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A systems approach that integrates processing, structure, property, and performance relations has been used in the conceptual design of multilevel-structured materials. For high-performance alloy steels, numerical implementation of materials science principles provides a hierarchy of computational models defining subsystem design parameters that are integrated, through computational thermodynamics, in the comprehensive design of materials as interactive systems. Designed properties combine strength, toughness, and resistance to impurity embrittlement. The methods have also been applied to nonferrous metals, ceramics, and polymers.

For millennia, materials have been developed through the empirical correlation of processing and properties. The past century has seen the formation of a science of materials that has defined the structural basis of materials behavior, but its role has pri-marily been to explain the products of empiricism after their development. In the past decade, the numerical implementation of materials science principles and the integration of resulting computational capabilities within a systems engineering framework has given birth to a revolutionary approach [START_REF] Olson | Innovations in Ultrahigh-Strength Steel Technology[END_REF] in the form of quantitative conceptual design of materials.

Materials as Systems

This approach to materials design is based on the philosophy of the late Cyril Stanley Smith (2, 3). Smith wrote extensively about interactive structural hierarchy in materials (and space-filling aggregates in all branches of science, including geology and biology). He envisioned a multilevel structure with strong interactions among levels, with an inevitable interplay of perfection and imperfection, and a duality of description in which structure can be equivalently regarded in terms of spacefilling units or of the array of interfaces that bound them. This view of materials admits a necessary complexity.

In the modern form of materials science, Zener (4) has added a recognition of the dynamic nature of materials to Smith's spatial hierarchy. In association with a hierarchy of length scales, there is a spectrum of characteristic relaxation times (and therefore a spatiotemporal hierarchy), so that in any real structure, there is some level (such as the interatomic level or the grain boundary level) that has not had time to equilibrate. Thus, real structures are nonequilibrium and are therefore path-(or history-) dependent, and recognizing this intrinsic dynamic nature further raises the essential complexity of materials.

Complexity sets natural limits on the degree of predictability. It is often argued that the complexity of materials makes them undesignable. But this would be so only if design required total predictability. Fortunately, another principle can be applied, one that Cohen (5) has termed "reciprocity," which can be illustrated by the example of structure-property relations. Although properties are typically regarded as being controlled by structure, Cohen argues that structure can be equally regarded as being controlled by properties, in that the perception of structure is governed by the properties that need to be understood. If a complex structure is examined from the viewpoint of specific properties, useful relations can be established. Much of materials science is the art of discriminating the essential from the nonessential (the latter being similar to the evolutionary vestiges of the biological world) as the products of empirical development are unraveled to control desired properties. Reciprocity then allows scientific analysis to provide the tools for materials design.

Although the powerful simplifying methods of scientific analysis provide the raw ingredients for design, these methods do not integrate results so that new complexity can be created and controlled. For this purpose, engineering has developed the systems approach. A concise summary of the approach, which is used in a materials design course at Northwestern University [START_REF] Olson | The Minerals, Metals & Materials Society (TMS) of the American Institute of Mining, Metallurgical, and[END_REF], is given in a review paper by Jenkins [START_REF] Jenkins | Systems Behaviour[END_REF] of the Open University. System analysis begins with problem identification, organization of an appropriate interdisciplinary team, formulation of system design objectives from the function of the system in the wider system it serves (adopting a user-centered perspective), and identification of component subsystems and their interactions, typically represented in a flow-block diagram. Design synthesis starts with development and validation of appropriate (purposeful) models for subsystems and their interactions, assigning priorities and needed accuracy from the context of the design problem, followed by model integration to generate candidate design solutions offering satisfactory compromise among conflicting objectives. The implementation of prototypes then allows their experimental evaluation at the level of the models that created them, providing feedback for iterative reanalysis and design until objectives are met. Specifications can then be set for operation of the designed system.

In the context of materials, the prevalent practice of empirical development involves minimal up-front theoretical analysis and a large amount of parallel (and relatively superficial) evaluation of prototypes that leads to empirical correlations that produce materials with limited predictability of behavior. In an age of increasing cost of experiment and decreasing cost (and increasing power) of computation-based theory, a design approach making maximum use of science-based mechanistic models and the sequential, deeper evaluation of a small number of prototypes can not only reduce the time and cost of initial development but produce designed materials with more predictable behavior. This approach can also reduce the time and cost of process scale-up and material qualification.

