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Genetic alloy design based on thermodynamics and kinetics
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A theory-guided computational approach for alloy design is presented. Aimed at optimising the desired properties, the microstructure is designed and an alloy composition is optimised accordingly combining criteria based on thermodynamic, thermokinetic and mechanical principles. A genetic algorithm is employed as the optimisation scheme. The approach is applied to the design of ultra-high strength stainless steels. Three composition scenarios utilising different strengthening precipitates (Carbides, Cu and NiAl/Ni 3 Ti) are followed. The results are compared to a variety of existing commercial high-end engineering steels, showing that the design strategy presented here may lead to significant improvements in strength beyond current levels.

Introduction

In order to improve the properties of advanced ultra high strength (UHS) stainless steels used in aerospace and other demanding applications beyond their current high levels, the classical trial and error method does no longer suffice, and computational methods of different types are being increasingly used. Thermodynamics aided design approaches have been applied, at different degrees, in various systems such as Fe-Ni-Co [1], Al-Ti-V-Zr [2], Sn-Bi-In-Zn [3], Mg-Li-Al-Zn [4], Mg-Ce-Mn-Y [5], multicomponent powder metallurgy high speed steels [6] and Ultra-High Strength steels [7]. Another popular computational approach is artificial neural networks which extracts empirical trends from exploring large databases [8]. The neural networks are often coupled with genetic algorithms for alloy design [9][10][11] so as to fulfil the multiobjective optimisation goals. More recently, atomic level ab initio calculations are also applied to provide theoretical guidance in selecting and optimising composition of Ti-based alloys [12], stainless steels [13] and UHS steels [14].

The goal/means oriented computational alloy design approach starts with defining the target microstructures aimed at property tailoring as required by the application.

Attaining the desired microstructures has to be translated into quantifiable design criteria. These are often competing and/or conflicting in the systematic optimisation process. Considering the extremely large number of compositional and thermomechanical scenarios to attain the target microstructures, the computational alloy design represents a significant challenge for developing efficient optimisation schemes. In the present work, we pursue a theory-guided bottom-up computational design approach based on thermodynamic, kinetic and mechanical principles coupled with a genetic algorithm for the multi-objective optimisation. The approach is applied 

Model development

Before describing our multi-method model let us consider the microstructural requirements for such UHS stainless steels and their relation to alloy composition first. UHS non-austenitic stainless steels will invariably have a fine lath martensitic matrix with finely dispersed precipitate strengthening particles, while a passive oxide film is to preclude corrosion damage.

Matrix

The desired intermediate microstructure for a precipitation hardening based UHS alloy contains approximately parallel arrays of stacks of lath-shaped crystals which provide an essential microstructural element for obtaining both high strength and toughness. The substructure of lath martensite contains a very high density of dislocations, which provides a direct strengthening contribution, as well as numerous potential nucleation sites for a fine-scale precipitate dispersion. The lath martensite forms from the prior austenite grains by quenching. Its volume fraction and morphology strongly depend on the Ms temperature, which is mainly determined by the alloy composition. Moreover, the solution treatment and quench rate imposed may also influence the martensite volume fraction and the lath size. Experimental observations on regular engineering steels have shown that an Ms temperature above 150 o C is required to obtain full lath martensite structures [7]. One of the successful models for predicting the Ms temperature as a function of composition was developed 

Ms C C C C C C C C C C C C = × + × + × × × × × × × × + × + × (1) 
where all the concentrations are given in weight fraction.

Precipitation

The martensitic matrix can be significantly further strengthened by forming networks of precipitates. MX carbonitrides have been reported and utilised as important strengthening precipitates in various systems including PH 17-4 (17Cr-4Ni-1Mo [16],

16Cr-5Ni-1Mo [17]), 15Cr-1Mo alloys [18] and Ferrium S53 [7]. Alternatively, steel grades containing a small amount of C can be strengthened by intermetallic precipitates such as NiAl in PH13-8 [19], Cu precipitates in PH15-5 [20] and Ni 3 (Ti,Al) precipitates in 1RK91 (12Cr-9Ni-4Mo-2Cu) PH stainless steel [21].

In general, the precipitation strengthening effect is promoted by the refinement of precipitate dispersions down to the nanometre level, which means that they are at the early precipitation stage and display a good coherency with the matrix. For spherical precipitates, the critical nuclei size can be estimated as [START_REF] Christian | Theory of transformation in metals and alloys, Part I[END_REF]:

* 2 / r G = (2) 
where is the precipitate/matrix interfacial energy per unit area and G is the precipitation driving force per unit volume. Therefore, the refinement of precipitates can be realised by increasing their driving force for precipitation. Moreover, in order to avoid significant growth and coarsening, fast nucleation is required such that very The steady state nucleation rate can be estimated from [START_REF] Christian | Theory of transformation in metals and alloys, Part I[END_REF]:

0 exp G I N Z kT = (3)
where N 0 is the initial density of nucleation sites, Z is the Zeldovich factor, is atomic attachment rate, k is the Boltzmann constant, T is temperature and G* is the critical nucleation energy which can be approximated as [START_REF] Christian | Theory of transformation in metals and alloys, Part I[END_REF]:

3 * 2 16 3 G G = (4)
Although the lath martensite already provides very high density of dislocations as potential nucleation sites, the nucleation process can be further accelerated by increasing the precipitation driving force, which automatically leads to a refinement of the precipitate particle size.

