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ABSTRACT 

The dissociated structure of the a ( 101) superdislocations in Ni3AI is predicted as a function 
of temperature. The temperature dependence of the relevant fault HeImholtz free energies and 
elastic constants are calculated within the quasiharmonic approximation using the embedded 
atom method. The results of these calculations are then incorporated into anisotropic elasticity 
theory-based calculations of the dissociation distances. The cross-slip activation enthalpy is 
estimated and found to decrease by 24% at 600 K when compared with its 0 K value. The 
calculations point to the need to perform experiments to address this temperature dependence. 

INTRODUCIION 

It is generally agreed that the noncompact-core structure of the a (1 01) superdislocations is 
the origin of the yield-strength anomaly present in many of the L12 compounds [l]. The most 
commonly observed dissociation reaction (in the temperature range of the anomaly) is 

a io i ]  + _a 1121 + CSF + [ z i i i  + APB + 1131 + CSF + 2 [ 2 i i ]  (1) 6 6 
where CSF refers to the complex stacking fault, and APB refers to an antiphase boundary. The 
APB may lie either on the (1 11) plane, in which case the superdislocation is glissile, or on the 
(010) plane, resulting in the sessile Kear-Wilsdorf lock configuration [2]. The anomaly, then, 
originates in the dynamics connecting the mobile to the immobile configuration. An essential 
first-step in these dynamics is the thermally-activated constriction of the forward pair of Shockley 
partials to form a superpartial dislocation of screw character, which can then cross-slip from the 
(111) plane to the (010) plane. The detailed dynamics of this process, and their implications for 
dislocation motion, have been discussed elsewhere [ 1,3,4], but the earlier discussions have 
neglected the intrinsic temperature dependence to the activation enthalpy for cross-slip: If the 
structure of the dissociated superdislocation is temperature dependent, then one expects the cross- . 
slip activation enthalpy to also be temperature dependent. 

The purpose of the current work, then, is to explore the intrinsic temperature dependence of 
the dissociation reaction given by Eqn. (1). In particular, the temperature dependence of the 
dissociation distances is calculated, and these results are used to estimate the intrinsic temperature 
dependence of the cross-slip activation enthalpy. The embedded atom method (EAM) has been 
used to calculate the temperature-dependence of both the elastic constants, and the fault 
Helmholtz free energies [SI. The results of these calculations have been used as inputs into 
anisotropic elasticity theory to yield dissociation distances and an estimate of the cross-slip 
activation enthalpy. 

The Helmholtz free energy of a solid, F(a,T), is given, in the quasiharmonic approximation, 
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by the following equation 

F(a ,  7‘) = Eo (a) +kBTxlog2  
k, j 

where a is the lattice constant, Tis the temperature, EJa) is the internal energy, kB is Boltzmann’s 
constant, h is Planck’s constant, and vj(k) is the frequency of the phonon with wavevector k and 
polarization index j 161. The phonon frequencies have an implicit dependence on the lattice 
constant. To calculate the Helmholtz free energy as a function of temperature2one merely fixes 
the desired temperature and minimizes F(a, T) with respect to a, remembering that the phonon 
frequencies must be recalculated for each value of a. 

Eqn. (2) forms the foundation of the atomic scale calculations for this work. The procedure 
used in the calculation of the temperature dependence of the elastic constants is the following, 
First, the lattice constant minimizing F(a, T) is calculated, which yields the thermal expansion of 
the lattice (in the quasiharmonic approximation). Second, a pure strain of the proper symmetry is 
imposed on the system, and the free energy is recalculated by applying Eqn. (2). The strain 
amplitude is varied to calculate the strain dependence of the free energy. This curve is fit to a 
fourth order polynomial in the strain amplitude, for strains less than 1%, using a singular value 
decomposition routine, and the coefficients of the quadratic term are used to determine the elastic 
constants. The coefficients of the linear, cubic and quartic terms in the fit are insignificant in 
comparison to the quadratic term. 

The calculation of the fault free energies is more involved. A unit cell containing 96 atoms (24 
planes of 4 atoms each) is employed. The unit cell used in the calculation of the { 1 1 1 } APB free 
energy contains two faults, and that used for the CSF free energy contains three faults. The 
properties of a 96 atom unfaulted cell are also calculated. 