Founded in 1985 with initial National Science Foundation (NSF) support, the Steel Research Group (SRG) (1), an international effort that includes several labs from industry, academia, and government, has adapted such a systems methodology to the science-based design of materials for the production of highperformance alloy steels. The research has integrated physical and process metallurgy, ceramics, applied mechanics, quantum physics, chemistry, mechanical engineering, and management science. Projects have investigated ultrahigh-strength martensitic alloy steels, high-strength formable automotive sheet steels, and ferritic superalloys for powergenerating turbine applications. The examples discussed here are drawn primarily from the largest project on martensitic alloy steels, which has more recently led to a project focused on high-performance gear and bearing steels. This class of steels undergoes a diffusionless (martensitic) structural transformation during quenching from high temperatures, to provide a fine microstructure offering the best combination of strength and toughness.

The materials property objectives motivating the research were developed with a property cross-plot approach, as generalized by Ashby (8) to quantify property-performance relations in a broad methodology for materials selection. The exercise defined combinations of strength (resistance to permanent deformation), toughness (fracture resistance), and resistance to environmental hydrogen (H) cracking that would allow a major advance in the useable strength level of structural steels, an advance that was recognized by industry participants as being beyond the reach of empirical development in the planned time frame.

Four primary elements are critical in materials science and engineering: processing, structure, properties, and performance [START_REF]COSMAT Summary Report, Materials and Man's Needs[END_REF]. There is no general agreement, however, on how these elements are interconnected. SRG research has found the linear structure shown in Fig. 1 to be crucial for systematic design. In the spirit of Smith's structural duality, Fig. 1 emphasizes that these elements form a threelink chain. Expanding Cohen's reciprocity, the structure offers a resonant bond between the science and engineering of materials, in which the deductive cause-and-effect logic of science flows to the right, while the inductive goal-means relations of engineering flow to the left. Further support for the utility of this paradigm is offered by its direct correspondence to the general axiomatic design approach developed by Suh and Albano [START_REF] Suh | The Principles of Design[END_REF]to apply across all engineering disciplines.

Once a set of property objectives has been deduced from property-performance relations, the chain of Fig. 1 can serve as a backbone to which the addition of Smith's hierarchy can provide a first-order representation of a full system structure. The product of such an exercise as applied to the system structure of a high-performance alloy steel in SRG research (1) is represented in Fig. 2. The chart denotes the microstruc- tural subsystems controlling the properties of interest, and the substages of processing (represented by a vertical process flow chart) governing the evolution of each subsystem. This representation of the full system was used to identify and prioritize the key structure-property and process-structure links to be quantified by the basic research of the SRG program.

Computational design of hierarchical structure requires a hierarchy of design models. Fig. 3 represents the computational models developed from research on the primary microstructural levels of Fig. 2. The experimental techniques used to create and validate these models are shown on the left; acronyms summarized on the right denote specific models and their software platforms.

The primary design tool used in this research for integrating the output of subsystem models was the THERMOCALC (TC) thermochemical database and software system (11) developed at the Royal Institute of Technology in Stockholm. Specifying subsystem requirements in terms of thermodynamic parameters, the flexible TC system is used to solve for complete alloy compositions that are capable of achieving desired microstructures under prescribed processing conditions. Recognizing the dynamic nonequilibrium nature of real microstructures, it should be emphasized that the thermodynamic parameters of interest rarely concern equilibrium states, but rather specify length scales and time scales of evolving metastable (or unstable) states. A remarkable degree of control of dynamic systems can be achieved through control of the thermodynamic forces that drive them.

Subsystem Modeling

The development of science-based computational subsystem models through focused basic research is reviewed briefly below.

Strength subsystems. As denoted at the highest structural levels in Figs. 2 and3, a primary consideration in strengthening is control of the structural transformation during quench hardening of an ultrahigh-strength steel. The desired class of microstructure (denoted "lath martensite" in Fig. 2 The second structural level shown in Fig. 2 represents the final stage of strengthening by solid-state precipitation of alloy carbides during the last stage of heat treatment [START_REF] Speich | Innovations in Ultrahigh-Strength Steel Technology[END_REF]. The precipitation of ultrafine carbides corresponds to the "nano design" level in Fig. 3, represented by a model computation of the chemical composition field in the Fe-base matrix surrounding an ellipsoidal nanometer-scale carbide particle [START_REF] King | [END_REF]. At such small length scales, suppression of conventional structural relaxation processes promotes the continuity of crystal planes across the particle-matrix interface, causing extreme elastic distortion, and interfacial energy makes a dominant contribution to the thermodynamics governing particle size. Measurements of particle size by small-angle neutron scattering (15) (SANS), elastic distortion by x-ray diffraction (XRD), particle composition by atom-probe field-ion microscopy (16) (APFIM) and analytical electron microscopy (AEM), and calculations of elastic energies from continuum mechanics methods ( 14 to deduce interfacial energies. Precipitation rate constants (K c ) are predicted (17)b yu s e of the DICTRA diffusion software and database. These results are combined to generate a comprehensive model (PPT-H) for the evolution of alloy strength y (controlled by particle size and spacing) during precipitation hardening. The resulting accuracy of particle size control has allowed the design of alloy compositions with efficient strengthening dispersions, achieving 50% greater strength at a given alloy carbon content.

