DESIGN OF FERRITIC CREEP—RESIST ANT STEELS

H. K. D. H. Bhadeshia Uni versity of Cambridge, U.K.

ABSTRA CT

Creep resistan t steels must be reliable over very long periods of time in severe environments. Their microstructures have to be very stable, both in the wrought and in the welded states. This paper reviews the quantitativ e metho ds for the design of steels for elevated temp erature applications. A metho dology is describ ed for the calculation of complex precipitation reactions over periods extending many tens of years. However, microstructure alone is not enough in the design of alloys. The estimation of the creep rupture stress using a neural network technique is describ ed in the second part of this review. The calculation of the influence of solute–elemen ts on the self–diffusivit y of iron, which features in many creep equations, is an emerging area in alloy design. The metho dology for such calculations is reviewed in the final section of the paper.

INTR ODUCTION Typical operating parameters for steels used in the manufacture of power plant are compared against corresp onding values for nickel alloys in aeroengines, in Table 1. In both cases, the service conditions are severe. But this is especially so for steels where the service life is many decades. The degree of reliabilit y demanded of heat resistan t steels is therefore extraordinary , and must represen t one of the highest achievements of technology. By contrast, computers, which are frequently identified with advanced technology, seldom last for more than two years and are generally obsolete at the point of installation!

Prop erty Aeroengine Power Plan t Temperature > 1000^∘C 540-750^∘C Pressure ≃ 3 bar 160–370 bar Design life 10^4 h 2.5 × 10^5 h σ_{100 ,000 h} 10 MPa 100 MPa Coating Yes No Forced cooling Yes No Single crystal Yes No

Table 1: Service conditions for a comp onent in the hot part of an aeroengine and one in the hottest part of a power plant. The lower limits for the power plant comp onent are represen tativ e of curren t technology. The stress is a 100,000 h creep rupture strength.

It should not be surprising that the number of variables involved in the design of creep– resistan t steels is very large – in fact, we shall show later that there are at least thirt y parameters which need to be controlled in any experiment or calculation of creep properties.

Designation C Si Mn Ni Mo Cr V

1Cr_1^2 Mo 0.15 0.25 0.50 – 0.6 0.95 1 4 CrMoV 0.15 0.25 0.50 0.05 0.50 0.30 0.25 1 2 Cr_1^2 Mo_1^4 V 0.12 0.25 0.50 – 0.6 0.45 0.25

1CrMoV 0.25 0.25 0.75 0.70 1.00 1.10 0.35

2_1^4 Cr1Mo 0.15 0.25 0.50 0.10 1.00 2.30 0.00

Mod. 2_1^4 Cr1Mo 0.1 0.05 0.5 0.16 1.00 2.30 0.25

Ti=0.03 B=0.0024

3.0Cr1.5Mo 0.1 0.2 1.0 0.1 1.5 3.0 0.1

3.5NiCrMoV 0.24 0.01 0.20 3.50 0.45 1.70 0.10

9Cr1Mo 0.10 0.60 0.40 – 1.00 9.00 –

Mod. 9Cr1Mo 0.1 0.35 0.40 0.05 0.95 8.75 0.22

Nb=0.08 N=0.05 Al < 0.04

9Cr_1^2 MoWV 0.11 0.04 0.45 0.05 0.50 9.00 0.20

W=1.84 Nb=0.07 N=0.05

12CrMoV 0.20 0.25 0.50 0.50 1.00 11.25 0.30

12CrMoVW 0.20 0.25 0.50 0.50 1.00 11.25 0.30

W=0.35

12CrMoVNb 0.15 0.20 0.80 0.75 0.55 11.50 0.28

Nb 0.30 N 0.06

Table 2: Typical comp ositions (wt.% ) of creep–resistan t steels. The range of alloys available is in fact much larger than this, for example, there is a variet y of alloys available for bolting applications.