Depending on the nature of the precipitate and its size, and assuming Friedel's statistics for particle inter-spacing are met, the contribution of precipitate to strength can be expressed as [START_REF] Deschamps | [END_REF]:
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and
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for sheared and by-passed particles respectively, where M is the Taylor factor, b is the length of the Burgers vector, µ is the precipitate shear modulus, k and are constants, f v is the precipitate volume fraction and r is the average particle radius. Small precipitate particles are more prone to be sheared; big ones tend to be by-passed and the transition critical size bridging the two mechanisms is usually in the range of 5-30 nanometres. In maraging steels, the nuclei of strengthening carbides and intermetallic are a few nanometres in radius, and their exact value depends on the precipitate nature, the interfacial energy and the driving force. Whether the precipitate dimensions reach the levels belonging to the by-pass mechanism depends on the precipitation growth kinetics. For the nucleation and growth conditions considered in the model calculations the particle size is very likely to stay approximately at the transition zone between both mechanisms. Assuming that the shearing mechanism (Equation 5) dominates in the newly designed alloy the strengthening contribution becomes proportional to f v 1/2 r 1/2 . However, this criterion is not consistent with the principle of particle refinement as bigger particle sizes will lead to larger strengthening effects according to Equation 5. If the particle size grows beyond the transition radius, a different strengthening mechanism takes place and Equation 6should be used. In order to reach a compromise between the conflicting objectives, an optimisation factor of p sheared /r is applied so as to balance the requirement of strengthening contribution maximisation and particle size minimisation. Such index

( p sheared /r f v 1/2 r -1/2 ) can be considered as mixed shear (f v 1/2 r 1/2 ) and by-pass (f v 1/2 r -1 )
mechanisms combined, it also reflects the fact that the precipitate particles are likely to be the transition zone of the two mechanisms. Due to the precipitate size is aimed at values approaching their nucleation dimensions, r is taken as the critical nucleation size according to equation 2. The precipitation driving force is estimated as: While fostering the formation of desirable carbides or intermetallic precipitates as described above, the formation of phases limiting strength or toughness (e.g. M 23 C 6 , M 6 C and M 7 C 3 , cementite, µ and phases) should be prevented. For undesirable phases which could not be completely avoided, the maximum allowed volume fraction of all those phased together was 1%.

i i m i G c G µ = (7) 

Surface

To ensure the formation of a Cr-rich passive film at the surface, a minimum of 12 wt% Cr in the matrix is required as a reservoir of Cr solute. Taking into account that the formation of some desirable precipitates and even a small amount of undesirable ones may deplete Cr from the matrix, this requirement was enforced by imposing the minimum Cr level as 12 wt% in the matrix upon completion of the precipitation reactions.

Optimisation Algorithm

Having defined the multiple objectives reflecting different aspects of the desirable microstructures, and having formulated strict criteria for the parameters enforcing Si. The concentration ranges employed for each element in the optimisation procedure are shown in Table 1; they account for the industrial and technological constrains related to the ability to fabricate the alloys. For each alloying element the composition range is divided into 32 equally spaced levels. It is also important to notice that several alloying elements may have conflicting interactions due to the multiple objectives. Therefore, the alloy composition optimisation has to systematically balance the amount of different alloying elements, find a compromise between the positive and negative effects of each component, and evaluate their influences on forming the desirable microstructures while suppressing those undesirable.

To scan the wide solution space of 32 11 candidate alloys and find the best solution compromising among the different objectives, a genetic algorithm was chosen as optimisation scheme. A master-slave FORTRAN program was developed wherein the master role is taken by the genetic optimisation algorithm, and the slave routine performs the thermodynamic calculation and assesses the evolution criteria (Figure 1).

For each candidate solution, the following algorithm is followed for evaluating the criteria described above: 1) The system is defined in ThermoCalc and the calculation conditions (composition and temperature) are inputted. The strengthening factor f v 1/2 r -1/2 is calculated.

Model application

Three alloy optimisation design scenarios were considered by utilising different strengthening systems: 1) MC carbides, 2) Cu particles and 3) Ni-rich particles (NiAl and Ni 3 Ti); the alloys resulting from these systems will be hereon termed alloy 1, 2 and 3, respectively. The strengthening factor f v 1/2 r -1/2 of the corresponding strengthening system was maximized while the other go/nogo criteria were enforced.

