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Abstract - A newly developed model, predicting the transformation
temperatures of NiTi-based ternary alloys as a function of composition, is
shortly described. The model is discussed with respect to the class of alloy
systems it is applicable to.

1.-Introduction.

Each application of Shape Memory Alloys requires its own specific set of
transformation temperatures. These transformation temperatures depend on the
thermomechanical history and the composition of the alloy. The influence of ternary
additions to NiTi on its transformation temperatures is most frequently empirically
determined for a number of transition elements (e.g. /1/). However, because of the
innumerable amount of possibilities, it is wished to have a more fundamental
understanding of the influence of ternary additions to NiTi on the transformation
temperatures.

Recently, we developed a new, semi-empirical model, predicting the transformation
temperatures of a ternary Ti-based alloy system as a function of the composition.
This model is extensively described elsewhere /2,3/. For this paper, it is our aim
to give an overview of class of alloy systems, to which this model can be applied,
and the limitations of the model.

2.-Survey of literature.

There is general agreement on the electronic character of the transformation, as

first proposed by Wang /4/. A survey of literature /1,4-8/, presented elsewhere

/2,3/, led to the conclusion that there are three important quantities determining

the transformation and the corresponding transformation temperatures, i.e.

1) the Fermi energy, Er

2) the real number of valence d-electrons, ng (not the number taken from the
periodic system)

3) the partial density of valence d-states, d-DOS

It is remarkable that in most models, temperature is not involved. For example,

Fermi Surface nesting models consider the Fermi Surface at zero Kelvin. There is,

however, not yet a simple model to predict the transformation temperatures as a

function of the composition.

3.-The development of a new model

Because no simple model, predicting the transformation temperatures as a function of
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the composition, is available, we developed a new model, in which the above three
quantities, the influence of ternary additions on these quantities and the
temperature are involved. The model so developed is based on the hypothesis that
there are two special states (A; and Ap), both with energy E, but with different
k-vectors or spin, of which the occupation probability p should reach a (composition
independent) critical value p* for transformation to take place. States A; and Ap
and their energy E, are unknown, so far. For a ternary, E, can be interpolated
between the values of E, nit3 and Ej mxri, which can in turn be calculated from the
transformation temperature of NiTi and MxTi.

Assuming that the Fermi-Dirac distribution function also accounts for alloys, the
critical occupation probability p* is written as

px = L (L

exp[ Er - Fr ] + 1

kpTo

with kg Boltzmann's constant and To the temperature at which the austenite and the
martensite are in thermodynamic equilibrium. So,

-1

Ty = —————
kg 1ln [1/p*-1]

(Er-Ea) = C (Er - Ep) (2)

It is shown /2,3/ that, in a simplest approximation, p* = 0.5V2 = 0.71 or
p% =1 - 0.5¥/2 2 0.29, depending on whether E, < Ep or E, > Ep, which is not clear
yet. The value of C, related to p¥*, is indicated in table 1. It is noted that the
values of p* will be further indicated with 0.71 and 0.29, but the exact values
0.5V2 and 1 - 0.5V2 are used in the presented calculations.

Table 1: values of p¥% and C
p¥ C (K/eV) kgC

0.5v2| 1.3166 * 10} 1.13
1-0.5v2|-1.3166 * 10*|-1.13

Because values of Tg are unknown, the assumption is made that the difference Tg-Mg
varies linearly with the composition. The model is further developed to give M, as a
function of the concentration x of the element 'Mx’ in the NiTi-MxTi
(Nig g0-xTig.50Mxx) alloy system. The element Mx should be an element which itself
forms a B2 alloy with Ti (Mx = Fe, Co, Te, Ru, Rh, P4, Os, Ir, Pt, Au). In that
case, the d-DOS of NiTi and MxTi are similar, so that simple interpolations between
the d-DOS of NiTi and MxTi are allowed. This development is described elsewhere
/2,3/. One of the approximations made in the development of this model is given by
the description of the number of valence d-electrons of the ternary alloy, i.e.

ng,NiTiMx(X) = Dg,niTi + 2X (Dg,mxTi - Na,NiTi) + @ 2% (2x-1) (3

in which a is a fit parameter. Parameter o represents the exchange of electrons
between s-, p- and d-bands and between the atoms in the alloy. The value of a should
be such that (with ny = the total number of valence electrons) n-2 < ng < ny for
any 0.00 < x < 0.50. Use of this parameter, together with the use of the Mg
temperature of NiTi and MxTi makes the model into a semi-empirical model.
Further development of the model to gquaternary alloys is possible /2,3/.