Toughness subsystems. A primary concern in fracture resistance is maintenance of a sufficiently fine polycrystalline grain size in order to inhibit competing brittle fracture mechanisms that allow fracture with less energy absorption. The grain size established during high-temperature heat treatments is determined by the geometry of a stable "grainrefining" particle dispersion, denoted by the third structural level of Fig. 2, which impedes the high-temperature grain boundary motion that is responsible for normal grain coarsening. Once sufficient grain refinement is achieved to promote fracture by higher toughness ductile-fracture processes, the actual level of fracture toughness becomes limited by the formation of microvoids, which occurs through interfacial separation at the grainrefining particles themselves (18). Simulation of such processes uses traditional continuum mechanics methods, as denoted by the micromechanics design level in Fig. 3. Such simulations [START_REF] Needleman | Innovations in Ultrahigh-Strength Steel Technology[END_REF][START_REF] Huang | Modelling of Material Behavior & Design[END_REF] have demonstrated the mechanism by which microvoids drive ductile fracture and have quantified the role of dispersion geometry (including average particle size d and volume fraction f ) and particle interfacial properties as the basis for thermodynamic component selection and processing optimization in materials design [START_REF] Gore | Innovations in Ultrahigh-Strength Steel Technology[END_REF]. Experimental validation of models employs measurements of fracture energy absorption ( J IC ) and critical plastic strain for strain localization (␥ i )in shear tests.

As denoted by the fourth structural level of Fig. 2, further resistance to microvoid fracture can be obtained through mechanical interaction with a fine dispersion of transformable particles (precipitated during final heat treatment), which can undergo a strain-induced structural transformation during ductile fracture [START_REF] Olson | [END_REF]. Using a matrix flow model (ABAQUS/SPO) (23) based on the kinetics of such transformations, the micromechanics simulation in Fig. 3 represents the computed contours of the fraction of the transformed phase produced during microvoid formation in such a material (24). The simulations demonstrate the role of pressure-sensitive transformation kinetics in stabilizing plastic flow dur-ing microvoid growth, and they define guidelines for optimizing transformation thermodynamic stability and dilatancy (⌬V). Based on TC thermodynamic modeling incorporating these guidelines, the dark bands denoted "TT" in Fig. 4 depict the toughness-hardness combinations achieved through multistep heat treatments controlling microstructure to exploit such transformation toughening. Properties achieved in the new commercial Aer-Met100 and an experimental alloy designated MTL1 (25) lie within the original SRG objectives box denoted by the dashed lines.

Embrittlement resistance subsystems. Denoted by the last structural level in Fig. 2, environmental cracking of ultrahigh-strength steels occurs by an intergranular mechanism associated with the combined effects of environmental H and the prior segregation of embrittling impurities [START_REF] Mcmahon | Innovations in Ultrahigh-Strength Steel Technology[END_REF]. Understanding its underlying mechanism has required the most fundamental and interdisciplinary research of the SRG effort, combining applied mechanics, materials science, and quantum physics.

A crucial contribution has come from the work of Rice and Wang [START_REF] Rice | [END_REF] in modeling the mechanics and thermodynamics of interfacial separation. A key prediction is that the embrittlement potency of a segregating solute should scale with the difference in its energies of segregation to the free surface (FS) versus a grain boundary (GB). Reported data for embrittlement potency in steels, measured as the shift in ductile-brittle transition temperature per amount of segregant [K/atomic%, with atomic% measured by scanning auger microanalysis (SAM)], shows a compelling correlation with this segregation energy difference, based on available thermodynamic data [START_REF] Rice | [END_REF].

Based on this thermodynamic description of intergranular embrittlement, a series of electronic-level total energy calculations has used both the full-potential linear augmented plane wave (FLAPW) method (28) and the cluster discrete variation method (DVM), as represented by the valence charge-density contour plot denoted "quantum design" in Fig. 3. Although materials science has contributed the basic atomic structural models to support such calculations, a pivotal development has been the ability to compute interatomic forces within the FLAPW code to allow precise detailed atomic relaxations within the same method. The latest results (29,30) are summarized in Fig. 5, which plots the experimental embrittlement potencies against the quantum mechanical theoretical predictions of the segregation energy difference ⌬E, with and without the prior segregation of a monolayer of Mn, representing the most common alloying element in steels. The theoretical thermodynamics show a stronger correlation with embrittlement than the available experimental thermodynamics, particularly when Mn is taken into account. Cor- relation of measured grain boundary (GB) toughness (K GB ) with the ideal work of interfacial separation (⌬␥) based on the FLAPW predictions has provided a modified Rice-Wang model (RW-S) for the design of grain boundary cohesion.

