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Abstract--The general formulae derived in Part I are developed explicitly for an isotropic matrix containing
spherical inclusions, and for cubic polycrystals displaying overall isotropy. Results are sensitive to the
choice of comparison material; subject to certain limitations the self-consistent choice appears generally to
be best. For a matrix containing spheres, the structure factors introduced in Part [ are evaluated in terms of
similar factors, associated with the radial distribution function. Polycrystals are modelied by a cell
structure, so that two-point statistics are also determined by a single radial function. It is suggested that the
structure factors associated with these radial functions could be inferred for real materials by experimental
study of wave dispersion and attenuation.

LINTRODUCTION

This paper develops in detail some implications of the general formulae given in the preceding
paper[1). For ease of reference, this is designated I in the sequel, and equations from it are
given the prefix I. A fairly wide class of isotropic composites is considered which includes, as
special cases, both matrix/inclusion composites and polycrystalline aggregates. The principal
simplifying feature displayed by this class is that the two point probabilities P, are isotropic.
This, coupled with the choice of an isotropic comparison material, allows all the integrals given
in I to be evaluated explicitly, except for those that define the geometric structure factors Ay,
A,;, which depend upon the detailed form chosen for the two-point probabilities P,,.

Two examples are considered particularly. The long-wavelength wave speeds, and the
corrections for dispersion and attenuation @', Q, are worked out for a matrix containing
spheres and for a polycrystalline aggregate of cubic crystals. Detailed results are given for glass
spheres in an_epoxy matrix, for which experimental results have been obtained by Kinra et
al.[2], and for polycrystalline copper, alpha-iron and nickel. The long-wavelength wave speeds,
and the perturbations Q, Q', are all sensitive to the choice of comparison material; it is
suggested that the self-consistent choice for Ly is generally likely to be best.

2. GENERAL IMPLICATIONS OF ISOTROPY

The results given in Paper I can be made progressively more explicit, as more simplifying
features are introduced. Suppose, first, just that the two-point probabilities, P (x’,x), in
addition to being translation-invariant, also have isotropic form, so that they depend upon
|x — x’| only. Then, as shown in [3], the constants A, given by (I, 4.6) reduce to the form

Ay = P(P,8,, — P,P,), (VA))]
the constant tensor P having components

_ 1 2 ﬁ,UE”U,-”fi
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This simplification occurs because, when P,, is isotropic, the static kernel ' behaves like P
times a delta-function, with P representing the integral of I'" over a sphere of any radius,
centred on the origin. When A, take the form (2.1), equations (I, 4.2) have the explicit solution
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where
-1
S, =(L,— Lo)[I + P(L, - Lo)]"{z PI+P(L,- Lo)]“'} . (24

Correspondingly, the Hashin-Shtrikman estimate (I, 4.8) for the tensor of overall moduli
becomes

-1

L=3 PL[I+P(L - Lo)r‘[z PlI+P(L - Lo)r'} : 25)

The result was first given at this level of generality by Walpole [4].

The other simplifying features that follow from the assumption of isotropy of P, are that
the integrand in the definition (I, 4.17) of A, depends upon the radial variable alone and,
correspondingly, (I, 4.16) shows that A;.(£) is independent of the direction of £ Thus, if £ is not
a unit vector,

Au(®) =€ As (2.6)

where, on the right side of (2.6), A represents the value of A;, when |¢|=1, and so is
independent of £ The derivatives that appear in (I, 4.19) and (I, 4.20) are now easy to evaluate
explicitly:

(T )AL(E) = -‘T"g'—fr’ AL, @7
2
(VAL () = {3";', ) -ﬁs}l\h« 2.8)

The assumption of isotropy of P, does not by itself imply overall isotropy of the composite,
since all of the L, may still be anisotropic and display preferred orientations. If, however, the
L, are chosen so that the composite is elastically isotropic, it is sensible to choose the moduli
Lo of the comparison material to have isotropic form. In this case, L, is specified by a bulk
modulus «o and a shear modulus u¢ and it is convenient to employ a symbolic notation
introduced by Hill[5]:

Lo = (30, 20). 2.9

The tensor P is correspondingly isotropic; completing the algebra gives

- 1 3(Ko + 2“0) )
P= (3Ko + 40’ Spo(3x0+ dino)/)’ (2.10)