As a first step, the zero temperature structure of the faults is determined through the 
minimization of E, with respect to the position of all of the atoms in the cell. (Note that this 
minimization neglects the zero-point energy of the phonons.) Expansion normal to the plane of 
the faults is allowed; the periodicity in the plane of the faults is restricted to be equal to its bulk 
value. These zero-temperature structures are used as the starting point for the temperature 
dependent calculations. 

At each temperature, the following procedure is applied. The large unit cells are expanded 
uniformly using the thermal expansion predicted from the elastic-constant calculations. The 
dispersion relations for the phonons are calculated, as is the internal energy, and Eqn. (2) is used 
to give the free energy of the entire unit cell. The fault free energies are calculated by subtracting 
the free energy of the unfaulted cell from that of the cell containing the faults, and dividing that 
result by the number of faults in the cell. 

The above approach ignores the fact that thermal relaxations near the faults are likely to be 
different than those of the bulk. However, errors of order E in the positions of the atoms result in 
errors of order in the free energies, and this approximation is not expected to be too limiting. In 
fact, recent calculations of the surface free energy of copper employing a similar approximation 
give an error of the order of 0.5 mJ/m2. Also, the thermal disorder, which is expected to be very 
small, is neglected. The error due to both of these approximations is probably less than the 
accuracy implicit in EAM. As such, the quantitative results that follow must be taken as 
approximate. 

The results presented below are obtained using EAM potentials developed by Voter and Chen 
[8]. However, because the free energies depend on higher-order derivatives of these potentials, it 
is necessary to smooth these potentials. The smoothing procedure produces essentially no 
change in the zero temperature properties of the crystal, but allows a more accurate calculation of 
the free energies and elastic constants. In addition, all of the calculations reported below have 
been repeated using EAM potentials developed by Foiles and Daw f9]. While precise values of 
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RGURE 1. The honon density of states for the bulk structure and the unit cell containing APB's. The 
arrows in the rig K t panel point to the phonons localized at the APB. 

the free energies and elastic constants differ, the trends with temperature are similar. 

RESULTS 

In the quasihannonic approximation, the phonon density of states is the only contribution to 
the entropic portion of the free energy. Figure 1 displays the phonon density of states for the pure 
bulk and the APB faulted unit cells calculated using the smoothed Voter-Chen potentials. The 
bulk density of states agrees well with the experimentally measured density of states [lo]. The 
most notable discrepancy is that the gap between the acoustic and optical modes is approximately 
1 THz too large, and that the bandwidths of both the acoustic and optical modes are 
approximately 1 THz too large. 

The most striking feature of the density of states for the APB faulted structure is the 
appearance of two localized states (indicated by arrows in Fig. 1). The change in structure of the 
density of states, including the localized states, is related to the temperature dependence of the 
fault free energies. Note that a phonon with the frequency of 10.5 THz corresponds to a 
temperature of 503 K. The (experimentally determined) effective Debye temperatures range from 
400-500 K [lo]. Hence one might expect that the localized states make a significant contribution 
to the temperature dependence of the free energy in the temperature range of interest. Another 
significant contribution arises from the thermal expansion of the lattice. 

The relative importance of these two effects on the fault free energies can be ascertained by 
inspection of Fig. 2. Note that the Helmholtz free energy of the faults does not display a strong 
temperature dependence (note the vertical scales in the plots), which is in agreement with 
experiment [ 111. The value of the APB free energy decreases by 5% and the CSF free energy 
decreases by 3% over the temperature range displayed. Also, the differences in the phonon 
spectra near the faults are responsible for the majority of the temperature dependence. Finally, it is 
noted that a decrease in fault free energy corresponds to an increase of the fault widths, if one 
assumes that the elastic constants are temperature independent. 