More important than the ability to determine these key energy differences is the ability to establish their underlying electronic basis. Computed charge-transfer plots, together with density-of-states curves and detailed electronic orbital plots, demonstrate that embrittling P and S undergo a nonhybridized electrostatic interaction with Fe, which is more adaptive to the FS environment, whereas the cohesion-enhancing B and C exhibit anisotropic hybridized bonding across the GB. Such calculations further reveal that the embrittling effect of Mn is associated with promotion of in-plane bonding, which preferentially stabilizes the FS.

The most recent improvements in precision have now made possible a definitive calculation of the effect of H on Fe GB cohesion (31). In contrast to the hybridized versus electrostatic interactions displayed by the segregants shown in Fig. 5, H shows a third class of behavior that is more ionic in character. The underlying energetics of H embrittlement are associated enhanced charge transfer from Fe to H in the FS environment. The intrinsic embrittlement potency per atom is comparable to that of P, which is consistent with experimental estimates [START_REF] Anderson | Innovations in Ultrahigh-Strength Steel Technology[END_REF], whereas it is well established that its effective potency is greatly amplified by its mobility [START_REF] Anderson | Innovations in Ultrahigh-Strength Steel Technology[END_REF]. The small magnitude of this intrinsic potency, and the determination of its origin in charge transfer, offer the hope for its reversal or cancellation by predictive alloying.

The insights provided by these new predictive capabilities promise a new generation of "quantum steels" in which, analogous to semiconductors, boundaries are deliberately doped to attain desired electronic structures for enhanced intrinsic cohesion and altered interaction with impurities, including H.

Although the electronic-level approach offers the greatest potential for improvements, significant advances in environmental cracking resistance have already been demonstrated under SRG research through thermodynamics-based design of novel impurity-gettering phases such as lanthanum phosphate (LaPO 4 ), which, when accessed by appropriate processing, remove embrittling impurities from the grain boundaries [START_REF] Watton | Innovations in Ultrahigh-Strength Steel Technology[END_REF][START_REF] Ghosh | Proceedings of 51st Annual Meeting of the Microscopy Society of America[END_REF].

Design Examples

An effort to integrate these developing principles into the comprehensive design of a new alloy was undertaken by a team of students in the first materials design class at Northwest-ern University in 1989. The problem adopted was the design of a secondary-hardening stainless steel for use in bearings in the fuel and oxidizer turbopumps of the space shuttle main engine (SSME). The property objectives obtained from NASA and Rocketdyne engineers were Rockwell hardness R c 60 for wear and contact fatigue resistance, with a doubling of toughness and H resistance as compared with the current 440C alloy. Adopting the system structure of Fig. 2, composition was constrained for LaPO 4 impurity gettering for enhanced H resistance, while the matrix was constrained to contain a minimum of 12 weight % Cr for corrosion resistance. Estimating 0.30 weight%Ca ss u f f icient to maintain R c 60, based on the strengthening models, a line of Ni and Co compositions was computed to maintain a sufficiently high transformation temperature to yield a martensitic structure. Along this line, the computed thermodynamic stability and amount of transformation-toughening particles provided a unique Ni and Co content. With these composition variables fixed, Mo and V concentrations were optimized for the thermodynamics of precipitation strengthening, constrained by solubility limits at solution treatment temperatures. Under a grant from NASA, a prototype alloy was evaluated, and it demonstrated the desired doubling of fracture toughness at the required hardness level [START_REF] Stephenson | Advanced Earth-to-Orbit Propulsion Technology[END_REF].

A related area of long-term interest has been the design of a new class of alloy steels for case-hardening gear and bearing applications. Research in this area was initiated with a property-performance analysis by a team of senior project students in mechanical engineering, who identified property objectives to allow a 50% reduction in gear weight. A team of students in materials design class then performed conceptual designs aimed at achieving these objectives by using recent strengthening models. Figure 6 depicts the increased hardness profile so far obtained in prototype gear steels [START_REF] Wise | [END_REF]. The fatigue properties are currently under evaluation, with promising preliminary results. A related custom gear steel is undergoing gear testing by the Newman-Haas Indycar racing team.