Then, if all of the phases of the composite are isotropic, so L, = (3x,, 2u,), eqn (2.5) gives
L=(3&,24), Q.11

where

- _ 3K0+4E0){ ,(3K0+4ﬂ-0>}_‘
k=2 P'K'<3K,+4p.o 2P 3k +4po ’

- _ Spo(3xo + 4pt0) ){ Spo(3xe+ 4pa) }—'
=2 P, '(6u,(xo +2p0) + po(9xo + 8po) ZP 6ps(Ko+ 2p0) + po(9xo0 + 8po)) -
2.12)

Expressions for &, (i appropriate to a polycrystal are given later.
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The low-frequency dispersion relation (I, 4.12) now shows that the composite will support
longitudinal waves, with wave speed

olky = @ = ([< +4a/3])/p)"? 2.13)
and shear waves, with wave speed
wlky = wlks = B = (/)" (2.14)
The associated displacements (u)x have the form
(u)n = Amy exp(—ilkn(n.x) + wt)), (2.15)
where my, N =1, 2, 3 are orthonormal, with
m=n and man=myn=90 (2.16)
and A is an arbitrary amplitude.
The perturbations Q, Q' to the low-frequency dispersion relation involve the polarizations
7, 7, and the constants A% . .. E,,, defined by eqns (I, 4.25—4.31). The constant tensors D;,, E,,
were worked out, in a slightly different context, by Willis[6). They are isotropic, as are also
A% and C,; the remaining tensors are expressible in terms of isotropic tensors, contracted

with n. The results are listed.

A= AW, A = AN, B, = BA,,

Cr: = CA‘,", D,s = DA", En = EA", (217)
where

a==( v 1_‘(1+g>) 2.18)

6mpocta” 10mpocs’ \ao*  3/)’ .

= 1 1 1,2

b= (121rpoa05’ 20mpocs’ <¢—y?+ 5))’ (2.19)
(O = gz (+ 1) (2.20)

pi 67fpoao 0__02 pis .
(B = Trmpa (o 1) @.21)

In (2.18) to (2.21), ao=[(xo+ 4po/3)/po]'? is the speed with which longitudinal waves would
travel in the comparison material and oo = Bo/ag, Where Bo=(uo/po)'” is the corresponding
shear wave speed. The remaining constants are expressible in the forms

Bl = Brait (2.22)
where
1 1 1 .2
*— [ 2
B (6wpoao!’ l()'rrpoao, (—0—07 + 3))’ (2.23)
and
1 100 1 4 1
k) . A% _ 10 4
A A 35mpoa’ ( 3 04”3 + }?)’ (2.24)
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where

1 1 3
Aot = Tzt { (1) (S +siane ) + (44 22ty

}. 2.25)
(paXij)

This completes the assembly of the constants relevant to all isotropic composites. Particular
cases are disucssed in the sections that follow.

3. AMATRIX CONTAINING SPHERICAL INCLUSIONS

Consider first an isotropic matrix containing a distribution of spherical inclusions. The
inclusion phase is labelled 1, so that the inclusions have moduli L, = 3k, 21}, while the matrix
has moduli L, = (3«2, 2i2). The overall moduli L have already been given by (2.11), (2.12) and
so0 attention is focussed upon the calculation of Q, Q'. The probabilities P, P, satisfy the
relations

Pi+P;=1, Py +Pp=P, P+ Pp=P (3.1)

and these allow the “structure factors’ A, A to be expressed in terms of Ay, Ajy. It follows,
in fact, that eqns (I, 4.41) and (I, 4.42) reduce to

o _ A _ ) | 2 plwwoly .,

Q L (71— 7)A™ + vy A")7 ~ 1)

+2y(1,— 1)B(m — m) + ¥ - m)C(m - m)), 3.2)
2
Q=AY [ AD(ri— )+ (i~ m)E(mi - )], (3.3)
mL(n)m
where

v=wlk 3.4

and k, m take the values ky, my appropriate to the branch of the dispersion relation under
consideration. From (2.3), now,

(11— 12) = (81— S2)(e), (3.5)
where
(e).-,- =- ik(mm,- + m,-n;)/Z, (36)

and it can be shown, either from (2.4) or directly from eqns (I, 4.6), that

Si—S;=[I+(P:Li+P,L,— Lo)P] (Li— Ly) 3.7)
or, explicitly,
S,= S, = (3(K| — k2)(3xo + 4i0) 1001 — pa)po(3xo + 4p0) ) (3.8)
! 3(Pyk1 + Pika) + 4pg’ 6(Papy + Prpa)(ko+ 20) + po(9x0 + 8ua)/” '

From (I, 4.3),
m— m=—iw(p — pm. (3.9

This completes the specification of the tensors that appear in (3.2), (3.3). They are easy to
manipulate, on account of their isotropic structure and, furthermore, the wave normal n may be
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taken to have components (1,0,0), without loss of generality. Correspondingly, m,, m; have
components (1,0,0), (0, 1, 0) respectively and there is no need to consider ms.

