.1 INTRODUCTION

The development of performing intermetallics is mainly directed by the aerospace indus-
try. A first objective is to find lighter materials that can replace conventional superalloys for
application at temperatures up to 900°c. Efforts are especially directed towards developing
the skin and structural parts of the National Aerospace Plane where friction caused by hy-
personic flight can bring the temperature up to 800°c. A second objective is to increase the
operating temperature of engines towards the ultimate 2200°c where combustion of jet fuel
is most efficient. Development of high temperature materials at low cost would also have
a direct application in the automotive industry by suppression of the cooling systems. To
achieve this goal, new materials that can withstand higher temperatures have to be devel-
oped since engine efficiency is now limited by the melting point of superalloys or brittleness
of ceramic materials.

Among high temperature materials, intermetallics present interesting properties scaled
between those of superalloys and ceramics. They have high melting temperatures, low
density and good corrosion resistance. One of the primary problems encountered in their
development is that the strong, ordered bonds that make intermetallics more durable at
higher temperature compared to superalloys also make them brittle at room temperature.
Unlike in ceramics, a limited ductility can be achived through alloying and processing.

Among intermetallic alloys, aluminides with the B2 crystal structure present excel-
lent properties for high temperature applications. In order to understand the mechanisms
controlling the plastic deformation of these intermetallics, atomistic simulations of crystal
defects have been successfuly conducted, especially in the Ni-Al system. The purpose of
these simulations is to compute the unstable stacking fault energies and the dislocation
core structures that are known to influence the dislocation mobility. Such parameters are
only accessible through atomistic simulation. This study presents the results of atomistic
simulations of planar faults and dislocations in a series of B2 aluminides. The compounds

simulated, FeAl, NiAl and CoAl, have increasing ordering energy and decreasing fracture



toughness.

The successful approaches to solve the ductility problem in intermetallic alloys are re-
ported in Chapter 1. This chapter also reports the results obtained from previous ex-
perimetal observations, atomistic simulations and modeling of dislocations in the B2 alu-
minides. The interatomic potentials and embedded atom method used in this study for
the simulations of the crystal defects are presented in Chapter 2. The simulation results
for the planar fault energies along the {110} and {112} planes in FeAl, NiAl and CoAl are
reported in Chapter 3. Chapter 4 presents the simulated core structures for the (100) and
(111) dislocations in FeAl and CoAl. The results were compared with the experimental
observation of slip systems in these compounds. The results were also analyzed to identify
the trends in the simulated material properties.

In order to explain the lack of ductility in NiAl, in-situ experimental observation of
dislocations in a single crystal of NiAl was conducted at the CNRS Laboratory (France) as
part of this work. The characteristics of the observed dislocations and their behavior under
an applied stress are described in Chapter 5.

The study on the strain in the (100) dislocation cores in FeAl, NiAl and CoAl is described
in Chapter 6. The mobility of the dislocations simulated was rationalized in terms of the
shape of the core structures and the unstable stacking fault energies along the slip plane.
The validity of the Peierls-Nabarro model for the planar cores simulated is also discussed.

Finally, the (100) screw dislocations were simulated in a ternary B2 Ni-35A1-12Fe system.
The developement of interatomic potentials for this system was driven by the experiemtal
observation of ductility in these ternary alloys. The developement of the interatomic po-

tentials and the results of the dislocation simulations are reported in Chapter 7.



Chapter 1
LITERATURE SURVEY

1.1 METALLURGY OF HIGH TEMPERATURE INTERMETALLICS

The development of structural alloys for high temperature applications is a difficult
exercise due to the overall balance of engineering properties required. A perfect high tem-
perature alloy should be strong and creep resistant at high temperature. The material also
has to be tough enough at room temperature to avoid crack initiation during formation and
temperature cycles experienced in its life time. After fifty years of development of nickel
and titanium superalloys, they have become state of the art materials for high temperature
applications. There are no other structural materials capable of a service temperature as
close to their melting points as the superalloys.

To be in competition with superalloys, high temperature intermetallics must offer high
temperature strength and oxidation resistance together with room temperature ductility
and low density. Efforts have been especially concentrated on the improvement of room
temperature ductility of nickel and titanium aluminides (see Table 1.1). As presented in
the following examples, controlling the room temperature ductility of these intermetallics

is a difficult task which has some consequences on the initial material properties.

1.1.1 TizAl and TiAl Based Intermetallics

Among intermetallics, TizAl is in the most advanced stage of development. Both Pratt
& Whitney and General Electric produce a ductile version of TizAl usable up to 700-
800 °C which is currently being tested by several turbine builders [8]. Hexagonal DO,g TizAl

compound is brittle by nature and industrial applications would not have been possible



without the discovery of a ductile multiphase form of this intermetallic [9]. The ductile
TiAl alloys have two phases, a; (TizAl) and B (Ti-Al-Nb). Niobium, which substitutes
titanium (10-30% in overall alloy), enhances the majority of the material properties with
the exception of creep performance [5]. In other words, the increase in Nb percentage
increases ductility at room temperature but decreases high temperature creep resistance.
Niobium can be replaced by Mo, Ta or Cr for improved strength, Mo for creep resistance
or Ta and Mo for oxidation resistance. Still, the application temperature cannot exceed
800 °C.

