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Abstract—Stoneley waves at the interface of two nonlocal media are investigated. Using the
nonlocal constitutive equations, the problem is solved in the Fourier transform space. The
nonlocal elastic moduli appearing in the governing equations are determined by appeal to the
atomic lattice dynamics. The frequency equation obtained turns out to be of the form similar
to the form of the equation derived in the conventional theory, but predicts a dispersion of

waves. For very short waves, the speed of Stoneley wave decreases to about 0.64 of its value
for long waves.

1. INTRODUCTORY REMARKS

The last two decades have witnessed the inauguration of a novel theory of material
bodies, named the nonlocal mechanics. This was done primarily due to the efforts of
Edelen[1], Eringen[2], Green and Rivlin[3], Kroener[4], and Kunin{5], and involved
elastic, plastic[6] and liquid[7] media.

The nonlocal mechanics ascribes to bodies a quasi-continuous structure, in the
sense that, apart from the ideal continuity, the actual discreteness of matter is to some
extent taken into account. This objective is achieved through the replacement of the
central postulate of the classical theories stating that the internal particle-to-particle
interactions represent contact or zero-range forces by a broader and more realistic
assumption (since laboratory experiments detect interactions often reaching the elev-
enth atomic neighbor), that the latter have a long range; that is, are actually nonlocal.

It is of interest to note that applications of the nonlocal theory to concrete problems
often lead to impressive agreements with the data of experiments and observations
(e.g. [8, 9]). And so, contrary to the predictions of the classical theory of elasticity and
in harmony with the experimental evidence, the nonlocal theory concludes that the
elastic waves in an infinite space, as well as the surface Rayleigh waves, are dispersive.
Likewise, realistic conclusions are drawn with regard to the mechanics of fracture,
secondary flow patterns in pipes and others.

In consideration of all these facts, it seems not out of place to inquire about the
predictions of the nonlocal theory with regard to another well-known phenomenon of
wave mechanics; that is, the Stoneley waves. As commonly known, these are the elastic
waves propagating along the surface of separation of two solid half-infinite media; their
amplitude being a maximum at the surface itself,

Using the nonlocal constitutive equations, we first apply the Fourier exponential
transformation to the governing equations and, by appeal to the dispersion equation
derived in the atomic lattice dynamics, arrive at the expressions for the nonlocal elastic
moduli. Solution obtained in terms of the displacements enables one to formulate ex-
plicitly the boundary conditions, and consequently to arrive at the frequency equation

of the problem displaying the dispersion of waves. A few general remarks shed some
additional light on the nonlocal aspects of the problem.

t Prepared with partial support of the University of Delaware.

i H. Fletcher Brown Professor Emeritus, Department of Mechanical and Aerospace Engineering, Uni-
versity of Delaware, Newark, DE 19716, U.S.A.

135



136 J. L. NowINsKI
2. GENERAL EQUATIONS

Let the plane x, = 0 of a Cartesian rectangular coordinate system x;, x2, x3 coincide
with the plane surface of separation of two haif-infinite homogeneous and isotropic
elastic media (Fig. 1), with the densities and Lamé constants p, w, A (medium 1, x, >
0) and p*, pn*, \* (medium II, x, < 0), respectively. Let along the plane x, = 0 propagate
a plane wave in the direction of the x, axis, leaving the media in the state of plane
strain.

In standard notation the equations of motion are

Tia + T2z = ply, Ti2,1 + T22.2 = plda, 2.1y

for the medium I, with analogous equations for the medium II. In what follows, it
suffices to discuss the medium I.