There remains the task of evaluating the structure factors A, Afy. This is complicated
slightly by the fact that a distribution of inclusions is most naturally described in terms of a
number density n, and a pair distribution function g(x) (which, for the case being considered,
depends upon |x| only and is usually called the radial distribution function). If the inclusions all
have radius a, the number density n, is related to P, by

P| = 41703'“/3 (3. 10)

and the pair distribution function is related to the probability density P(x|x’) for finding an
inclusion centred at x, given that a different inclusion is centred at x', by

P(x|x") = mg(x —x). 3.11)

In the present case, therefore, g(x) =0 when |x| <24, since inclusions cannot overlap, and
g(x)—>1 as |x| > =, since no long-range order is assumed.

In preparation for evaluating Ay, Aly, it is noted that P,y(x, 0), the probability that both x
and 0 lie in an inclusion, is given as

Py(x, 0) = no(x) + nlzj dx' [ dx"g(x" - x", (3.12)
B(0, a) B

(X.4)

where B(x, a) denotes the sphere of radius g, centred at x and v{x) denotes the volume of the
intersection of B(0, a) and B(x, a). The first term on the right side of (3.12) is the probability
that x, 0 lie in the same inclusion and the second is the probability that they lie in different
inclusions. The structure factor A;; now follows as

Ay= u;]v(x)dx-l-n;’fdxf dx’[ dx"[g(x"—x)—11. 3.13)
B, a} Bix a)

The first integral on the right side of (3.13) is elementary and the second can be reduced by the
change of variable x” = x’ + u, to give the result

3
An= (‘3339—)&1\, G.14)
where
A= l+nljdu[g(u)— 11 (3.15)

the factor A appeared in [6]. Evaluation of A}, is less straightforward; the result

2
A= é—’;—“— P.A, (3.16)
where
b, 13 137a * _
A=1+5p+ T8 nlerr[g(x) 1. G.17)

relies upon the fact that g(x) depends upon r=|x| only. The factor A’ is plotted against
concentration P, in Fig. 1 for the “‘well-stirred” distribution defined by

gx)=0, |x|<2a
=1, |x|>2a (3.18)

§S Vol. 18, No. 8D
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-1
Fig. 1. Plot of the structure factor A’ against concentration Py, for the “well-stirred” approximation (----)

and for the Percus-Yevick approximation for the radial distribution function ( ).

and for the Perkus-Yevick hard sphere approximation of statistical mechanics[7]: for the latter
model, the Laplace transform of rg(r) is known explicitly[8] and A’ follows from its small-
argument expansion. Corresponding plots of A were given in [6].

The exact predictions of the formulae that have been presented depend upon the choice of
comparison material. In [6], the comparison material was identified with the matrix and the
quasicrystalline approximation of Lax [9] was applied to close the hierarchy associated with the
operator eqns (I, 2.8, 2.9). With this choice of comparison material, the present formulation gives
estimates for L and Q that agree precisely with the corresponding results in [6] (in which the
symbol Q had a slightly different meaning). The real perturbation Q' was not calculated in [6],
however. The most significant advantage of the present scheme, in addition to its variational
foundation, is that it allows other choices of comparison material. In particular, L, may be
chosen so that L, — Ly is positive semi-definite and p, — po =0 for each r, when the associated L
is the Hashin-Shtrikman lower bound, or so that L, — L, is negative semi-definite and p, — pp <
0 for each r, when L is the Hashin-Shtrikman upper bound[10]. Alternatively, L, may be
chosen self-consistently, so that

L(Lo)=Lo. (3.19)

It was shown in 3] that this prescription (which can also be applied for any two-point
probabilities P,,) reproduces the self-consistent estimates formulated by Hershey[11], Hill[12]
and Budiansky[13]. It is natural to associate with (3.19) the choice

po=p = Pyp;+ Paps. (3.20)

Results corresponding to these three choices of comparison material are displayed in Figs.
2-4 for a composite comprising an epoxy matrix with embedded glass spheres, which has been
studied experimentally by Kinra, Petraitis and Datta[2]. For this material, the ‘“lower bound”
and “upper bound” estimates for L are produced by identifying the comparison material with
the matrix and the inclusions, respectively.