The ductility in these multiphase alloys is strongly related to the control of the distri-
bution and morphology of the 3 phase through alloying and processing. It is important
to notice that a; is the strengthening phase and the deformability is insured by the pres-
ence of the second phase, 5. Reviews of the recent development of the two phases TiAl
alloys [5, 10, 11, 6] emphasize the importance to produce an elongated plate-like az mi-
crostructure to obtain the optimum balance of room temperature ductility and elevated
temperature properties. However, the mechanisms responsible for the increase in ductility
at room temperature are still unclear.

TiAl also has some interesting properties for high temperature structural material ap-
plications [5, 10, 11, 6]. It has low density and good oxidation resistance as a result of the
50% Al content, associated with high specific strength and high modulus. Two kinds of
alloys have been developed based on this compound: A single phase 4 (L1p) and two phase
7 (L1p TiAl) + a3 (DOjg TizAl). Single phase v alloys contain a third element (1-10% of
V,Cr,Mn) to promote strengthening and oxidation resistance but ductility at room temper-
ature (< 1%) has not been improved through alloying. As for TizAl, enhanced ductility
(2 to 5%) has been achieved in the development of two phase alloys, ¥ + a; Ti-48Al, as a
function of microstructure refinement.

In contrast with TizAl, neither of the o, and v phases are known to be ductile. One of
the possible explanations for the enhanced ductility of the two phase alloys is that the a;

phase acts as a trap for interstitial impurities from the ¥ matrix. Nevertheless it has not been



proven that very pure TiAl is intrinsically ductile. The other possible explanation comes
from the formation of lamellar structure typical of the ¥ + o, alloys. This microstructure
is formed by the movement of Shockley partials that modify the stacking sequences of both
phases. The success in the development of TiAl and Ti3zAl alloys clearly shows the potential
of multiphase alloys to improve room temperature ductility of intermetallics. However, the

mechanisms through which the deformability is enhanced have not been identified.

1.1.2 Ni3;Al and NiAl Based Intermetallics

A considerable amount of research has been devoted to the compound NizAl (v/) for the
reason that NizAl is the strengthening phase of many nickel based ¥ + 7/ superalloys [12].
NizAl (L1, structure) was one of the first intermetallics to be made ductile. A small
addition of boron prevents the intergranular brittle fracture of the polycrystal material [13].
Unfortunately, Ni3zAl oxidizes and becomes brittle around 600-700°C. To overcome the
oxidation problem, a large amount of Cr has to be added and this makes the material more
dense when compared to Ni-based superalloys. Second, Ni3 Al shows poor strength and creep
resistance at high temperature when compared with 4 - 4/ superalloys [11]. Strengthening
of NizAl single crystals was obtained through the addition of Hf and Si but at the expense
of ductility. These alloys are brittle in the temperature range 500-700°C.

Researchers have turned towards the cubic B2 structure of NiAl which has a higher
melting temperature (1638°C) than TiAl and forms a better alumina surface coating pre-
venting corrosion at high temperatures [14]. The higher percentage of aluminum in NiAl
also ensures lower density than NizAl and TizAl. NiAl applications could also emerge due
to its high thermal conductivity which is four to eight times higher than in the Ni based
superalloys. The poor mechanical strength and creep resistance of NiAl can be improved
by adding a second phase Ni; AlTi to the B2 structure. The two phase alloys present better
high temperature mechanical properties than the current nickel based superalloys. Never-
theless, the two phase alloys are even more brittle than single crystal NiAl and no solution

has yet been found for its lack of ductility (~1%) at room temperature.



Unlike NizAl, NiAl is believed to be intrinsically brittle due to the insufficient number
of slip systems [2]. When deformation occurs, the grain boundaries rupture as a result of
the stress concentration in the boundary. The attempts to improve ductility were directed
towards the decrease of the grain size to put less stress on the grain boundary. NASA-Lewis
and General Electric have obtained enhanced ductility by producing NiAl single crystals.
Due to an unknown mechanism, tensile elongatioh is also increased from 1% to 6% in
the (110) direction when the single crystals are doped with ~1000 ppm of Fe, Mo or Ga.
Besides these successful developments, the (001) oriented crystals still exhibit essentially
zero plastic strain to failure at temperatures below 330°C [15]. Because of the high potential
of B2 NiAl, the mechanisms of deformation in B2 aluminides have been studied intensively

and the results of these investigations are presented in the following section.

1.2 EXPERIMENTAL OBSERVATIONS ON THE MECHANISMS OF
DEFORMATION IN B2 ALUMINIDES

Beside NiAl, other B2 aluminides, mainly FeAl and CoAl, have been studied not only
for high temperature applications but also for comparison with NiAl [16, 17]. These inter-
metallics have the same B2 crystal structure (see Figure 1.1) and have very close lattice
parameters (~2.8 A). One important property of this crystal structure is the existence of
an Anti Phase Boundary (APB) which corresponds to a stable 1/2(111) planar fault along
the {110} and {112} planes. The existence of this stable stacking fault is the main dif-
ference between B2 intermetallics and b.c.c. metals. This fault that would bring back a
b.c.c. crystal to the perfect lattice position generates a chemical disorder along the plane of
fault in the B2 structure. Along the series of aluminides - FeAl, NiAl and CoAl - ordering
energy and APB energy increases. In contrast, decreasing fracture toughness has been ob-
served experimentally at room temperature from FeAl to CoAl [18] (see Table 1.1). These

intermetallics also have different mechanisms of deformation which are presented below.