The results of equilibrium calculations which give the phase fractions of the carbides as a function of the overall alloy composition and temp erature, are given in Fig. 2 for the common power plant steels. The calculations have been done using the MTDATA [1]computer program and SGTE database, taking into account the carbide phases and Laves phase listed, together with cementite. The chemical elements considered are carbon, silicon, manganese, chromium, nickel, molybdenum, vanadium, niobium and nitrogen. M^5C^2 has recently been identified in

1Cr–0.5Mo steels [2] but along with graphite, has not been included in the analysis.

Equilibrium calculations such as those presented in Fig. 2 are useful in specifying the ultimate microstructure but the results are far from the actual microstructures that exist during service. It is necessary in practice to be able to calculate time–temp erature–transformation diagrams for temp ering reactions, as a function of steel chemical composition and temp ering temp erature. In order to do this, a theory capable of handling several simultaneous precipitation reactions has been developed [4], where the differen t phases influence each other, for example by drawing the same solute from the matrix ferrite.

Numerical integration is straigh tforward and offers the opportunit y to change the boundary conditions for nucleation and growth as transformation proceeds, to account for the change in the matrix composition during the course of reaction. The metho d can in principle be applied to any number of simultaneous reactions.

Complex reactions The multiple reactions found in power plant steels have importan t complications which can all be dealt with in the scheme of simultaneous transformations as presented above. The phases interfere with each other not only by reducing the volume available for transformation, but also by removing solute from the matrix and thereb y changing its composition. This change in matrix composition affects the growth and nucleation rates of the phases. The main features of the application of the theory to power plant steels are summarised below; a full description is given in references [4].

• The model allows for the simultaneous precipitation of M^2X, M^{23} C^6, M^7C^3, M^6C and Laves phase. M^3C is assumed to nucleate instan taneously with the paraequilibrium composition [6]. Subsequen t enrichment ofM^3C as it approac hes its equilibrium composition is accounted for.

• All the phases, except M^3C, form close to their equilibrium composition. The driving forces and compositions of the precipitating phases are calculated using MTDATA

[1].

• The interaction between the precipitating phases is accounted for by considering the change in the average solute level in the matrix as each phase forms.

• The model does not require prior knowledge of the precipitation sequence.

• Dissolution of non–equilibrium phases is incorporated as a natural event.

• A single set of fitting parameters for the nucleation equations (site densities and surface energies) has been found which is applicable to a wide range of power plant steels.

The compositions of three power plant alloys used here for illustration purp oses, are shown in Table 3. These three alloys, whilst of quite differen t chemical compositions, show similar precipitation sequences [4,7,8] but with vastly differen t rates. For example, at 600_∘C the time taken before M^{23} C^6 is observed is 1h in the 10CrMoV steel [4], 10h in the 3Cr1.5Mo alloy

[7] and in excess of 1000h in the 2_1^4 Cr1Mo steel [8]. These differences have never before been explained prior to the simultaneous transformations model [4].

C N Mn Cr Mo Ni V Nb

2 14 Cr1Mo 0.15 – 0.50 2.12 0.9 0.17 – –

3Cr1.5Mo 0.1 – 1.0 3.0 1.5 0.1 0.1 –

10CrMoV 0.11 0.056 0.50 10.22 1.42 0.55 0.20 0.50

Table 3: Concen tration (in weight%) of the ma jor alloying elements in the steels used to demonstrate the model.

MICR OSTR UCTURE CALCULA TIONS

A plot showing the predicted variation of volume fraction of each precipitate as a function of time at 600_∘C is shown in Fig. 4. Consisten t with experiments, the precipitation kinetics of M^{23} C^6 are predicted to be much slower in the 2_1^4 Cr1Mo steel compared to the 10CrMoV and 3Cr1.5Mo alloys. One contributing factor is that in the 2_1^4 Cr1Mo steel a relativ ely large volume fraction of M^2X and M^7C^3 form prior to M^{23} C^6. These deplete the matrix and therefore suppress M^{23} C^6 precipitation. The volume fraction of M^2X which forms in the 10CrMoV steel is relativ ely small, and there remains a considerable excess of solute in the matrix, allowing

M^{23} C^6 to precipitate rapidly. Similarly, in the 3Cr1.5Mo steel the volume fractions of M^2X and

M^7C^3 are insufficien t to suppress M^{23} C^6 precipitation to the same extent as in the 2_1^4 Cr1Mo steel.