Figure 2 shows (in unbroken lines) plots of long-wavelength estimates & for the speed of
longitudinal waves, against volume concentration of inclusions. The material properties

Ky =43.09, u; =25.98 GPa, p,=2.47gcm™
k2= 15.205, u; = 1.482 GPa, p, = 1.18gcm™

were adopted, to conform with [2]. The upper bound curve (Lo = L,) and the lower bound curve
(Lo = L,) are rather far apart, as would be expected for a composite with such large differences
in moduli. The self-consistent estimate, obtained by choosing Lo= L, lies between the bounds
and probably provides the best of the three estimates for @ up to moderate concentrations,
though the observation[13] that the self-consistent estimate for the shear modulus of an
imcompressible matrix containing rigid spheres becomes unbounded at a volume concentration
0.4 might suggest, for the present composite, that the self-consistent a is an overestimate at
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Fig. 2. Long-wavelength estimates & (unbroken lines) of the longitudinal wave speed in an epoxy matrix
containing glass spheres, plotted against volume concentration spheres, for different choices of comparison
material. The broken lines show estimates allowing for the perturbation Q’, when the spheres have radius
150 »m and conform to Percus-Yevick statistics, and the frequency of the wave is 0.8 MHz. Experimental
points taken from [2] are also shown. Results are normalized to the wave speed a2 of the matrix.

such concentrations. Also displayed on Fig. 2 are corrections due to dispersion: the broken
lines represent estimates a’ of phase velocities, allowing for the first-order correction Q'
through the formula

a'~a(l1-Q'2). (3.21)

The correction term Q' is proportional to w” and also depends upon the radial distribution
function g(x) through the factor A’. The corrections shown assume a frequency of 0.8 MHz and
a Perkus-Yevick distribution of spheres, all of radius a = 150 um. The results demonstrate a
tendency for phase velocity to decrease with frequency. Experimental points, taken from a
figure in [2], are also shown; the composite that was tested in [2] had the properties assumed in
the calculation except, of course, that its radial distribution function was unknown. Comparison

’10~ '5}
L Q.
(k,a) (kya)
MATRIX
MATRIX
051 8-¢ 25J s-c
IMCLUSIONS
. INCLUSIONS
P, 14
0 25 5 0 25 5

Fig. 3. (a) Estimates of the correction factor Qi, plotted against concentration of spheres, for the
composite described in Fig. 2. (b) Estimates of the correction factor Q4, plotted against concentration
spheres, for the same composite.
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Fig. 4. (a) Estimates of the correction factor Qs, plotted against concentration of spheres. (b) Estimates of
the correction factor Qu, plotted against concentration of spheres.

between theory and experiment tends to support the self-consistent choice of Lo. Correspond-
ing results have been obtained for shear waves but these are not displayed.

It has been suggested[14, 15] that the radii of inclusions might be estimated from measure-
ments of dispersion and attenuation. The formulae given in this work demonstrate that, in fact,
such measurements are sensitive to g(x) as well as to inclusion size and concentration.
Normalized plots of the corrections Qi for longitudinal waves and Q3 for shear waves are
shown against concentration, for the three choices of comparison material, in Figs. 3(a, b)
respectively. The assumed material properties are the same as for Fig. 2, including the
Percus-Yevick g(x). Corresponding plots of Qi, Q; are shown in Figs. 4(a,b). The estimates
vary with choice of comparison material but we would speculate that those obtained with the
self-consistent choice are the most realistic.