(100]

Figure 1.1: The B2 crystal structure for an AB compound.

Table 1.1: Properties of high temperature intermetallics [5, 6, 7].

Intermetallics | Structure Melting Density | Fracture Toughness
Temperature (°C) | g/cm® | K. at RT (MPay/m)

TlgAl Q9 D019 800 '[' 4.1-4.7 19

TiAl v Llo 950 1 3.7-3.9 12

NizAl L1, 1390 7.5

NiAl B2 1640 5.92 4.5

CoAl B2 1638 6.08 3

FeAl B2 ] 1330 5.6 12

tTensile Creep Limit (°C)




1.2.1 NiAl Compound

Due to the amount of research concerning NiAl, a couple of reviews dedicated to the
physical and mechanical properties of this intermetallic have been published recently [2, 15].
As can be seen from the phase diagram (Figure 1.2), significant deviations from stoichio-
metric composition are possible without altering the B2 crystal structure of NiAl. However,
a minimum in flow stress and hardness and a corresponding maximum in ductility are
observed at stoichiometric composition.

Possible Burgers vectors that do not disrupt the order of the B2 crystal lattice are
(100), (110) and (111). The high ordering energy of NiAl prevents all other translation
that would break the order of the lattice. All the Burgers vectors mentioned above have
been observed experimentally. Nevertheless, the activation of these slip directions strongly
depends on the orientation of the crystal with respect to the direction of loading. When
stress is applied along (100), so called hard orientation, the stress necessary for deformation
is many times higher than in any other non-(100) orientation. As a consequence, all other
non-(100) loading directions are denoted as soft orientations.

Transmission electron microscopy and surface trace analysis performed on crystal de-
formed in tension and compression in the soft orientation revealed almost exclusive existence
of (100) dislocations. The only slip systems responsible for deformation have been identified
as (100) {110} and (100) {100}, independent of deformation temperature and orientations.
It is also important to mention that slip along the {100} plane was only obtained for the
(110) crystal orientation . Other high order slip planes with an orientation close to {100}.
such as {210}, have also been reported based on trace analysis but it is believed that the
slip traces observed were the result of an active cross-slip onto orthogonal {110} slip planes.

In the hard orientation, the resolved shear stress for the (100) slip is close to zero and
the stress required for deformation is several times greater than in any other orientation (~
600 MPa versus ~100 MPa in a soft orientation at room temperature). Below 600K, only

(111) slip on {112}, {123} or {110} has been observed in compression tests. In contrast,
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Figure 1.2: NiAl phase diagram from Nash [1].
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at temperatures above 600K, ductility in tension can be achieved and the slip direction
reported are (110) and (100). According to these observations on hard and soft orientation
it is clear that (100) dislocations are the easiest ones to activate in the plastic deformation
of NiAl single crystal at room temperature.

Finally, all the measurements of critical resolved shear stress as a function of temperature
and dislocation type have been summarized by Miracle [2] in figure 1.3. The different
symbols represented on these figures correspond to different studies. The results indicated
with dark circles were obtained in the study of Ni-48Al and present systematic higher
values of critical resolved shear stress at any temperature. This confirms the fact that
off-stoichiometric alloys are known to be more brittle than stoichiometric NiAl.

The observed slip behavior observed in polycrystalline NiAl is very consistent with single
crystal observations. Room temperature deformation of the polycrystal shows that (100)
is the only active slip direction. Other Burgers vectors (essentially (110)) were observed
but they were probably created during the extrusion process or as a result of interactions
between gliding (100) dislocations. There is no evidence that these (110) dislocations par-
ticipate in the room temperature deformation. This indicates that the (100) {110} slip
system, which by itself contains three independent slip systems, does not meet the von

Mises criterion for polycrystalline ductility (= five independent slip systems).

1.2.2 CoAl Compound

CoAl system has been subject to less investigation than NiAl because of its relative
higher brittleness. In many respects both of these compounds are very similar. They
have similar congruent melting point (1932K for NiAl and 1921K for CoAl), close lattice
parameters (0.288 nm and 0.286 respectively) and similar density (5.92 g/cm® for NiAl
versus 6.08 for CoAl). However, when compared to NiAl, CoAl is harder and has higher
yield and creep strength.

The different mechanical behavior of CoAl has been attributed to the dislocation slip

behavior and a greater internal lattice friction that lowers the dislocation mobility [19].
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Figure 1.3: The critical resolved shear stress in NiAl single crystals for (a) (100) slip in soft
orientation, (b) (111) {112} and (110) {110} slip in hard orientation [2].
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Figure 1.4: CoAl phase diagram
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