M^{23} C^6 is frequently observed in the form of coarse particles which are less effective in hindering creep deformation. Delaying its precipitation would have the effect of stabilising the finer dispersions of M^2X and MX to longer times with a possible enhancemen t of creep strength.

Calculations like these can be used to design microstructures exploiting knowledge built up over decades concerning what is good and bad for creep strength. It is often argued that

Laves phase formation is bad for creep resistance – it leads to a reduction in the concentration of solid solution strengthening elements; since the Laves precipitates are few and coarse, they do not themselv es contribute significan tly to strength. The model presented here can be used to design against Laves phase formation.

We note for the moment, that this is as far as microstructure modelling has progressed.

The models are not yet capable of giving size distributions and even if that were to be possible, there are no physical models of creep deformation which have sufficien t precision to make use of this information. We shall not be discouraged by this since good empirical metho ds are available. The work describ ed below originates from research by Brun et al. [9] and Cole and

Bhadeshia [10].

CREEP RUPTURE STRENGTH – THE VARIABLES

The basic principles of alloy design for creep resistance are well–established and well– founded on experience. The steels must have a stable microstructure which contains fine alloy carbides to resist the motion of dislocations; however, changes are inevitable over the long service time so that there must be sufficien t solid solution strengthening to ensure long term creep resistance. There may be other requiremen ts such as weldabilit y, corrosion and oxidation resistance. It is nevertheless difficult to express the design process quantitativ ely given the large number of interacting variables.

These variables are describ ed later in the context of calculations in Table 4. For the moment we note that the entire information about microstructure and properties is in principle locked up in this set of parameters since chemical composition and heat treatmen t are comprehensively included. There may, of course, be many other independent variables that might be considered importan t in creep analysis, but these are for the moment neglected for two reasons.

Firstly , an empirical analysis requires experimental data; an over ambitious list would simply reduce the dataset since publications frequently do not report all of the necessary parameters.

Secondly, the effect of any missing variables would simply be reflected in the uncertain ties of prediction. If the predictions are noisy then they can be improved with carefully designed experiments at a future date. Bearing this in mind, the results to be presented are based on some 2000 sets of experiments obtained from the published literature. We now proceed to describ e briefly the metho dology.

THE NEURAL NETW ORK METHOD

Most people are familiar with regression analysis where data are best–fitted to a specified relationship which is usually linear. The result is an equation in which each of the inputs x^j is multiplied by a weight w^j ; the sum of all such products and a constan t θ then gives an estimate of the output y = �^j w^j x^j + θ. It is well understo od that there are dangers in using such relationships beyond the range of fitted data.

A more general metho d of regression is neural network analysis. As before, the input data x^j are multiplied by weights, but the sum of all these products forms the argumen t of a hyperbolic tangen t. The output y is therefore a non–linear function of x^j , the function usually chosen being the hyperbolic tangen t because of its flexibility. The exact shap e of the hyperbolic

The technique is extremely powerful and useful. Its application to creep rupture strength analysis is presented below. The details can be found elsewhere [11]but it is importan t to note that the generalisation of the model on unseen data has been tested extensiv ely against large quantities of information.

CALCULA TIONS OF CREEP RUPTURE STRENGTH

Fig. 7 shows the variation in the creep rupture strength (10^5 h) of a modern “10CrMoW” creep resistan t steel (Table 4) as a function of the temp erature, carbon, chromium and molybdenum concentrations. The error bounds represen t the uncertain ty in fitting the non–linear function to the training data, as 65% confidence limits. There is an additional error associated with each calculation, which is the noise in the experimental data, which is perceived to be of the order of ± 2%. The engineering design of power plant is based on the ability to support a stress of 100 MPa for 10^5 h at the service temp erature. The apparen t insensitivit y of the creep rupture strength to the molybdenum or chromium concentrations for 10^5 h is not surprising given that the carbides will all be extremely coarse at that stage of life.