4, POLYCRYSTALS
This section considers a particular “cell” model for a polycrystalline aggregate. In general, a
“cell” model is defined by subdividing the space occupied by the material into cells, in such a
way that the probability that points x, x' lie in the same cell is p{(x, x). Each cell is then assigned
a label r, with probability P, independently of the labels assigned to other cells. It follows then
that

P (x,x"} = Pd.p(x, x'}+ P.Ps(1—p(x,x")). 4.0

For the case under consideration, the distribution of cells is taken to be statistically uniform
and isotropic, so that p(x, x') in fact depends upon |x — x'| only. Also, each cell is to be regarded
as a crystal grain, composed of material whose elastic moduli, measured relative to a chosen set
of crystallographic axes, are L. The label r now defines the orientation of the crystallographic
axes and is more appropriately replaced by g, a member of the rotation group 9. The moduli L,
of “phase g" are thus obtained by applying the rotation g to L. The rotation g may be
parametrized by Eulerian angles (8, ¢, ¢). Isotropic polycrystals are considered, for which all
rotations g occur with equal probability, so that (4.1) is replaced by the density

Pertx, €)= g2 8@ (5 = )+ g (1 = p(lx = x). “2)

In terms of the Eulerian angles (9, ¢, ¢) the element dg takes the form
dg =sin 8 d6 d¢ dy, 4.3)

so that f¢dg = 87> All previous expressions involving sums become replaced by corresponding
integrals over 4.
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The tensor of overall moduli L follows as such a limit of (2.5), in which the tensors Lo, P
are isotropic. Consider the term

. _
L= L dgLylI + P(L, - LT 4.4)

This is isotropic and so is characterized by bulk and shear moduli &, i which, furthermore, are
determined by the invariants

L = 9%, Ly = 3% + 104, 4.5)

The corresponding invariants of the integrand in (4.4) are, of course, independent of g and so
may be evaluated by replacing L; by L., whereupon the integration over ¥ becomes trivial. The
“continuous r” analogue of the inverse operator that appears on the right side of (2.5) may be
treated similarly, and L follows without performing any explicit integration over 4. All
“phases” g of the polycrystal have the same density, p say, so that 5 = p and, with p, set equal
to p, there are no momentum polarizations.

As a first step towards evaluating the perturbations Q, Q’, it is noted that the structure
factors A,;, A;s become replaced by corresponding densities

Agg’ = A[_S%’ 8(8 - g') - (81:’2)2]’ (4.6)
N = N [g256 - 8) - o | @n
where
A=4x7 ‘r p(r)rtdr, 4.8)
o
A=27n Jm p(nrdr. 4.9)
0

The factors A, A’ represent, respectively, the expected volume of a cell and the expected area of
its intersection with a plane passing through a specified point, both conditional upon the cell
containing that point.

Then, since m, =0, eqn (I, 4.41) gives, with (2.17),

A (1 k) | 2 A (aw)
Q=i {W L dgry (A% + y2A@) 7
~ A"+ y’A‘M)f}, (4.10)

where 7, is related to (e) by (I, 4.7), with r replaced by g, and

_ 1
T= g‘;r-z ,[g dng. 4.11)
Similarly, from (I, 4.42) and (2.17),
= - —A&{ 1 f p—— ‘}
Q mL(mym 82 ) dgr,Dr, — 7D7 ;. 4.12)

Equation (4.12) will be considered first, because it is simpler than (4.10). The integral over ¢
may be expanded to the form

1 k?
§7—r‘1 J; dg'r,D'rg = - §1—T-1 I‘q dgmin,-(SsDSg);jk, mn,. 4. 13)
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The integrand is insensitive to rotations and it simplifies upon application of the rotation g~'.
Then, the tensor S,DS; becomes S.DS,, D being isotropic, while the vectors m, n become
replaced by the rotated vectors g ~'m, g 'n. Therefore, since the integration is over the whole of
% in any case,

2
522 | deniDr =~ 153 [ daem)(gn)(S.DSImgmlgn): @14

That is, the average may be taken instead over all wave orientations, relative to fixed
crystallographic axes.

The integral over ¥ in (4.10) may be transformed similarly, but with the complication that
the tensor A®* itself depends upon n. Thus, the integrand that results involves products of up
to six components of g.

Results will be presented for cases in which L. has cubic symmetry, so that the refation
o = L.e may be given in the form

Ok = 3Kclid, 011 — 022 = 2y — €2), 012 = 2 i3, (4.15)

with equations for other components of o obtained by cyclic permutation of the suffixes. With
the notation

Le=(3kc, 2phc, 210 (4.16)

introduced by Walpole[16], products and inverses can be worked out directly, after which,
application of the prescription {4.5) to the terms from which L is composed gives

K = K, 4.17)

(184 + 12 Mo+ 2p00) + Spo9xo + Bpro) -~ ’

The natural choice for ko in (4.18), is xg= k.. The choices po= p, or p. yield the Hashin-
Shtrikman bounds{17] while the self-consistent equation for g, obtained by setting uo= 4, is
cubic, differing from the original quartic of Hershey[11] by a factor (83 + 9x.).

