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Abstract. The purpose of this research is to study the propagation of surface waves in
transversely isotropic piezoelastic medium based on nonlocal strain gradient theory. A
characteristics equation for the existence of surface waves is discussed. This equation
could be easily reduced to the ones of the gradient strain theory, nonlocal theory, and
classical theory. It has also been concluded that there exist cut-off frequency for the wave
propagating in size-dependent materials based on the nonlocal strain gradient theory. The
dispersion equation which surface wave speed satisfies is derived from the free traction
condition on the surface of half-space with consideration of electrically open circuit condi-
tions. The effect of the nonlocal parameter, the strain gradient parameter on the existence
of surface waves as well as the Rayleigh wave propagation is illustrated through some
numerical examples.
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1. INTRODUCTION

The piezoelectric medium has found many applications in the area of signal process-
ing, transduction, and frequency control. Both theoretical and experimental studies on
wave propagation in piezoelectric materials have attracted the attention of scientists and
engineers during last two decades. The survey of literature can be found in many related
texts and books. One of the most critical problems in designing Seismic Acoustic Wave
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(SAW) devices is the observation and investigation of the properties of surface waves
such as Rayleigh waves, leaky waves, etc.

Nanoscale structures are of significance in the field of nano-mechanics, so it is crucial
to account for small size influences in their mechanical analysis. The lack of a scale pa-
rameter in the classical continuum theory makes it impossible to describe the size effects.
In addition, there exist certain phenomena (e.g., dispersion of elastic waves, crack propa-
gation, dislocations, and so on) that cannot be explained using local theory of continuum
mechanics. Therefore, some continuum mechanics theories have been developed to cap-
ture such effects, such as the nonlocal Eringen theory [1,2], the modified couple stress
theory [3], the micropolar theory [4], the strain gradient theory [5] and others. Tung [6,7]
used the nonlocal Eringen theory to investigate wave propagation in nonlocal orthotropic
micropolar elastic solids, in nonlocal transversely isotropic liquid-saturated porous solid.

Researchers find out that the nonlocal Eringen theory is not powerful enough to esti-
mate the behavior of small structures completely. In other words, the stiffness-hardening
behavior of nanostructures is neglected in this theory and only the stiffness softening ef-
fect is included. It is reported that the nonlocal elasticity theory predicts a decrease of the
structural stiffness when the scale parameter increases while the strain gradient theory
prompts the stiffening of the nanostructures with the non-classical parameter. Recently,
Lim et al. [8] have proposed a nonlocal elasticity and strain gradient theory (NSGT) for
the wave propagation analysis of size-dependent structures with the objective of elimi-
nating the disadvantages of the last aforementioned theories, where both stiffening and
softening effects of the material could be well investigated. In NSGT the stress field ac-
counts for not only the nonlocal stress field but also the strain gradients stress field. This
theory contains two non-classical material parameters (the nonlocal parameter and the
strain gradient parameter) and is able to reproduce both the increase and decrease of
structural stiffness [9]. Based on NSGT, Arefi [10] considered the propagation wave in
a functionally graded magneto-electroelastic nano-rod using nonlocal elasticity model
subjected to electric and magnetic potentials. Ma et.al [11] investigated the wave propa-
gation characteristics in magneto-electro-elastic nanoshells using nonlocal strain gradient
theory.

In this paper, we considered the propagation wave in transversely isotropic piezoe-
lastic medium based on the nonlocal strain gradient theory. Two kinds of scale param-
eters, namely, the nonlocal parameter and the strain gradient parameter are introduced
to account for the size effect of mechanical properties of nanostructures. The constitutive
equations and the equations of motion are then established and used to investigate the
plane waves propagating in transversely isotropic piezoelectric media. The new char-
acteristics equations of plane waves are then obtained and the cut-off frequency of each
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wave are derived. The effect of the nonlocal parameter, the strain gradient parameter on
the Rayleigh wave propagation as well as the existence of surface waves is considered.