4. -Results and discussion.

As input parameters, we used Ep, ng and the d-DOS, as calculated with the Augmented
Spherical Wave method by Slavenburg and Inglesfield /9/. The experimental data are
taken from /1,2,10,11/. Results are given in figure 1. The values of p* (0.71 and
0.29) are indicated in the plots (solid curves). The dashed curves in figure 1
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describe the average of the curves for p* = 0.71 and 0.29. The corresponding values
of a are given in table 2. In all cases, the value of a is such that n.-2 < ng < ng.

Table 2: values of a

alloy |a (p*=0.29)|a (p*=0.71)
NiTiFe -0.202 0.226
NiTiCo -0.148 0.010
FeTiPd -0.029 0.170
CoTiPd -0.115 -0.004
NiTipd - -0.055 0.083
NiTiPt -0.080 0.056
NiTiAu -0.008 0.107

Ti-based ternary BZ alloy systems

The calculated curve for NiTiPd describes the experimentally found minimum in the
Mg-x curve very well. Thls is the first theory accurately describing this minimum,
as far as we know.

The fits for FeTiPd and COTlPd show that the model also accounts for other Ti-based
B2 alloys than the NiTi-based.

In some cases, the average curves describe the experimental data points better than
the curves for either value of p*. It is explained in /2,3/ that this is due to a
combined effect of the accuracy of the d-DOS, used as an input, and some
approximations, made in the development of the model, i.e. the linear interpolations
between the d-DOS of NiTi and MxTi to determine the Fermi level and the energy of
states A; and Ay in the ternary alloys /2,3/. So, the applicability of the newly
developed model in the present formulation is restricted by the accuracy of the
input and the wvalidity of the approximations for the alloy system under
consideration. These aspects, however, do not principally affect the applicability
of the model.

Another effect of the approximations made is shown in the fits for NiTiPt and
NiTiAu. The second order approximation for ng niTiMx(X) 1s not thought to be
sufficiently accurate for these alloy systems, because for Pt and Au, also 4f
electrons play a role in the exchange of electrons between the bands. A higher order
approximation is required in these cases. (Note that Pt and Au are the only sixth
period elements considered.)

Other transition elements

Transition elements, other than those which form a B2 alloy with Ti, can also be
handled with the model, as shown for Zr and Mn /2,12,13/. The Ef, nq and d4-DOS can,
in principal, be calculated, assuming a hypothetical B2 structure for MxTi. A
practical problem in this case is that the transformation temperatures of the
extreme binary alloy MxTi is unknown, since this alloy does not have a B2 structure,
and thus cannot transform from a B2 structure to an orthorhombic structure.
Combination of empirical data of different, well chosen alloy systems, can be used
to eliminate the unknown terms from the equations.

Other elements

When other than the transition elements are added to the NiTi, the principles of the
model should still be wvalid. However, it is very well possible that approximations,
made during the development of the model, are not valid in these cases. For example,
simple linear interpolations of the d-DOS cannot be made when the d-DOS of the
extreme binary alloys NiTi and MxTi are not similar. Especially when the number of
available d-states in MxTi is less than the number of electrons in a corresponding
ternary alloy, problems arise in one step of the calculation procedure. (Note that
the average number of available valence d-states per atom is constant when only
transition elements are involved.)

Non-stoichiometric alloys
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The model can also be applied to non-stoichiometric alloys, considering structural
vacancies as a ternary addition. However, the present formulation of the model is
not suitable for this, because in the present formulation, an intermediate step
exists in which the number of electrons is larger than the number of available
electron states /2/. To handle these wvacancies, the model should be adapted.
Consideration of structural vacancies as a third element is shown to be possible

/2,12/.

Other alloy systems

There are no principle arguments that prevent application of the newly developed
model to Cu-based of Fe-based alloy systems. However, the role of states A; and Ap
may very well be different in these cases. There may be more than two states playing
a role. It is also possible that these states do not have the same energy. When
these states are known, the value of p* can be determined very easily.

Other diffusionless transformations

The model is not principally restricted to ternary systems. It can also be applied
to e.g. the binary Ti-Zr system. In that case, the transformation temperature, the
Fermi energy, the number of valence d-electrons and the d-DOS of pure Ti and Zr
should be used as an input.

5.-Conclusions

The recently developed model is thought to be applicable to principally all
diffusionless transformations. In the present formulation, its use is restricted to
those alloy systems, for which the simple approximations, made during the
development of the model, are wvalid.
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