Under the assumption that the medium is nonlocal, the stress components may be
represented in the Kroener—-Eringen form (proposed somewhat intuitively by Kroener,
and derived rigorously on the basis of the general theory of constitutive equations by
Eringen{2])

Tilx, 1) = fv Ru'(]x = x])eyx's 1) + N(|x' — x| )ewdx’, 1) dxj dxh dxi.  (2.2)

Here |x' — x| =|xi — x1|,| x2 — x2|, | x5 — x3|, V represents the infinite space,
p' and A\’ are the nonlocal moduli, e;(i, j = 1, 2, 3) is the linear strain tensor, x is the
point of observation, and the prime denotes a generic point of the medium. On account
of the theorem of Edelen ([10], Appendix), for the nonlocal moduli tending to zero at
infinity, the integrand in (2.2) becomes independent of the variable x3, and the volume
V may be replaced by the area A(—* < x; < =, 0 = x, < ®). The stress components
then become

T = L [Qu' + Nuby + Nuso] dxf dxg,
T2 = L [@Qu' + Nuzz + Nuj,y] dxi dxg, 2.3)
ma = [ Wiz + i) dx da,

where w' = w( xi — x|, | x2 — x2|), and u; = wuy(x1, x2, 1), for example.
Modeling the procedure on that utilized in [11] with regard to the Rayleigh waves,
we apply the Fourier exponential transformation

H(k, X2, (.l)) = j_— f_ ulxy, x2, t)ei(kx'+wt) dx, dt (2.4)

X2 ®

Fig. 1. Geometry of the problem.
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to eqns (2.1) and (2.3), and after lengthy computations, similar to those that lead from
eqns (2.3) to (2.5) in [10] (this involves the substitution 1 = x; — x;, and the change
of order of integration), arrive at the following equations:

— ikT1i(k, X2, ©) + Tia2(k, X2, @) + pa?Uy(k, x2, ) = 0, (2.5a)

-—ik?lZ(k’ X2, (9) + ?ZZ,Z(ka X2, (.0) + szﬁz(k, X2, 0)) = Os (2'5b)

and

Tulk, x2,0) = j: {— k21 (k, Jx3 — x2|) + Nk, | x5 = x2 | Wi (K, x5, @)
+ Nk, | x3 — x2 | @b a2(k, X3, w)} dx3, (2.6a)
ok 12 @) = [ 2R |3 = %2 1)+ Rk | 55— 52 DBk, 5, o)
— ikN'(k, | x3 = xz | YEi(k, X3, W)} dx3, (2.6b)
Tk, x2,0) = [ |53 = x2 DIFatk, 53, 0)
— ikus(k, x2, w)] dx3. (2.6¢)
We now recall (see [11] and [12]) that by identifying the dispersion equation obtained
in the nonlocal theory of elastic waves propagating in an infinite space with the cor-

responding equation provided by the Born-von Kdrman lattice dynamics, one arrives
at the following relations for the transforms of the associated nonlocal modulit:

- _ sin? (—)
_ Nt _ ) _ Bk + NGK) _ 2
A " A+ R <£2>7 ,

2

e(k)

2.7

where a is the atomic spacing.}

As is known, the variation of the argument ka is confined to the so-called first
Brillouin zone, 0 =< | ka | = II, one of the features of which is that it removes the
ambiguity in the wavelength associated with the given frequency. Since the wavelength
is A = 2Il/k, the latter may consequently vary from A = = to the acceptable minimum
A = 2a. Referring now to the relations (2.7), we represent the moduli associated with
the problem under discussion in the separable form,

Bk, | x4 = x2|) = BB | x5 — x21), 2.8)
Nk, | x5 — x2|) = NK)BL(| X3 — x2|),

where 8, denotes the n-th term of an appropriately selected 8-sequence, whose limit
for n — = is the Dirac-delta function 8(x3 — x,). Such a decision seems rather realistic
inasmuch as, even for particle interactions reaching the tenth closest neighbor, the
radius of interactions remains of the order of 10~7 cm. With respect to the selected
sequence, we adopt the simplifying assumption that for a sufficiently large n, the terms
of the sequence enjoy the shifting property characteristic of the Dirac function. Sub-

t It is assumed that the particle interactions involve closest neighbors. For a more general approach see
[13].

