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Estimation of Material Properties in Ferrous and Aluminum Alloy Databases

Three numerical methods are proposed for estimating properties in metallic material databases. When these methods are used, it is found that the error in estimated properties is generally low (typically < 10 %) for most properties (mechanical, thermal, electrical). However, very large errors (in some cases > 100 %) are found for properties such as fracture toughness, ductility, tensile strength, and hardness. These errors can be reduced when details of heat treatment and chemical composition are added to the database. The proposed estimation methods were also used to calculate the variation in mechanical properties with a change in heat treatment or chemical composition. Good agreement between calculated and actual values was found for a database of ferrous alloys but not for a database of aluminum alloys.

The development of large databases of material properties is important for material selection. One of the main difficulties in compiling such databases is ensuring completeness. Some physical properties such as density, elastic modulus, or melting point can easily be measured (easy-to-obtain-properties), but others such as fatigue or damping properties are much more difficult to obtain (hard-to-obtain-properties). Estimations of such properties can sometimes be derived from the easy-to-obtain ones through physics-based relations. In other cases, however, such relations do not exist and empirical findings that have no physical basis have to be used.

This communication presents the results of a study of methods of estimating hard-to-obtain properties using correlation techniques in metallic databases. It is shown that the inclusion of heat treatment and chemical composition information in the database makes it possible to improve significantly the accuracy of estimation of such properties.

Three methods were used to estimate the hard-to-obtain properties in the databases. The first was a method based on least-square correlations (correlation method); the second was based on the notion of distance in the database properties space (distance method); and the third combined the first two (coupling method). Only the main points of these methods are described here; a complete description is available elsewhere. [START_REF] Masson | Estimations et CorrØlations des PropriØtØs Inconnues des MatØriaux[END_REF] Let us consider a set of N materials. Most of the known relations between two properties x q (M) and x p (M) of a material M can be written as an expression of the type x q (M)= [x p (M)] n with n being a simple power. We therefore tried to establish linear correlations between the logarithms of properties of the form

ln[x q (M)] = a pq ln[x p (M)] + c pq (1) 
where a pq and c pq are determined through a classical leastsquare method based on minimization of the function u pq = <(logx q ± a pq ln(x p )±c pq ) 2 > and the symbol < > stands for the arithmetic mean over the N materials of the database. The estimation of a property x q can be written as [START_REF] Masson | Estimations et CorrØlations des PropriØtØs Inconnues des MatØriaux[END_REF] x q M exp p i1
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The weight factors b iq in Equation 2 are determined from the values of the function

u pq b iq =(u iq ) ±1/2 (3) 
where u is introduced to increase or decrease the effect of the weight factors.

In the distance method, we try to estimate the unknown property x q of a material M as a function of the same property known for a set of neighboring materials M v . In the p-dimensional space of the property x p (known for the material M), the distance d(M v ) between a material M and its neighbor M v is defined as

dM v p i1 x i Mv À x i M x i M 23 2 v u u t (4) 
The estimation of a property x q of the material M is thus defined as the average of x q for all the neighboring materials M v via some weight factors corresponding to the inverse of the distance between M and M v

x q M Mv x q Mv dM v Mv 1 dM v (5)
With this definition, it appears that when a material M v is not a near neighbor of the material M, the value of x q (M v ) contributes less to the estimated value of x q (M).

The coupling method combines the correlation and the distance methods, as summarized in Figure 1.