The normalised compositions with respect to the upper searching limit are shown in The volume fractions and precipitation driving forces for each alloy are plotted in Figure 3a and 3b. The precipitation strengthening factor according to shear (Equation 5) and by-pass (Equation 6) mechanisms are shown in Figures 3c and3d, respectively.

From Figures 2 and3, it can be observed that in alloy 1, C, Ti and Nb take their precipitates prefer to form solely; however, due to the relatively high driving force for carbides precipitation, there are still notable strengthening effects from these as shown in Figure 3c and3d.

For validation purposes, the model was applied to 11 commercial precipitate strengthening steels and the results are shown in Figure 3. The comparison of designed and existing commercial alloys clearly indicates that the strengthening factors of the designed alloys are higher than their existing counterparts both considering shear and by-pass mechanisms. Moreover, by comparing the compositions of those alloys to commercial grades (Figure 2), it is seen that the designed alloys, for some components, do share some concentrations with certain existing grades. This suggests that the designed new alloys partially resemble their existing counterparts. However, new composition levels for elements such as Ti, Co, Nb and V are present. These postulate partially new compositions which inherit some of the elemental values of successful existing grades, while incorporating new values for other elements.

The strengthening factor computations presented here are based on the assumption that the particle radius equals the critical nucleation radius. This has been assumed to be the case as the initial fast nucleation tends to diminish precipitate growth by rapidly consuming the available solutes. In case the particles are to grow during the aging treatment the strengthening factor will evolve as qualitatively shown in Figure 4. Employing the critical nucleation radius, the yield strength increase by aging treatment of the existing alloys versus the strengthening factor calculated by shear (Equation 5) and by-pass (Equation 6) mechanisms are plotted in Figure 5. Since precipitation is the dominant strengthening mechanism in our alloys the yield strength increase therefore is a good indicator to compare to the calculated strengthening factor. Nevertheless, the nett strengthening effect of multi-precipitates is very difficult to evaluate because different precipitates have different physical parameters. Thus, the strengthening factors of those steel grades containing several types of precipitates were calculated by adding their contributions assuming the same critical parameters.

In Figure 5, the yield strength increase either due to shear or by-pass mechanisms versus the calculated strengthening factor are shown. The fact that the several commercial grades lie on an approximately straight line adds confidence to the design philosophy presented here. Furthermore, alloys 1-3 are indicated in Figure 5 and their position indicates that the designed alloys have a clear potential for improving the nett alloy strength via their precipitation contribution.

Summary

A novel computational approach for alloy design has been presented. 

  of UHS stainless steels by choosing various precipitate strengthening families.

  quickly stable by rapidly consuming most of the solute available from the matrix.

  equilibrium composition of the precipitate, i µ is the chemical potential of component i in the untransformed martensitic matrix and m G is the equilibrium Gibbs energy of precipitate phase. The thermodynamic calculations were preformed with ThermoCalc ® software by imposing a fixed precipitation temperature of 500 o C for all alloys. This temperature is chosen because, for commercial alloys containing the same precipitate species, maximum strength is attained for aging temperatures within the range of 482-524 o C [24].

  alloy composition is designed accordingly. Steel compositions containing up to 13 elements were considered: C, Cr, Ni, Ti, Mo, Al, Cu, Co, Nb, N, V, Mn and

2 )

 2 The Ms temperature is calculated from Equation 1 and a go/no-go criterion of Ms 200 o C was imposed to ensure the formation of lath martensite. 3) A thermodynamic equilibrium calculation is performed; the volume fraction and composition of the equilibrium phases are obtained. The total volume fraction of undesirable phases is summed up and the retained Cr concentration in the matrix is recorded. 4) The Fe-rich BCC phase is set as precipitate driving forces at the fixed precipitation temperature of 500 o C as well as the resulting critical nucleation radius 2

Figure 2 .

 2 Figure 2. A comparison to existing commercial grades is also shown in this figure.

  maximum allowed concentrations as they are strong carbide formers, even though Nb decreases the Ms temperature. It is important to notice that the maximum carbide strengthening contribution is achieved along with a significant amount of Cu precipitates and a relative small amount of NiAl/Ni 3 Ti particles, which will further contribute to the strength of alloy 1. In alloys 2 and 3, C takes a lower concentration but Cu and Ni/Al/Ti take very high levels in order to promote the formation of Cu and NiAl/Ni 3 Ti precipitates, respectively. Unlike the case of carbides, Cu and NiAl/Ni 3 Ti
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 1 Figure 1 Algorithm of the thermodynamic calculation and criteria evaluation.
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 2 Figure 2 Compositions of 3 designed alloys and existing successful precipitation
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 3 Figure 3 Comparison of designed and existing grades: (a) volume fraction of
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 4 Figure 4 Evolution of the strengthening contribution with precipitate size.
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 5 Figure 5 Calculated strengthening factors for alloys 1-3 as well as commercial UHS

  

  

  

  

  

Table 1

 1 Concentration ranges of all components employed in the optimisation (in weight fractions).
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