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£ ABSTRACT

A recent caleulation of the explicit temperature dependence of the quasi-
harmonie second-order elastic constants of the fe.c. lattice with arbitrary
nearest-neighbdur central forees is used to caleulate the bulk modulus, poly-
crystalline shear modulus and the polyerystalline longitudinal wave velocity
for argon. The numerical calculations are based on a Mie-Lennurd—Jones
(12-6) potential and cover the range 0<T <60°k. There 15 reasonable

g with ilabl peri 1 data. At the highest temperatures
of the th ical and i I bulk dull that
higher order anharmonic effects mav be important for solid argon.

§ 1. INTRODUCTION

Ix the last few years a considerable number of experiments have been
carried out on rare-gas solids and many of these experiments have been
on polycrystalline samples. For example, Jones and Sparkes (1964)
measured the resonant frequency of torsional vibration of a suspended
polyerystalline rod of argon between 18 and 65°k. They were able to
derive the temperature dependence of the shear modulus (or equivalently
the transverse wave velocity) of the polyerystal by normalizing their data to
the earlier measurements of Barker and Dobbs (1953, Lawrence and
Neale (1965) obtained values for the polyerystalline longitudinal wave
velocity at temperatures between 54 and 83°k using a diffraction of light
technique. The isothermal bulk modulus has been ed at 4-25°k by
Peterson ef al. (1966) and at 77-7°k by Urvas ef al. (1967), by studying the
variation in the erystal lattice parameter with applied helium pressure.
More recently, Moeller and Squire (1966) and Gsiinger f al. (1967) have
reported single erystal wave velocities.

In order to calculate the elastic properties of argon we need to know the
interatomic forces in the solid.  While there is no doubt that the dominant
forces in the solid are of the central two-body type, there is increasing evi-
dence (see, for example, the Faraday Society Di ion on Intermolecul
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Forces, 1965, 40) that three-body forces are also significant for solid argon,

Unfortunately, at the present time the three-body forces are not sufficiently

well known in the neighbourhood of the potential minimum to }K’rmi’r

an accurate caleulation of the elastic constants.  We shall therefore adopt
a phenomenological model, with central two-body forces acting between
nearest neighbours only. The particular two-body potential that we shall
subsequently use can best be regarded as an effective potential, including
many-body effects in a crude fashion since the parameters of our two-body
potential will always be fitted to experiment. The advantage of the
nearest -neighbour model is that the explicit temperature dependence of the
elastic constants can be caleulated essentially exactly for this model.
Some time ago. Barron and Domb (1954) used this model to calculate the
static-lattice contribution to the polycrystalline elastic constants.

We have recently calculated the explicit temperature dependence
of the fc.c. lattice with an arbitrary nearest-neighbour central force,
$(r). For a particular choice of 4(r). say, a Mie-Lennard—Jones (m-5)
potential, our calculations give the elastic constants which can then be
compared directly with single-crystal measurements. However. in
order to compare our calculations with the work of Jones and Sparkes
(1964) and Lawrence and Neale (1965) we must first pass from results for
the single crystal to the polyerystalline material. The method of
averaging the single crystal elastic constants is discussed in the next
section and a brief outline of our calculation is given in §3. In §4 our
calculations are compared with the available experimental data. The
calculations presented in this paper can be regarded as extending the
work of Barron and Domb (1954) and Barron and Klein (1965) to finite
temperatures. We shall see that the overall agreement of experiment
with our Mie-Lennard—Jones nearest-neighbour model is quite reasonable.

§ 2. PoLYCRYSTALLINE Erastic CONSTANTS
For a cubic erystal there are only three independent elastic constants
€11, €12 and ¢y, The relationship of these to the elastic constants of an
isotropic polycrystalline aggregate has been discussed by Hill (1952).
Fora cubic crystal the bulk modulus, K, is unaltered and the shear modulus,
@, becomes an average of the two independent shear constants ¢,y and
1(c—¢yp). Upper and lower limits of the polycrystalline shear constant.
@, are given by the approximations of Voigt and Reuss, defined by :
Gy = (11— €12+ 364) /5,
Gy — Gy =3[0 — (0,3 —12) I*/5[ 4045 + 3(c1y — 612 ).
In all that follows we shall work with the arithmetic mean of Gy and g
The velocities of longitudinal and transverse waves in the polyerystal
are given by:
pVE=K+(%)G, pV3=0,
where p is the crystal density. At 0°%, Horton and Leech (1963) have
suggested an alternative method of averaging by using the zero-temperaturt
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Debye theta and the zero-temperature bulk modulus, Barron and
Klein (1965) showed that Horton and Leech’s method agrees with the
above mentioned procedure to better than 29, . Thus we can have some
confidence in our averaging procedure. Horton and Leech’s averaging
procedure is not applicable to finite temperatures: so we shall not use it
here.

§ 3. CarcuraTiox oF THE Enastic ConsTaNTs
We have calculated the elastic constants from the equation

a*d
VS, = (m)o £ g( Buger® V= y iy, Wi T e 01},

_ 1 a(u) 8 1 Pw
=% (a"_-a g e ‘:(aumﬂa“ov)ﬂ ’

Here @ is the static lattice energy, assumed to be the sum of pairwise
additive contributions, e% and ¢,% are the internal energy and specific
heat contributions from the mode w?% and y_, and 3,,,, describe the
dependence of the normal mode frequencies on the homogenous strain
parameters {u}. In the actual calculation y, and 8, have been
evaluated to second order in perturbation theory.

where
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Temperature dependence of the polyerystalline shear modulus of solid argon.
The circles are derived from the work of Jones and Sparkes (1964),  The
0°k value is taken from Peterson ef al. (1966). The smooth curve is
calculated for a Mie-Lennard—Jones (12-6) nearest-neighbour model.
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For an isotropic stress p, the constants S ;. are related to the more
usual elastic constants ¢ ,,, by the equations (with the usual Voigt con.
tractions):