1 Clearly an inverse transformation of eqns (2.7) for the long-wave case (k — 0) in combination with
the identity J= .e™' dk = 2[I5(x,) yields, e.g. p'(} x] — x,]) = udlx} — x;), so that eqn (2.2) becomes the
well-known equation of the classical theory.
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stitution of eqns (2.8) into eqns (2.6) now yields

—ik[2E(k) + MK (k, X2, @) + NK)T220k, X2, @),  (2.9a)
[2E(K) + AN(K)H22(k. x2, w) — IkNK)T (K, X2, ®), (2.9b)
B U 2k, x2, w) — KUk, X2, w)]. (2.9¢)

Tnlk, x2, w)

Il

Taa(k, x2, w)

Tialk, X2, )

We insert the equations above into the eqns (2.5), arriving at the system of two coupled
equations:

B2 — k(N + Wuaa + [pw? — BQE + N = 0, (2.10a)
— k(R + N2 + QR + Nz + [pw? — KBRla; = 0, (2.10b)
whose solution does not present difficulties. We have
E] = Ale—"‘"‘z + Aze_“m, (211)
Uy = 1‘1]0’16_-0‘”(2 + Azcze_"m;
T2 = —AIQE + MNoug; = ikX] — AR + Mooz — ikX], 2.12)
T2 = —RlA(a, r ko) + Ax(az + ikoa)],
where
C2 1/2 C2 172
= 1 _— = s = - =
«-(1-5) =-( )
gy = —ioq/k, Qy = —ik/(l;v_, (213)

c=uwk, T =Qg+Np, T:=nl.

3. BOUNDARY CONDITIONS

Let us now imagine that the half spaces under consideration are in ‘‘welded”
contact along the interface x, = 0, so that there is no slipping, and the corresponding
stress components are equal:

— =% — =%

Uy = Uy, Uz = Uy, (31)
— =% - _ %

T2 = T22, Tiz2 = T12,

at x; = 0 for any x; and any . A nontrivial solution of the system (3.1) of four linear
homogeneous equations for four unknowns A,, A., A} and A3, implies that the deter-
minant of the system should vanish. This leads to the following equation for the velocity
¢ of the Stoneley waves:

(1 — ¥)? = (af + yauloz + ye2)] + 2Kc*afoz — youon

-1+ v] + K¥oyaz — D(afas = 1) =0, (3.2)
where

y . 1 2\ 12 . 1 2\
= = — B A2 = T ’
Y prip, &3 EZZ 2 C;Z

Tr2 = (Qp* + NM)p*, TR = prp*, (3.2a)
K = 2(c% - v¢7).
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An inspection of eqn (3.2) shows that the form of this equation is identical with the
form of its local classical counterpart ([14], p. 112; [15], p. 540). A fundamental dif-
ference between the two equations, however, is that the eqn (3.2) predicts a dispersion
of Stoneley waves, while its local alternative does not. It seems that the following
observations with regard to the eqn (3.2) may be of interest.

(1) The nonlocal character of eqn (3.2) lies in the presence of the nonlocal veloc-
ities, such as ¢., ¢r, ¢, and 3, which, on account of the relations (2.7), represent
functions of the wave vector .

(2) For long waves, that is, for £ — 0, eqn (3.2) transforms into the classical
frequency equation derived by Stoneley[16] for the general case of the compressible
media.

(3) Since the relations between the local and the nonlocal velocities are of the
form

L = €, (3.3)

say, where c; is the classical velocity of the longitudinal waves, solution of the nonlocal
equation (3.2) may be found directly from the corresponding solution of its local coun-
terpart by means of the formula

- 172
Cnonlocal = € “Clocals (3-4)

without explicitly solving this equation.

(4) If the mass density p*, say, is set equal to zero, eqn (3.2) transforms into the
equation for the nonlocal Rayleigh surface waves derived directly in [11]. We note that
the expression [1 + F(£)/p] in eqn (3.14) in [11] corresponds to e(k) in eqn (2.7) of the
present text. o

(5) If one sets p = p*, m = p*, and A = \¥, one arrives at the case of the plane
waves propagating in an infinite nonlocal medium with the velocities ¢ = ¢, and ¢ =
¢r, correspondingly [compare eqns (2.13)].

(6) Since the value of €2 in the Brillouin zone varies from 1 to 0.637, the velocity
of very short Stoneley waves predicted by the nonlocal theory is by 36.3% less than
the velocity of very long Stoneley waves found in the conventional theory:

Cromteed = 0.637c2ig. (3.5)
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