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3. Progress Report of the DOE Research Project. 

The expired project was supported by the Division of Materials Science of the 
Department of Energy under Grant No. DE-FG02-93ER45502 for a two-year period; September 
15, 1996- September 15, 1998. During this period we conducted a theoretical investigation of 
the displacive coherent transformations in metal and ceramic materials. The fmal objective of 
this investigation is the development of realistic computer models, which would take all 
advantage of the recent advances of the materials theory and computational methods to 
characterize the mesoscopic microstructure evolution of materials in materials processing. This 
research was focused on a behavior of coherent systems (martensitic systems, metal and ceramic, 
and ferroelectric systems) with defects. Although a presence of defects is an inherent property of 
practically any material and any transformation, there is a lack of our knowledge of how the 
defects affect the transformation kinetics and thermodynamics. This is especially true for the 
theoretical study of this problem. 
The main aspect of the problem that we attacked is a role of the long-range interaction between 
the transformation mode and the defects. This interaction is generated by the coherency strain 
caused by the crystal lattice misfit between the transformation products and the parent phase and 
the electrostatic dipole-dipole interaction in the ferroelectric materials. 

Our results are formulated in the following: 
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We have studied the coherent displacive phase transformation between two equilibrium 
single-phase states producing several orientation variants of the product phase. The computer 
simulation demonstrated that randomly distributed static defects may drastically affect the 
thermodynamics, kinetics and morphology of the transformation. In particular, the interaction of 
the transformation mode with the defects may be responsible for appearance of two new fields in 
the phase diagram: (i) the two-phase field describing the tweed microstructure which consists of 
the retain parent phase and the variants of the product phase and (ii) the single-phase field 
describing the tweed microstructure which consists of the variants of the product phase. These 
new fields can be attributed to the pre-transitional states observed in some of the displacive 
transformations. The microstructure evolution resulting in formation of the thermoelastic 
equilibrium is path dependent. This unusual behavior is expected in systems with a sharp 
dependence of the transition temperature on the defect concentration. The results are 
summarized in the paper [ 11. 

We extended our approach to the new class of materials, to the ferroelectrics, where the 
dipole-dipole interaction associated with the polarization play the fundamental role. This 
interaction, combined with the strain-induced interaction caused by the transformation-induced 
strain, determines the main features of the domain structure of the ferroelectrics. The theory of 
the long-range interaction in the phase transformation that we developed in the course of the 
DOE-supported research made us well positioned to consider the displacive ferroelectric 
transitions. We demonstrated that the dipole-dipole interaction have the same type of the 
coordinate dependence as the strain-induced interaction (this analogy is even reflected in the 
terminology where the coherent finite elements of the product phase sometimes are referred as 
the elastic dipoles) and thus can seamlessly be incorporated into the same theory and to the same 

computational algorithm. This actually drastically extends the applicability of our theory and 
computational approach allowing us to include the ferroelectrics materials into a spectrum of 
materials, which we are already able to characterize theoretically. 