=81, 2=8p+p, =8,
Full details of the calculation will be presented elsewhere (see also C.
Feldman, Ph.D. Thesis. Rutgers University, 1967).  From ¢;y, 645 and ¢,
the polycrystalline constants are then obtained by the method indicated
in the previous section. Some results for argon are shown in figs. 1, 2
and 3 for the special case of a Mie-Lennard—Jones (12-6) nearest-neighbour
model. The potential parameters of Horton and Leech (1963) which

Fig. 2
20 T -
45|
40F

2

o

z o

= co

Hi-»
35
o
1 o—e
20 40 60 80

TEMPERATURE °K
Temperature dependence of the polyerystalline longitudinal wave velocity
plotted as p¥',?* versus temperature, where p is the erystal density. The
circles are taken from Lawrence and Neale (1965). The smooth curve is
caleulated for a Mie-Lennard-Jones (12-6) nearest-neighbour model.

were fitted to the experimental latent heat and the 0°k molar volume were
used. Our calculations were carried out at the observed experimental
molar volumes, no attempt being made to solve the equation of state for
the equilibrium molar volume of the model.

§ 4. ComPaRISON WITH EXPERIMENT

Unfortunately our theorctical calculations are restricted to the range
0 < T < 60°k but comparisons with experiment can still be made. Figure 1
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dows a comparison of our model caleulations with the data of Jones and
sparkes (1964).  The theoretical curve, corresponding to (7= (Gy +Gy)/2
s uncertain due to the averaging procedure (the difference beween Gy and
4y, is approximately 10%,) but the temperature dependence is well defined
the difference between Gy and @, is approximately temperature inde-
pendent).  Jones and Sparkes (1964) claimed a relative accuracy of 2%,
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Temperature dependence of the isothermal bulk modulus for solid argon. The
upper curve and the point at 4-25°k are taken from Peterson ef al. (1966),
the point at 77-7°k is taken from Urvas, et al. (1967). The lower curve
is calculated for a Mie-Lennard—Jones (12-6) nearest-neighbour model.

and an absolute accuracy of about 49, quently there is iderable
lattitude for adjustment to the figure. Even so, the agreement of the
mode] with the experimental temperature dependence is quite reasonable.
Figure 2 compares the results of Lawrence and Neale (1965), plotted as
o} ? versus temperature, with our (12-6) nearest-neighbour model. The
azreement here is again quite reasonable.  Figure 3 compares the isothermal
hulk modulus of Simmons and his co-workers with our model calculations.
At the highest temperatures there is beginning to be a significant difference
between the theoretical and experimental temperature dependence.  This
diserepancy is probably due to the neglect of the higher order anharmonie
rmsin our model.  In fact, the work of Wallace (1965) already indicates
that these higher-order terms would tend to increase the bulk modulus.
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However, in this paper no attempt will be made to caleulate these terms
Finally, we note in passing that for our (I2-6) model Poisson’s Rarigy
varies from 0-243 at 0°k to about 0-29 at 60°k.  This is to be compared
with the values 0-253 at 0°k and 0-27 at 70°k listed by Peterson ef al. (1944).

§ 5. CoxcrusioN

We have shown that the temperature dependence of the second-order
polycrystalline elastic constants of argon are in fairly good agreement with
the nearest-neighbour Mic-Lennard-Jones (12-6) potential.  However
the very precise isothermal compressibility data of Simmons and hie
co-workers suggests inadequacies in the model at the highest temperatures,
If this inadequacy is contirmed by good single-crystal elastic constant
data it will probably mean that a more sophisticated treatment of the
higher-order anharmonicity is required for argon.
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ABSTRACT

Direct observations of the energy loss spectra from @ phase precipitates in
Al+4 wt. % Cu alloy have been made by means of mmbmed ‘electron
mwmucopy nnd energy nxmlyxu in order to ine the diflieul
in using this technigue for g ive lysis of precipitated phases,
Itis ded thut a lysis will be pletely reliuble if the peaks in
the characteristic energy loss spectra (0 to 50 ev) from matrix and precipitate
are reasonably well defined and well separated.  If this is not so, then the
precipitate must extend from the top to the bottom surface of the electron
microscope npccmnn before any reliable inforation ean be obtained. As
far as the extension of the lac)mlque to the study of segregation effects is

d, it is luded that the boundaries at which such effects are

expected must be aligned parallel to the incident electron beam.

§ 1. INTRODUCTION

SEVERAL techniques have been developed for the microanalysis of metals
and alloys. One such method depends on the measurement of the charac-
teristic energy loss spectrum of fast electrons fransmitted through thin
foils of the metal or alloy. The principle of this method was originally
cutlined by Hillier and Baker (1944); they envisaged the use of the energy
tosses produced by the excitation of x-ray levels to identify. qualitatively,
the constituent atoms of a specimen. The possibility of applying this
technique in” conjunction with conventional transmission electron micro-
scopy has recently been realized by the construction of energy selecting
electron microscopes (Watanabe and Uyeda 1962, Castaing and Henry
1962, 1964) and energy analysing electron microscopes (Metherell #f al.
1965, Cundy e al. 1966). At present both types of instrument have energy

resolutions ~ 1 to 2ev, with operating voltages ~80kv to 100kv. and
utilize the predominant energy losses of the trammltted electrons which
lie between 0 and about 50ev. These low energy losses are characteristic
of the electronic hand structure of the material of the specimen and do not

necessarily indicate the composition of the specimen.

The purpose of this paper is to investigate the difficulties involved in
using this technique to perform a microanalysis of an alloy containing a
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