Similar data for the classical 2^1_4 Cr1Mo steel are illustrated in Fig. 8. The fitting uncertainties are smaller in this case because of the larger quantity of available data since this alloy has been available and studied for a much longer time.

Calculations like these can now be routinely carried out. Furthermore, the models can be improved both as more data become available and as creep deformation becomes better understo od. The model can be used in a variety of ways. The combined application of the physical models presented earlier, and the neural network model has led to predictions of novel alloys which ought to have much better creep resistance than any comparable commercial alloy [9]. There are long–term experiments in progress to test these designer–allo ys. Another way is to apply the models to welding alloys, for which there are much fewer data when compared with wrought steels.

WELDING ALLO YS

Weld metals and steels of matching composition seem to have similar creep rupture properties. In fact, the chemical compositions of weld metals and corresp onding steel plates are not very differen t (Table 5). Of course, weld metal will have a higher oxygen and nitrogen concentration but the former should not affect creep resistance. Although differences in the nitrogen concentration are importan t, they can easily be taken into account both in predicting carbonitride formation and in the neural network model where nitrogen is an input.

The microstructure of an as–dep osited weld metal is naturally radically differen t from that of a wrought steel. However, even this is unimp ortan t because of the severe temp ering heat treatmen ts used following the welding procedure, essentially wipe out the original microstructure and replace it with one which is temp ered and similar to that of the steel plate. It is probably for this reason that the welding process itself is found not to influence the creep rupture life [12].

The hypothesis can be proved by examining the data on all–weld metal tests in the published literature [12], again for a stress rupture life of 10^5 h. Such data are most reliable for the 2^1_4 Cr1Mo type weld metals; the calculations are therefore presented for the 2^1_4 Cr1Mo weld metal listed in Table 5.

Fig. 9 shows the very encouraging agreement between the calculated [9,10] and measured [12]creep rupture lives of 2^1_4 Cr1Mo welds. The predictions are made without any adjustmen t of the models, which did not interrogate any weld metal data during their creation. The results confirm that it is reasonable to assume that weld metal creep rupture life can be modelled on the basis of wrought steels. Of course, other properties such as creep ductilit y may be more sensitive to inclusion content in which case the weld metals should exhibit a lower ductilit y relativ e to the wrought steel.

STEEL 2 1 4 CrMo 10CrMoW

Normalising temp erature / K 1203 1338

Duration / h 6 2

Co oling rate water quenc hed air cooled

Temp ering temp erature / K 908 1043

Duration / h 6 4

Co oling rate air cooled air cooled

Annealing temp erature / K 873 1013

Duration / h 2 4

Co oling rate air cooled air cooled

C wt% 0.15 0.12

Si 0.21 0.05

Mn 0.53 0.64

P 0.012 0.016

S 0.012 0.001

Cr 2.4 10.61

Mo 1.01 0.44

W 0.01 1.87

Ni 0.14 0.32

Cu 0.16 0.86

V 0.01 0.21

Nb 0.005 0.01

N 0.0108 0.064

Al 0.018 0.022

B 0.0003 0.0022

Co 0.05 0.015

Ta 0.0003 0.0003

O 0.01 0.01

Table 4: The standard set of input parameters for two alloys used to examine trends predicted by the neural network. The chemical comp ositions are all in wt.%

The metho d can now be used to generate creep–rupture diagrams such as that illustrated in Fig. 10.

SELF–DIFFUSION IN IR ON

The way in which solutes affect the diffusivit y of iron atoms must be of importance in creep theory. The estimation of these effects is now becoming possible although the significance of the calculations in the context of design against creep has yet to be established. We discuss here the metho dology for the calculations without commenting on their importance, which is best determined experimentally. As usual, things are not simple for iron, there is a significan t effect of magnetism which must be taken into account.

Self–diffusion in austenitic iron follows the Arrhenius law (Fig. 11) over the temp erature range 910–1400_∘C for which experimental data exist. A comprehensiv e analysis of the