2. BASIC EQUATIONS

We consider homogeneous transversely isotropic piezoelastic solid. It is assumed
that the medium is transversely isotropic in such a way that planes of isotropy are per-
pendicular to x3 axis. We take the origin of the coordinate system (x1, x2, x3) at any point
on the plane surface and x3-axis pointing vertically downward into the half-space. For
two-dimensional problem in which the plane wave is in the plane x;x3, the displacement
field uy, u3, the electric potential ¢ have form

up = uy(xy,x3), uz=us(xy,x3), ¢ =P(x1,x3). ()

The constitutive equations for the homogeneous transversely isotropic piezoelastic solid
are given as [12,13]

011 = C11U1,1 + C13U33 + 3193,

033 = C13U1,1 + C33U33 + €333,

013 = caa(u13 +u31) +ei51, (2)

D; = eis(u13 +uz1) —€ngp,

D3 = eq3u1,1 + e33ussz — €33¢3,
where 0, D; are stress and electrical displacement components, respectively.

In the absence of body forces, the equations of motion and Gaussian equations for
the electric are [12,13]

o11,1 + 0133 = piiy,
13,1 + 0333 = iz, 3)
D11+ D33 =0,

where p is density of mass and a dot over a quantity represents differentiation with re-
spect to time t.

According to [14,15], the differential form of constitutive equation with the nonlocal
strain gradient can be obtained as follows

T = (1= 5V?)0i; = (1= BV?) (Cijer — emijEm),
di = (1-5V?)D; = (1—13V?)(eiex + €imEm),
where ¢;j the piezoelectric moduli, E; = —¢,; and the higher-order nonlocal parameters

I; and the nonlocal gradient length coefficients I, are introduced to account for the size-
dependent characteristics of nonlocal gradient materials at nanoscale.

4)
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Substituting (4) into (3) and taking in account (2), we have

(1-5V?) <011u1,11 + c13u313 + caa (1,33 + uz,13) + (e13 + 6’15)4>,13> = (1= K{V?)piiy,
(1-13V?) (644(u1,13 +uz11) + c13u1,13 + c33u333 + €151 + €33<P,33> = (1 I}V?)piis,

(1-1V?) ((613 + e15)u1,13 + e15U3,11 + e33Uz 3z — €111 — €33<P,33) =0.
(5)

3. CHARACTERISTIC EQUATION OF PLANE WAVES

For the waves propagating in the plane x3 = 0, we take the form of relevant compo-
nents of displacement and the electric potential ¢ as [6,7,16]

_ ik(x14+Cx3—ct
U, = alel (X1 gxfi ¢ ),

Uz = aaeik(x1+CX3—ct)/ (6)
4) — Aeik(xl+§X3*Cf),

where a;,a3, A are unknown amplitudes of the displacement, k is x;-component of
wavenumber, ¢ is unknown ratio of wave vector components along x3 and x; direction,
c is phase velocity along x;.

Substituting the expressions for displacements from (6) into (5), we obtain the three
homogeneous equations in three unknowns a;, a3, A, namely

(e cu?) 1+ 25 + BE2) — (1 + R + ) )
+ (e + cag1+ BB+ RIER) )+ (e + )21+ BB+ RIE)A =0,
OQyumxa+Hg+H@§0m+(@M+@@%@+H5+H@§)
7
— pA(1+ K13 + kzl%§2)>a3 + (e15 + e338?) (1 + K213 + KPI3E%) A = 0, ?

((613 +e15)E(1+ K25 + kzlggz)) a1+ (e15 + e338%) (1 + K213 + K*13¢%)as

—(@H+@£QQ+H3+W§§OAZQ
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The necessary condition for the existence of a non-trivial solution ay, a3, A for above
system equations is vanishing of the determinant of the corresponding coefficients ma-
trix, which yields a twelfth equation for ¢

128" + t10C10 + tal® + 16l + talt + 1 EP + 1 = 0, 8)

where t1o, to, s, te, ta, t2, to are given by Appendix. According to the form of the above
characteristics equation, we can predict that six different modes can be generated in non-
local strain gradient piezoelastic solid. A known consequence is the existence of new
wave modes which could not be observed in the classical piezoelastic solids.