It was-quite natural to make the first step in addressing the problem of a role of defects on 
the ferroelectric transition. This is an old, important and one of the most controversial problems 
in the theory of ferroelectrics. It is well known that the defects in these materials sometimes 
drastically change their physical properties resulting in the so-called diffise phase transformation 
extended within a wide temperature range. A premartensitic transformation studied in Acta 
mater. paper [l] has a lot of common with the diffise phase transformation. This was a hint that 
gave us an idea to extend our approach fiom the displacive martensitic transformations to the 
displacive ferroelectric transitions which, as we already knew, should behave analogously in 
many respect. The obtained results turned out to be completely in line with our expectations. 
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Studying the ferroelectric transition in a random field of static defects is studied by the 
computer simulation method has demonstrated that the electrostatic dipole-dipole interaction 
may produce in the ferroelectric transition the same "martensite-like" effects as the strain- 
induced interaction in the martensitic transition. These effects are the formation of the mixed 
two-phase equilibrium between the ferroelectric and paraelectric phases, the thermal hysteresis 
and the loss of ergodicity. The latter effect is not predicted for the ferroelectric transformations 
in the defect-free ferropelectrics. The mixed state is a dispersion of ferroelectric clusters in the 
paraelectric matrix. The origin of the mixed state is discussed. It is shown that the fkee energy 
hypersurface forms a multiplicity of local minima corresponding to the metastable and stable 
states similar to those in a spin-glass system. This result gives us an interesting new aspect in the 
interpretation of the P-E hysteresis loop. The hysteresis loop obtained in computer simulations 
turned out to be a locus of projections of the local fkee energy minima points on the hysteresis 
loop plane. Any polarization, which is outside the hysteresis loop, is not stable. It evolves until 
it reach the states on or within the hysteresis loop. The pre-transitional mixed states predicted in 
this simulation may be attributed to the diffuse phase transition observed in many ferroelectric 
materials. 
These results are summarized in two papers [2,3]: 

We have discovered a new Fe-fcc high spin phase. The phase is stabilized by large 
coherency strains (up to 15%) and exhibits superior magnetic properties. We are currently 
performing an ab-initio simulation to elucidate the origin of this strain-induced transformation. 
We have also discovered a strong correlation between this strain and the magnetic properties. 
Other magnetic and non-magnetic interfaces are also under investigation such as iron and gold. 
The results of this study are very interesting because they point to the possibility of improving a 
number of properties of engineering alloys by strain-induced transformation. A stochastic model 
has been developed to formulate this correlation. Our first observations demonstrate the 
existence of a universal behavior between enhanced magnetic and other properties and the 
extraordinary lattice expansions. The results were recently published in Physical Review By 
Nanostructured Materials and other journals. 

\ 
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REPORT ON OVERALL RESULTS UNDER THIS GRANT 

1. We have developed the mathematical framework for the Stochastic Field Model of the 
coherent phase transformation, which includes the transformation-induced strain and stochastic 
fluctuations. This model is able to describe all three stages of the transformation, the nucleation, 
growth and coarsening. 

2. We used the microscopic field approach to study oxygen ordering in nonstoichiometric 
Y B ~ ~ C U ~ O ~ + ~  oxides within both ranges, at xC0.4 and x > 0.5. It is interesting that these ranges 
coincide with the ranges the superconducting and semiconducting behaviors are observed. We 
have shown that different character of ordering can be explained only if a significant change in 
oxygen-oxygen (0-0) potential near x - 0.4 (where the high-temperature superconductivity 
disappears) is assumed. The computer simulation structures and corresponding diffraction 
patterns are in an agreement with the observation results. 

These simulations at x>0.5 produce the microstructure of the low-temperature secondary 
and tertiary ordered phases, double period 0-11, triple-period 0-III phases and Magneli-type 
phases. Simulations also show a possibility of formation of the 2$ a p  2$ a, phase at x - 
0.75. 
3. The new effect - the qualitative change in the transformation thermodynamics of a coherent 
open system (an interstitial solution in the equilibrium with the gas phase) caused by the 
interstitial-induced elastic strain- has been discovered. The hydrides and oxides are examples of 
such systems. It has been found that the thermodynamics of such coherent open systems is 
qualitatively different from the conventional thermodynamics of the stress-free incoherent 
systems. The predictions for phase transitions made by this theory explain certain aspects of the 
metal hydride behavior whose physical origin is still a subject of debates. In particular, they 
explain the large reversible hysteresis on the pressure-composition isotherms observed in most 
metal-hydrogen systems, where the plateau pressure during hydrogen absorption is higher than 
during the reverse desorption process. 