Now consider the evaluation of Q, from (4.12). First, from (4.11) and {1, 4.7),

7= S(e), 4.19)
where

- 1 .
5og L dgS, = .- Lo, 4.20)

from (1, 4.8). This is isotropic and the term 7D7 in (4.12) follows immediately. The integral over
% in (4.12) is best evaluated from (4.14). Using “cubic” notation, it follows from (2.4) that

Sc=1(0,2p,,2u3), 4.21)
where
_ (e ~ 1) 30u ke + 2p20) + Spuo(9xc + 8pao)] 4.22)
M = (081 + 12 0)(ke + 2pa0) + Spa(9xc + 8po) ° .
(= (’Lé - “0)[30‘-% (Kc + 2”-0) + 5”’0(9'(1‘ + 8”‘0)] (4 23)
Bs = (18 + 1200 (ke + 210) + Spo(9xc + 8pao) * :
Therefore,

S.DS. = (0, 8. 1o, 8(1 o) (4.24)
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where, from (2.19),

1 (1,2
2D = 3 (;03+3). 4.25)

For longitudinal waves, now, k=k;, m=m;=n so that {e); =—ikmn, and y=a. Cor-
respondingly,

(eXScDS.)e) = = k2 1—36' pofp (' + na* + 13" + B ) - pD(ning + na’ni? + nzzmz)}

(4.26)
which gives, upon averaging over all directions #,
1 16 (2 3 .,
5o [ de(eXS.DS ey =~ kit S wo{F i+ w2} @2
Hence, Q;, the attenuation factor for longitudinal waves, is
_ 2Aak’ (1 2 {g 21,3, n2_ g 2}
Q = Bmplad (a_o’+3) §Hs T3 ()~ (R - o)y (4.28)

the circular frequency w having been eliminated by using w = ak,. The corresponding result for
shear waves may be worked out similarly; it is

J A (1 N2 3 e
Q= ot (ot SHE et 43 - G - o} “29)

Evaluation of the factors Q4 falls into two parts: one, associated with the isotropic part of
AR+ 24 follows precisely the pattern established above while the other, associated with
the term A* in (2.25), involves the average of (7;n;)(ti;ng). The results are

oo ANk (4[7& 1 N (L A2 23, s 2]
Qn——rﬁ{3[—r(;?+3) 2(‘1+3)][5us+5(#s) (4 - o)

Smptag’a ag ag

# (4 20) 37 0 B D= )+ = = 5 - o}

(4.30)
for longitudinal waves and
Ak} {[zg 1 2) (01 4)][2 2.3 .
=l —+3)-2A =+ || Sl )P -G - 2]
QZ 351|'p2002 2 a02 04 3 02 3 5“‘8 5("'8) (“’ P'O)
3 n . 4, n, 12 , -
# (4 )]0+ § it =+ 33 s - - G- o @3
[¢41) 5 35

for shear waves.
The task that remains is to evaluate the structure factors A, A’, which depend upon the
function p(r) that appears in (4.2). First, for the function
pir)=e"", 4.32)
which was introduced by Pekeris[18],

A =8ma’, Aj=2ma’ (4.33)
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Table 1. The structure factors A, A’ for the four
models, normalized so that A, the expected volume of
the cell containing the origin, is 4753

Model 1 2 3 4

A 4B’ 4ab’3 4wb’3 4mb3
A 1.903b7  4.606b° 2069 2.322b7

Table 2. Moduli and densities of copper, alpha-iron and nicke!

Material  x:(GPa)  p.(GPa) p4GPa) plgem™)

Cu 136.7 25 754 8.95
a-Fe 1730 480 116.0 192
Ni 180.4 49.6 1247 9.04

Table 3. Estimates of wave speeds, with comparison materials chosen as Hashin-
Shtrikman lower bounds (H-S lower), self-consistently (5-C) or Hashin-Shtrikman
upper bounds (H-S upper)

Longitudinal wave speed & (mm/us) Shear wave speed § (mm/us)

Material H-Slower S-C  H-Supper H-Slower S-C  H-Supper

Cu 4.703 4738 4758 2.266 2.320 235
a-Fe 5.949 5972 5.986 3187 3218 3.239
Ni 5.699 5.724 5.740 3.065 3.100 3122

Table 4, Estimates of the perturbations (), Q, using the Pekeris
model for p(r)

Qil(kib)y Qiltkib)*
Material Cu a-Fe Ni Cu a-Fe Ni

H-Slower 0316 0132 0148 0.101 0051 0.057
§-C 0.1 0061 0066 0052 0031 0034
H-Supper 0054 0035 0037 0032 0022 0024

Table 5. Estimates of the perturbations Q», Q4, using the Pekeris
model for p(r).