It is well known that in an anisotropic medium there are generally three body-waves
propagating with velocities which vary with the direction of phase propagation. Their
polarizations are orthogonal and fixed for the particular direction of phase propagation.
The waves are called quasi-waves (qP, qSV, qSH waves) because polarizations may not be
along the dynamic axes. In this paper, for two-dimensional problem in which the plane
wave is in the plane , these waves are qP, qSV [17]. It has also been concluded that there
exist cut-off frequency and escape frequency for wave propagating in size-dependent
materials based on the higher-order nonlocal strain gradient model. In some waveguides,
the wavenumber will be purely imaginary to start with and becomes real or complex
after certain frequency. In such cases, the wave will be evanescent to start with and
will start propagating only after certain frequency. This frequency at which the change
from evanescent mode to propagating mode happens is called the cut-off frequency, w*
[18,19]. The values of these frequencies can easily be obtained by substituting { = 0 in
(8). Therefore, the cut-off frequency of qP wave and qSV wave are

g jen(+RE) [ (es +encu)(1+K) 9
wy =k 5y, Wy = 22 : ©)
p(1+Kk2I7) per (14 k217)

When the wavenumbers become infinite at a particular frequency, which is referred
here as the escape frequency, w’. The expressions for the escape frequencies can be ob-
tained by forcing the coefficient of &'? equal to zero in (8) [18,19]. From the expression of
&12, it is clear that the escape frequency does not exist in this case.

4. DISPERSION EQUATION OF SURFACE WAVE IN NONLOCAL
TRANSVERSELY ISOTROPIC PIEZOELASTIC MEDIUM

As the first step in our research, in this paper, we are only interested in three so-
lutions with positive imaginary parts out of six possible solutions of the characteristics
equation (8) by the choice of material constants and the parameters I3, [. The existence of
exactly three wave solutions out of six ones in the general case requires fulfil boundary
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conditions which will be studied in subsequent works. Let &1, ¢2, §3 be the three roots of
Eq. (8) with positive imaginary part, the filed displacment has form

.

3
U = Zaljelk(x1+l§jx3—ct),
j=1
3 .
uy = Y aye e, (10)
j=1
3 .
(P — Ajezk(x1+§/-x3—ct),
\ j=1

and LZ]j = DC]‘A]‘, LZ3]' = IBJ‘A]‘, (] = 1, 2,3 where

(51]' (53]
IX]' = 57]'/ ,B] = 57]./

5; = ((cn +eal;) (14 K5 + K1) — p?(1+ K17 + kzz%gf)) ((c44
+ 3387 (14 K15 + K15EF) — p(1+ K17 + k%%g}))
2
- <(C13 + caa) (1 + K15 + kzl%é%)) ,
by = — ((C44 + mé‘f) (1+K22+ kngg}) —pc?(1+ K13 + k%%g})) (e13 4 e15)¢;(1
+ I+ KP1587) + (e1s + eaal?) (1 + K215 + K187 ((Cla +cu)i(1+ K15 + k%%g})),
53]- = — <(C11 + C44(:]2)(1 + kzl% + kzlggf) — pcz(l -+ kzl% + k%%gﬂ) (615 + 633(5]2) (1

1R+ RBE) + (<C13+C44>¢j<1+k215+k2z§¢;>)<e13+615>¢j<1+k2z§+k2z§af>.
(11)

In the present problem, boundary conditions appropriate for particle motion in the
x1x3 plane are considered at the plane surface x3 = 0. Since the boundary surface of
the half-space is mechanically stress free, therefore all the components of stresses must
vanish.