The estimation of an unknown property x q (M) can be written as where x q is a double average over the p known properties (right-hand sum) and all neighboring materials (left-hand sum). The efficiency of the methods was evaluated on complete databases. Every estimated property x q, est (all other properties being known) was compared with its real value x q , the average error r q for the N materials being defined as

rq 1 n M x qest M À x q M x q M 23 2 v u u t (7) 
The three methods were implemented using software called PROXICOR, developed in Grenoble. [START_REF] Basseti | Proc. Roy. Soc. A[END_REF] The databases used in this work were based on the aluminum alloys and ferrous alloys databases of the material selection software CMS developed in Cambridge. [START_REF]Cambridge Materials Selector[END_REF] The aluminum database contains 50 wrought alloys. The ferrous database comprises 113 carbon steels. Some parameters from the heat treatment and chemical composition of the alloys were added manually to the database using FUZZYMAT software. [START_REF] Basseti | [END_REF] Those parameters are considered as properties of the material. However, PROXICOR cannot handle missing properties (or properties set to zero), so the chemical composition has to be common to all the alloys in the database. For this study, the selected alloying elements were Fe, Si, Cu, and Zn in the aluminum alloy database, and Mn, C, P, and S in the ferrous alloy database.

For the aluminum database, the parameters selected to describe the heat treatment were: the solution treatment temperature, the tempering temperature, and tempering duration. For the ferrous alloy database, the tempering temperature and the quenching medium (water or oil) were the only parameters used. The quench medium was described as a numerical value by using the thermal transfer coefficient h = 0.037 mm ±1 for water and h = 0.011 mm ±1 for oil.

The three estimation methods were tested on complete databases. In a first step, twenty general, mechanical, electri-cal, and thermal properties were used (Table 1) without the information about chemical composition and heat treatment.

The results obtained with the three methods for the aluminum database are shown in Table 1. It can be seen from this table that for most properties the error was less than 10 % so the estimation was very good. For this database, the coupling method was the one that gave the best results with a lower average error. Some properties, however, remained hard to estimate: ductility (all methods), tensile strength (all methods), elastic limit (distance method), hardness (all methods), and compressive strength (distance method).

For the ferrous alloy database, the average error on the same numerical properties as in Table 1 was 4 % for the correlation method, 14 % for the distance method, and 5 % for the coupling method. Thus the estimations were (on average and for all the methods) better for the ferrous database. This was probably due to the larger number of materials in this database. As in the previous case, however, at least three properties remained hard to estimate (errors larger than 10 %): ductility and hardness (all methods), fracture toughness (correlation and coupling methods). . Schematic illustration of the coupling method: an unknown property x q of a material M is determined from the p known properties (here the property x i ) of a neighbor material M V .

xq M exp

Mv To improve the calculation of such hard-to-estimate properties, some details of the heat treatment were introduced in the estimation. The results of the calculation for the aluminum alloy database is shown in Table 2. From this table it is obvious that the introduction of the heat treatment information reduced the error in the hard-to estimate properties. For instance, the error in the calculated value of the ductility was reduced from a factor larger than four for the three methods. The same trend was observed (with a somewhat smaller amplitude) for the endurance limit (distance method), hardness (all methods), tensile strength (distance method), and fracture toughness (distance method). The errors in the other properties of the table were quite similar to those already obtained in the previous calculation (Table 1). For the ferrous alloy database, the introduction of the heat treatment information led to the same results: that is, an improvement of the estimation of hard-to-estimate properties such as the compressive strength, the elastic limit, or the modulus of rupture (distance method).
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The introduction of the chemical composition of the alloys also led to a global improvement in hard-to-estimate properties but with less efficiency than for the heat treatment. This effect was more pronounced for the aluminum than for the ferrous database.