Qul(kab)’ Qif(kab)
Material Cu a-Fe Ni Cu a-Fe Ni

H-Slower 0114 0053 0060 0076 0039 0043
§-C 0.041 0025 0027 0040 0024 0.026
H-Supper 0020 0014 0015 0025 0017 0018

Next, for the function

pdr) =¥

employed by Chernov{19],

32,3
Ay =m"%a%, Ay=mal

(4.34)

(4.35)

These simple expressions are useful for illustrative purposes but they are not associated with
any known cell model. Two further examples are therefore considered, for which the functions
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p(r) are obtained from explicit stochastic models. They have both been described by
Gilbert[10]. In the first of these, points are distributed throughout three-dimensional space,
according to a Poisson process of intensity A, and the space is then partitioned into the convex
Dirichlet regions of the points. The Dirichlet region surrounding a given Poisson point consists
of the set of points lying nearer to this than any other Poisson point. Gilbert showed that for
this model

pa(r)=2m Io de Io dRR?*sin g e VRO, (4.36)

where V(R, 8) is the volume of the union of two spheres, one at the origin, with radius R, and
the other distant 7 from the origin, with radius (R?>+ r*— 2Rr cos 6)'?, 8 being measured from
the line of centres. For this model, the Poisson points can be thought of as seeds from which
cells grow, uniformly in all directions, until they meet at mutual interfaces. The final model,
which was introduced by Johnson and Mehl[21], is of the same type, except that a Poisson
process on R®x [0, ] is considered, which marks the Poisson point P; with a birth time ¢ It
nucleates a cell, therefore, only if it falls in a region not already covered by a cell at time t;. The
Dirichlet cells of the simpler stochastic model are convex polyhedra but those of the Johnson-
Mehl model are only star-shaped. Gilbert[20] gives an expression for p(r) for the Johnson-
Mehl model, in terms of a multiple integral. It is more complicated than (4.36) and is not
repeated.

The structure factors A, A’ have been evaluated by Gilbert[20] for each of the Poisson
models. The results for all four models are summarized in Table 1 in which, to facilitate
comparison, the factor A has been normalized as 4wb?/3: this fixes the lengths a in the first two
models and the intensities of the Poisson processes in the other two.

As specific examples, the long-wavelength wave speeds &, B and the corrections Q', Q
giving dispersion and attenuation have been calculated for polycrystalline copper, alpha-iron
and nickel. The relevant material properties (taken form[22]) are shown in Table 2. Table 3
gives three estimates for each of &, B, corresponding to choices of comparison material which
give, respectively, the Hashin-Shtrikman lower bound, the self-consistent estimate and the
Hashin~Shtrikman upper bound for the overall shear modulus. The perturbations Q, Q' are
proportional to A, A’ respectively and so depend upon the model chosen for p(r). Table 4 shows
estimates of the perturbations Q,, Q; for longitudinal waves, for each choice of comparison
material and for the Pekeris form (4.32) for pi(r). Table 5 gives corresponding estimates of the
perturbations Q,, Q5 for shear waves. The results are normalized to b (where A = 4wb>[3); in
this form, results for Q are independent of the model, while results for Q’, for models other
than 1, are obtainable by scaling, using Table 1.

5. CONCLUSIONS

Implications of the general formulae in Paper I have been developed for a range of materials
displaying overall isotropy. The predicted attenuation and dispersion are sensitive to the choice
of comparison material; limited comparison with experimental resuits tends to favour the
self-consistent choice of Lo, though for extreme cases, such as a matrix with a high density of
rigid inclusions, or a highly porous medium, the self-consistent L is known to be unsatisfactory
and some other choice would be needed.

The analysis shows that attenuation and dispersion depend upon the structure factors A’, A
and it should be possible to determine these factors experimentally. For a matrix-inclusion
composite, the factors depend upon the radial distribution function as well as the mean
inclusion radius and concentration, so that the situation is a little more complicated than was
envisaged in [14, 15].
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