T3 = 0, T33 = 0. (12)

Another condition is required to represent that the surface of half-space is main-
tained at charge free condition (open circuit-surface), namely

d3 = 0. (13)
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By making use of (11) in the boundary condition (12) and (13), we have three equa-
tions of A, Ay, Az, namely

( (C44((§1(X] + ,31) + 615) (1 + k212 -+ K213 (fl)A1 + (C44(§20é2 + ﬁz) + 615) (1 + kzl%
+K21583) As + (cas(Esas + Bs) + e15) (1 + K15 + K13E3) A3 = 0,
(c13t + c33P181 + e3381) (1 + K15 + K1767) Ar + (c1302 + c33B282
+e33&2) (1 + K213 + KP13E3) Ag + (c1303 + 338383 + e333) (1 4+ K213 + K*1235) As
(e1sa1 + 3311 — €3381) (1 + K215 + K*1ET) Ar + (ersaz + e3séafa
—e€3382) (1 + K17 + K*13E3) Az + (e1sas + e33laBs — €3383) (1 + K217 + K*13¢3) As = 0.

(14)
Determinant of coefficients leads to the dispersion equation, namely
i G G
A.det | 7" & C3F | =0, (15)
kokok kkok )k 3k
1 2 3

where

A= (14K + B+ KB+ KEE) (14 K12 + KP13E),
¢ = caa(Gjaj+ Bj) +e15, G = ciawj + c338Bj + €33, (16)
g]*** = 615“]' + e33€jﬁj - e33€jl (] = 1’ 2/ 3)

This is the dispersion equations for the propagation of Rayleigh-type waves in the
transversely isotropic piezoelastic medium based on NSGT.

To facilitate proceed numerical calculations, dimensionless material parameters de-
fined by

c C13 C33
foo =kK183, fo=K13 fi= 11, fo=—, fz3=
C44 C44

€13 €15 €33 €11 P62 (17)
61:7’ e—il e = :7/ X:

2 = 7 f -
€33 €33 \/ C44€33 €33 Ca4

In addition for the propagation of waves with phase velocity v in the direction mak-
ing an angle 6y with the vertical axis, the plane harmonic wave of the form is rewritten

by
ik —ut
ul — ﬂlel 0(p1X1+]73X3 (% ),
Uz = a3ezk0(p1x1+p3x37vt)/ (18)
¢ = Aeiko(P1x1+P3x3*vf),
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where k¢ is wavenumber, p; = sinfy, p3 = cos t)y are components of slowness. It is note

that kg = }f and v = pjc . Substituting (18) into (5) leads to
1

<(011P% + caap3) (1 + k15) — po? (1 + k%l%)) a1 + (c13 + caq) p1ps(1

+k§13)as + (e13 + ex5)p1ps(1 + K§13) A = 0,

(c13 + caa) prps(1 + kg3 )ar + ((caspi + c3ap3) (1 + kgl3) — oo (1 +k515))as— (19)
+ (e15 +ef?) (1 +k513)A =0,

(e13 + e15) p1p3 (1 + kg3 ) a1 + (exspt + eszp3) (1 + kpl3)as
— (enpf +exp3)(1+kgl3)A = 0.

The determinant of their coefficients vanishes leads to a quadratic equation in 2.

The roots of this equation give two values of v. Each value of v corresponds to a wave
if v” is real and positive. The waves with velocities v1, v, correspond to longitudinal qP
and transverse qSV waves.

5. NUMERICAL SIMULATION AND DISCUSSION

In order to illustrate theoretical results obtained in the preceding sections, the mate-
rial chosen for the numerical calculations is CdSe (6 mm class) of hexagonal symmetry,
which is transversely isotropic material. The physical data for a single crystal of CdSe
material is given below [20,21]

c11 = 741 x 10" Nm 2, ¢35 = 3.93 x 10" Nm 2, ¢33 = 8.36 x 10 Nm 2,
cyy = 1.32 x 101 Nm 2, p = 5504 kgm >, ¢5 = —0.138 Cm 2,631 = —0.16 Cm 2,
e33 = 0.347Cm 2,611 =826 x 107 M C?°N"'m 2, €33 = 9.03 x 107" C2N~"'m 2.

Fig. 1 depicts the variation of dimensionless velocities of qP, qSV wave with incident
angle for which two length scale parameters [; and I,. It is observed that the phase ve-
locities of waves for (I3 > I) case (solid lines) are smaller than the ones for (I; < I,) case
(dash lines) respectively.