For aluminum alloys or steels, mechanical properties such as elastic limit, ductility, or fracture toughness are strongly correlated with the microstructure which, in turn, depends on the chemical composition and heat treatment. This explains the improvement obtained with the correlation methods for the hard-to-estimate properties in Table 2. Of course, one might expect an even better result if the heat treatment could be described with more details such as, for steels, the duration and the temperature of austenitisation or, for aluminum alloys, the duration and temperature of the hardening treatment. The chemical composition also appeared to be a critical parameter for calculating hard-to-estimate properties, although with a less pronounced effect than the heat treatment. This is probably because the software used requires chemical elements common to the whole database. Those elements may not be the most efficient ones for modifying the mechanical properties Once validated, the estimation methods were used to try to predict the variation of the mechanical properties of a given material with changing heat treatment or chemical composition. The calculation was carried out first on the ferrous alloy database. In this case, the tempering temperature was changed in the database and the new virtual mechanical properties of the alloy were calculated with PROXICOR. The results obtained for the elastic limit and the ductility of a 1080 steel are shown in Figure 2 and Figure 3. In the figures, the dashed lines correspond to the estimated elastic limit. The interval between the lines represents the error in the estimation. The solid lines correspond to the real upper and lower values of the elastic limit (the ductility) in the database. For the investigated steel a very good estimation of the variation in mechanical property with tempering temperature was obtained. Similar results were obtained for the fracture toughness of the same alloy, another hard-to estimate property. Table 2. Error r q calculated between real and estimated values of numerical properties of the aluminum alloy database after the introduction of the heat treatment parameters.

Property

Error in the estimation

Correlation method

Distance method

Coupling method For the aluminum database, a change in the heat solution temperature and/or in the chemical composition was also investigated. In that case, however, the calculation showed no variation of the virtual mechanical properties.

[%] [%] [%]
For the alloy producer, the possibility of predicting the mechanical properties of a virtual material from a set of properties of existing materials is very appealing. From this point of view, the results of Figure 2 and Figure 3 are very attractive. However, the estimation methods presented here seem to be less useful for aluminum alloys. Again, the chemical composition parameters introduced in the database might not be accurate enough for a good prediction of the material properties. Besides, aluminum alloys might be more sensitive to details of the heat treatment such as room temperature hardening, quenching rate, heating rate, or multi-step heat treatments while for steels the quench rate might be the crucial parameter. Further work is required to check those assumptions.

Three numerical methods were used to estimate missing properties within a material property database. Those methods were tested on two complete metallic databases of 50 aluminum alloys and 113 ferrous alloys. Mechanical, electrical, thermal, and general properties were taken into account in the test. For most properties the estimations were very good with an average error < 10 %. A few mechanical properties, such as elastic limit, ductility, and fracture toughness remained, however, hard to estimate with a large error. Some details of the heat treatment of the alloys (tempering temperature and duration) and of the chemical composition were added to the database. With this new set of data, the error in the calculation of the hard-to-estimate properties was considerably reduced. The proposed estimation methods were used to calculate the change in mechanical properties consequent on a change in heat treatment or chemical composition. Good agreement between the calculated and real variation was found for the ferrous database but not for the aluminum alloys database.
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 1 Fig.1. Schematic illustration of the coupling method: an unknown property x q of a material M is determined from the p known properties (here the property x i ) of a neighbor material M V .

Fig. 2 .Fig. 3 .

 23 Fig.2. Estimated (dashed lines) and real values (solid lines) of the elastic limit of a 1080 steel as a function of the tempering temperature.

Table 1 .

 1 Error r q between real and estimated values of numerical properties of the aluminum alloy database as calculated with Equation 7.

	Property	Error in the estimation	
		Correlation	Distance	Coupling
		method	method	method
		[%]	[%]	[%]
	Density	3	3	2
	Bulk modulus	1	2	1
	Compressive strength	0	42	0
	Ductility	186	139	91
	Elastic limit	0	57	0
	Endurance limit	0	36	0
	Fracture toughness	7	10	4
	Hardness	32	57	32
	Loss-coefficient	2	2	3
	Modulus of rupture	0	47	0
	Poisson's ratio	1	1	1
	Shear modulus	3	3	3
	Tensile strength	19	32	14
	Young's modulus	3	3	3
	Maximum service temperature	4	3	4
	Melting temperature	4	4	3
	Specific heat	3	2	3
	Thermal conductivity	8	24	7
	Thermal expansion coefficient	5	6	4
	Resistivity	10	23	9