The range of design projects considered by the most recent materials design class is wideranging and includes not only alloy steel projects derived from SRG research but also nonferrous projects that test the generality of the design methodology and also explore the level of conceptual design that can be practiced without support from a major research project. This has included projects in ceramics and polymers. The ceramic project has assessed the feasibility of achieving processing and property requirements for dental fillings using Portland cement-based hydrate ceramic composites as a cost-effective replacement for mercury amalgams, and has so far included TC representation of metastable phase relations in the hydration of calcium silicates. The polymer project has explored the transfer of the gradient system technology of steel gears to case-hardening of plastics. Rubbertoughened epoxy systems have been identified as being most promising for achieving hardness gradients, controlled residual stress, and core toughness. The TC modeling of phase separation behavior during curing has aided process models for achieving desired phase fraction gradients.

The most ambitious design project has been the "Terminator 3" self-healing, biomimetic, smart steel composite. A number of biomimetic concepts have been combined, starting with natural seashell, tooth, and bone architectures. These structures typically involve the reinforcement of a brittle ceramic by a rubbery polymeric component to provide "crack bridge" toughening in which rubbery ligaments stretch across cracks. More sophisticated adaptive behavior is exhibited by viruses and bacteria, which exploit martensitic structural transformations in cylindrical protein crystals to use reversible strain phenomena such as superelasticity and shape-memory effects [START_REF] Olson | [END_REF].

A system integrating these concepts in an all-metallic composite consists of a precipitation-strengthened high-temperature superalloy reinforced by a thermodynamically compatible, precipitation-strengthened, shape memory alloy. The low-temperature brittleness of the superalloy is compensated for by crack bridging through martensitic transformation superelasticity that is analogous to the rubbery polymer reinforcement of the seashell system. After bridging of low-temperature damage, when the superalloy is returned to its operating temperature, the bridging ligaments contract by means of the shape memory effect to clamp the cracks closed. If the memory alloy has sufficiently greater strength, the clamping force can be maintained to promote diffusional rewelding of the damage, thus providing the ultimate biomimetic property of self healing.

Thermodynamic compatibility of the pair of two-phase alloys requires a fourphase equilibrium at operating temperatures and a two-phase equilibrium during solution treatment. A preliminary thermodynamic feasibility analysis, including assessment of memory alloy stability requirements, was performed by a team of juniors in materials design class. Continued evaluation (38) has included a test of mechanical concepts that uses a TiNi-reinforced Sn alloy composite prototype to demonstrate both macroscopic strain reversal and the desired crack-clamping behavior (41). Precise multicomponent phase relations for the Fe-based system have been evaluated with diffusion couple experiments, and prototype steel composites are being fabricated.

The success of these initial designs suggests that the integration of computational materials science within a systems engineering framework offers a powerful new approach for the creation of superior materials that have sophisticated control of a multilevel dynamic structure, combined with reduced time and cost of materials development. These first steps herald a new synergy of the science and engineering of materials.
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 1 Fig. 1. Three-link chain model of the central paradigm of materials science and engineering.

  and depicted at the top of Fig. 3) requires a diffusionless martensitic structural transformation at 200°C or above. After refining the TC thermodynamic database, the development of a kinetic parameter database based on current transformation theory (14) provided the required computational model (MART) to predict transformation temperatures with required precision. Model predictions are validated by metallurgical quenching dilatometry (MQD), differential scanning calorimetry (DSC), light microscopy (LM), and transmission electron micros-copy (TEM). Other transformation design codes shown in Fig. 3 (CASSIS and MAP) treat the kinetic competition with other structural transformations in the case of lower alloy steels.
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 23 Fig. 2. Materials system chart for high-performance alloy steel (1).
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 4 Fig. 4. Toughness-hardness plot of various steels. Dark bands for steels with T T designation show property improvement through multistep tempering to provide transformation toughening. K IC fracture toughness (the critical stressintensity for crack propagation) is given in both SI units (MPa ͌ m) and English units (ksi ͌ in, where ksi denotes kilopounds per square inch). Hardness (a measure of compressive strength) is measured on the Rockwell C (R c ) hardness scale.
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 5 Fig. 5. Measured segregant embrittlement sensitivity in steels plotted versus the FLAPW prediction of difference (⌬E) in segregation energy to grain boundary and free surface environments, with and without prior monolayer segregation of Mn (29, 30).
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 6 Fig.6. Hardness profile for carburized prototype gear steels (C3 and C2) compared with conventional (EN36C) gear steel[START_REF] Wise | [END_REF]. Hardness is measured on the Vickers ( VHN) scale. Distance x is normalized to the effective case depth d c .