Fig. 2 illustrates the dependence of dimensionless velocities waves on dimensionless
parameters fo; and fop. From these figures we can see that these velocities decrease grad-
ually as the dimensionless parameter fy; increases (see Fig. 2(a)) and meanwhile the ones
increase as the dimensionless parameter f(, increases (see Fig. 2(b)).
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The effect of fo; and fo parameters on the non-dimensional speed of the Rayleigh
wave X are shown graphically in Fig. 3(a) and Fig. 3(b), respectively. In Fig. 3(a), the
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Fig. 3. Variation of non-dimensional speed X of Rayleigh wave against

dimensionless parameters fy; and fgp

speed of Rayleigh wave is decreasing when the parameter fy; is increasing. The Rayleigh
wave exists only in the domain 0 < fo; < 0.34 with fp» < 1. On the contrary, the Rayleigh
wave exists in the domain 5.0 < fp, < 5.67 with fo; > 1 (see Fig. 3(b)).
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Fig. 4. The existence of surface waves depend on f; for three cases

The existence of solutions of the characteristic equation (8) in domain 0 < fp; < 3,
under restrictions generated by Im(¢) > 0 is illustrated by Fig. 4 for three cases fo, >
1, fo < 1, foo = 0, respectively. Fig. 4(a) shows all imaginary parts §;, (i = 1,2,3,4) are
positive. Hence, there are no surface waves in this case. In contrast to Fig. 4(a), in Fig. 4(b)
we can always choose two surface waves satisfying the problem with 0.1 < f5; < 3. For
foo = 0 (Nonlocal theory) there are three surface waves in domain 1.51 < fi; < 3.
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Fig. 5. The existence of surface waves depend on fp, for two cases

The existence of surface waves depends on 0 < fp < 3 for two cases are depicted in
Fig. 5. There are always three solutions with the positive imaginary in domain 0 < fp <
1.75 with fo > 1 (see Fig. 5(a)). There are no surface waves in domain 1.75 < fp; < 3 with
fo > 1 (see Fig. 5(a)) or 0 < fo, <3 with 0 < fy < 1 (see Fig. 5(b)).
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371

The variation of the cut-off frequencies with wavenumber k variation with frequency

w are shown in Fig. 6. In Fig. 6(a), the wavenumber k; is dominant over k, for I, = 10/;.
The opposite is shown in Fig. 6(b) for /1 = 10l,.
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6. CONCLUSIONS

In the present work, we have studied the propagation of surface waves in trans-
versely isotropic piezoelastic medium based on the nonlocal strain gradient theory. The
existence of the number of surface waves depends on the dimensionless nonlocal param-
eter fo1, dimensionless gradient length parameter fy, of the medium through the number
of solutions satisfying the damping condition of the characteristic equation. It is clearly
dispersive due to the appearance of the parameters fo; and fp2. Moreover, the expres-
sion of the cut-off is derived. Phase speeds of waves are computed numerically and
their variation against the incident angle 6, two dimensionless length scale parameters
are presented graphically. These parameters have significant effect on the velocities of
propagation of Rayleigh-type waves.
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APPENDIX

The coefficients of characteristic equation for NSGT

tr = — fo (e + f3),

to = foo(=3fs + foa (22 + f2) = B+ f + fi) f3) + fon (1 + f3)X
— 3+ f(B+ fi —2(e1 + (e1 +e2) f2) + (e1 + €2)f3) — fo1 X)),

ts = foo(=3f3 = foo(fi = B+ ) a2+ f2) +3(1+ f) fs + B+ f) /i f3)
+3f2(f2(2+ f2) = 2+ f+ fi) f3) + 2for(L+ f3) X + for(1 + fs + for (4 + f + fu
+ B+ N)f)X — fG X2+ (=3 + 2fau X + foa(6er + 6e1for — €5 for — 3forfi
—2e2ffi —3(2+ foo + f1) + 6e1fa + 6exfa + 6e1 forfo + 6eaforfa + 2e1e2foafa
+265foofa = 3(er +e2)* (1 + foo) f3 + (14 (3+ 2e2 + (1 + e2)%) fon) X)),