4. A theory of the strain-induced interaction in a coherent elastically inhomogeneous coherent 
mixture of two phases with different elastic moduli and the transformation-induced crystal lattice 
misfit is considered under the loaded and unloaded condition. The theory employs the Green 
function operator formalism similar to that used in quantum electrodynamics. It is assumed that 
the system is macroscopically homogeneous but its two-phase mesoscopic structural pattern is of 
an arbitrary morphology. It is 
in the loaded and unloaded 

shown that the microstructure-dependent part of the strain energy 
conditions is described by the same equations with a minor 
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modification of constants. This allows us to use the theory for a characterization of coarsening 
under applied stress. This theory is developed as a base for developing the computer simulation 
method of the microstructure evolution in the elastically heterogeneous coherent multiphase 
systems. 

5.  We have started developing the 3-D model of the martensitic transformation with the intention 
to use it for the computer simulation of the transformations in high-temperature structural 
ceramics. Our preliminary results show that OUT Stochastic Field Model which directly 
incorporates the transformation-induced strain is able to reproduce the main structural features of 
the martensitic transformation from the nucleation stage to the formation of the internally 
twinned plate with the invariant plane habit 
6 .  The Stochastic Field allows us also to address the problem of the transformation path during 
the nucleation and, specifically, to establish the structural characteristics of nuclei. These results 
can be especially important for the systems where the product phase foms several orientation 
variants (the symmetry of the product phase is a subgroup of the parent phase). Our preliminary 
results show that the critical nuclei of the martensitic phase form, at least at given materials 
parameters, as small polytwinned heterogeneities. 
Our work demonstrated that the free energy saddle point, corresponding to the minimum free 
energy value (the critical nucleus state), could be very different from what is expected from the 
classical and non-classical nucleation theory. 
7. Large misfit coherency strains between a magnetic and nonmagnetic layers at the nanoscale 
level, can stabilize extraordinary ferromagnetic phases of superior magnetic behavior. Example 
of these strain-induced phase transformations is the stabilization of a new Fe-fcc high spin phase 
by Pt and Au layers. Other examples include intermetallic- semiconductor interfaces and 
ceramic-ceramic nanocomposites. Both experiments and computer simulations performed 
elucidated the origin of these expanded lattice constants phases. 

FUTURE GOALS 

Our research program demonstrated that the computer simulation of the mesoscopic and atomic 
microstructure development is a powerful tool that can successfully complement the 
conventional and experimental study of the complex metal alloys and ceramic systems. It is 
shown that computer simulation can create a unique virtual "experiments" that are either very 
difficult or impossible to carry out. We made first successful steps in formulation and 
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developing the computational models that allow us realistically simulate the microstructure 
development in different classes of materials by bringing together the recent advances in the 
theory of phase transformations, micromechanics and computational mathematics. 

We believe that a continuation of the work in this direction would open a unique 
opportunity of integrating the computational methods of atomic processes with real processing of 
materials. Development of computational models that would be able to generate detail 
blueprints for design of desirable atomic structures in the materials processing is a realistic goal. 
It may sound too optimistic, but given our successful experience in realistic computer simulation 
of real processes, we think that this goal is achievable in the nearest future. 

We see three thrust areas. 
The M e r  advancements of the computational models of the mesoscopic microstructure 

evolution extending them to wider classes of the materials, making the 3-D simulations more 
affordable and bringing the simulation results closer to reality. 

The scientific basic research which would give us more profound understanding of the atomic 
processes and microstructure evolution. Using the computer simulation, a researcher would be 
able to test models and to quantitatively assess a role of many different factors affecting the real 
process. The computer simulation approach would provide a great flexibility in creating a 
carefully designed environment in the virtual "experiments". 

Aside of conventional crystalline systems, we would like especially single out the problem of 
the phase transitions in a random static field of point defects (practically all transformations of 
this kind). This is a new area and the preliminary results that are obtained are very exciting. 
There is an indication that artificially created randomness of crystals could be a valuable tool for 
creating a new class of materials. We believe that the computer simulation technique would be 
the most appropriate and "cheap" way to give an initial assessment of a practical importance of 
this problem. 
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