The calculated temperature-dependent elastic constants appear in Fig. 3. The solid symbols 
are experimentally determined values [ 121 and the solid lines are the predictions of the current 
theory. Overall, the agreement is fair. The decrease in magnitude of the elastic constants is 
overestimated by the theory, and the absolute values of C.12 and C+ are too low. However, the 
trends with temperature are all correct. Note that a decrease in elastic constant corresponds to a 
decrease in the expected fault width in the dislocation core. Hence the trend suggested by the 



141 

140 

wn 139 E 2 138 

h 137 
tlp 
2 136 

'3 135 

134 
d 

133 

Y 

Q) 
.c) 

- --- 

\ 
\ 

\ 

APB 

120.5 

120.0 

-- 119.5 
\ 

\ 
\ 

E 2 119.04 

9 118.51 

$ 118.0; 

3 117.5{ 

117.0 ! 

116.5 

u 

* - 
w 

CSF 
' ' . . ' I ' * . . + . . ' I  I * . . . , ' * ' . , '  

0 100 200 300 400 500 600 
temperature [K] 

FIGURE 2. The calculated fault energies for the (111) APB and CSF. The dashed curves labelled (a) are 
the predictions if one includes thermal expansion alone. The solid lines, which are the true Helmholtz 
free energy of the faults (within the approximations cited in the text), reflect the change in the honon 

the zero point energy of the bulk and faulted unit cells differ. 
structure associated with the presence of the fault. The (a) and (b) curves do not meet at T=O K E ecause 

elastic constants opposes that suggested by the fault free energies. 
These results for the elastic constants and for the fault free energies are then used as inputs 

into anisotropic elasticity theory, and the dislocation core structure is predicted. The temperature 
dependence for the fault widths for a screw oriented superdislocation is depicted in Fig. 4. Note 
that the predicted width decreases with increasing temperature, suggesting that the thermal 
softening of the lattice, as reflected in the elastic constants, is the dominant effect. The predicted 
variations in the fault widths are comparable to the expected experimental error in their 
measurement, and hence, are difficult to detect[ 10,13- 151. However, the anomaly persists to 
higher temperatures than those studied here, and experiments performed at  these higher 
temperatures may be able to detect the slight temperature dependence. Alternatively, high 
resolution transmission electron microscopy experiments may be able to measure the temperature 
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FIGURE 3. The elastic constants for Ni3AI predicted by EAM usin the smoothed Voter-Chen potentials 
(solid lines) compared with the experimental values from reference B 121 (squares). 
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FIGURE 4. Predicted fault widths for a dissociated, glissile, screw oriented superdislocation. 
dependence. 

These results are used to estimate the cross-slip activation enthalpy by assuming that the 
enthalpy is equal to the work required to constrict the forward Shockley partials to a distance of 
a/&(the magnitude of the Burgers vector of the Shockley partials). The force at each constricted 
distance is calculated allowing the rearward partials to find their equilibrium configuration in the 
presence of the constricted forward Shockley partials. The barrier is assumed to correspond to the 
constriction of a length of superdislocation equal to the magnitude of the total Burgers vector, 
h a  (kink energies are neglected). The temperature dependence of this estimated barrier is 
plotted in Fig. 5. Note that the estimated barrier, which enters into the cross-slip probability in the 
exponential, varies by 24% over the temperature range shown. 

DISCUSSION and CONCLUSIONS 

The results presented here suggest that the superdislocation core structure does not change 
dramatically as one increases the temperathre. However, the estimated cross-slip activation 
enthalpy varies by 24% over the studied temperature range. It is important to understand this 
variation, because the energy barrier enters the cross-slip probability in the exponential function. 
As an example of the importance of this variation, consider the ratio of cross slip probabilities at 
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FIGURE 5. The temperature dependence of energy barrier to cross slip predicted by the current iheoy. 



600 K for two cases: (1) the energy barrier is assumed to have its 0 K value for all temperatures, 
and (2) the energy barrier is given by the results displayed in Fig. 5. The 600 K cross-slip 
probability for case (2)  is approximately 4.5 times larger than that for case (1). This change would 
result in a yield strength greater than that expected from a temperature independent activation 
enthalpy. 

It is certainly true that the present theory overestimates the temperature dependence of the 
activation enthalpy due to the overestimation of the variation of the elastic constants. However, 
the theory does demonstrate that there is an intrinsic temperature dependence to the activation 
enthalpy. The shortcomings of the present calculations suggest the need for further experiments to 
explore this intrinsic temperature dependence. 
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