te = — fa+ f2(3f2(2+ f2) =3(1+ f+ fi)fs = Bfoa(fr — 2+ f) 22+ fo) + 5+ 2f f5
+ QR+ NHAS) — fo(=30+ )22+ )+ fs+3ffs+ B+ f+3(1+£)f3)))
+ foX + (forfs + 2f2(1+ fa+ for B+ f+ fi+ 2+ )fs)) + fia (3 + f1 +2f
+3f01(2+ fi+ f3) + f(L+ fa+ for (4 + f1 +3f3)))) X — for (for + 2fo2
+ B+ f)for for) X2+ (=1 + for X + for(=3(1 + foo + f1) +6e1(1 + for) (1 + foo
+ fa+ foofa+erfiofs —e2(1+ foo) f3) — f(1+ (3 +ea(6 + e2)) fi + 3ea(—2(1
+e)fatexfs) —6fn((l+e)fi +ea(—(2+e)fa+erfs)) +2(1+2fn)X
+ (2 +3fo1 +e2(2 + ea + 6fo1 + 4eafor)) foa X + 2erea(for + for(2 + 3f02)) X
+ex(6f2 —3eafs +2(24e2) fn X) + 8%(—3(1 + fo2) (foo + f3 + fo2f3)
+ (foo + fo1(2+3f02)) X)),
ty=H2+ ) = (f+ ) s+ fo((L+3f) a2+ fo) = ffs = LB+ f5+3f(1+ f3)))

+(I+ s+ o+ f+A+H+H)X— fu2+ Q2+ ) fo) X+ fr(=3(-(1
+2f) 2+ o)+ ffs+ AR+ f+ f5+2ff3)) + B+2+ f3+ fu(4+3f1+ f3)
+fB+fi+2f3+3f01(2+ fi+ f3)))X) + fo(=3(=(1+ f) 22+ f2) + ff3
+AQ+ s+ ) +22+ fi+ f3+ fa(B+2f1+ f3) + f(1+ f3+ fau(B+ fu
+2f3))X — (1+22+ f)for +3(1+ ) f51)X?) + (1 + foo) (= (1 + foo (2 + foz
+3e2(2+ (2+e2) fo2))) f1 + e2(1 + fo2) (2(1 + fo2 + Beafor) fo — e2(1 + fo2) f3))
+ (14 for +2e2for + €5 fo1 +2(1 + e2) (1 + e + for + 3eafor) for + (1 + fon
+ea(4+3er+6(1+e2) for)) fin) X + e (1 + for) (— (1 + fo2) (f3 + fo2 (3 + f3))
+ (for + 2fo2 + 3fo1f02) X) +2e1(1 + fo2) (1 + fo2) (1 + fo2 + fo + foof2
+3eafoafo —e2(1+ foz) f3) +ea(for +2fo2 + 3fo1fo2) X)),
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ty = — (14 fo)* (= f(1+ fo2) 22+ f2) + Ai(1 + for + 3f for + f(1 + fu) f3))
+ (1 + fo2) (L + for) (L + fo2) (1 + f1) + f(1 + f3 + fo2 (3 4+ 21 + f3)
+fo1(2+ fit+ fo+ foo(4+3f1+ £3)))) X = (1 + for) (1 + for + 2f fon
+ (L+ £+ for +3ffor) foa) X* — (1 + foa) (e2(1 + fo2) (2 + 2fo2 + 3ea fo2) f1
—2e2(1+ fo2) f2) — e2(2(1 + for) (1 + foz) + e2(1 4 2fo1 + 3foz + 4fo01f02)) X
—2e1e2(1 + foo) (f2 + foofo + X + for X) + (1 + foo) (1 + for — (1 + fo1) X)),
to= — (1+ fo2) (1 + foo) i — (1 + fo) X) (€€ + f) (1 + foo) — f(1 + for) X).
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