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18.1. INTRODUCTION

Bonded assemblies (joints) that experience thermal and/or mechanical loading are
widely used in micro- and opto-electronics. These assemblies are typically subjected to
thermal stresses due to the thermal expansion (contraction) mismatch of the dissimilar ma-
terials of the adherends and/or because of temperature gradients. In other cases, bonded
assemblies experience mechanical loading. It has been established that the most reliable
adhesively bonded or soldered assemblies are characterized by stiff adherends and a com-
pliant adhesive. It has been established also that the employment of low modulus bonding
materials and thick bonding layers can lead to an appreciable stress relief [1-7]. This is true
for both the interfacial stresses (which are responsible for the adhesive and the cohesive
strength of the bonding material) and the stresses acting in the cross-sections of the ad-
herends (these stresses are responsible for the strength of the bonded components) [8§—10].
Since the interfacial stresses concentrate at the assembly ends, a substantial stress relief
could be expected, if a low modulus material is used at the peripheral portions of the
joint [11,12]. Low modulus and thick (up to 4 mils or even thicker) bonding layers are
currently employed in micro- and opto-electronic packaging in order to provide a desirable
strain buffer between the adherend materials. Certainly, there is always a need in the art
for better bonding materials that combine good adhesive properties with high interfacial
compliance.

In this connection it should be point out that the reliability of a bonded assembly is
due to both high bearing capacity of the joint (i.e., its ability to withstand high stresses
of any nature, as well as repetitive loading) and to the low enough level of loading. High
compliance of the bonding layer is aimed at reducing the level of the loading, thereby
making sufficiently reliable even those joints whose bearing capacity might not be very
high. It is also noteworthy that in “conventional” assemblies (which are characterized by
moderately compliant bonding layers), the interfacial compliance is due to both the bonding
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layer and the bonded components. It is not advisable, however, and, in many cases, is not
even possible, to increase the interfacial compliance of the adherends. The most attractive
way to increase the interfacial compliance and, hence, the reliability of a bonded joint is
to employ a highly compliant, yet thin enough (say, for lower thermal resistance) bonding
layer. In assemblies with highly compliant bonds, the role of the adherends, as far as the
interfacial compliance is concerned, is insignificant. It is the bonding material only that is
responsible for the high and favorable interfacial compliance.

In this chapter we suggest an analytical stress model that enables one to quantita-
tively assess the expected relief in the interfacial shearing stress due to the application of
a highly compliant bonding layer. We use this model to demonstrate that the application
of a wire array (WA) and/or a suitable modification of a newly developed nano-particle
material (NPM) and structure can improve dramatically the compliance of a bonding layer.
This NPM has extraordinary mechanical and environmental properties [13—15]. It has been
recently tested in application to a new generation of cladding and coatings for fiber optic
systems [16—18]. We expect that this material will find a wide application in micro- and
opto-electronics, and beyond.

18.2. EFFECT OF THE INTERFACIAL COMPLIANCE ON THE INTERFACIAL
SHEARING STRESS

The objective of the developed analytical stress model (see Appendix 18.A) is to
evaluate the effect of the interfacial compliance on the interfacial shearing stress. We use
this model to demonstrate the importance of highly compliant bonds. This could certainly
be done in addition to, or sometime even instead of, employing adherends with a good
thermal extension (contraction) match. The following major conclusions can be drawn from
the analysis based on the developed model.

The interfacial shearing stress is proportional to the parameter of the interfacial com-
pliance. This parameter is defined as a square root of the ratio of the axial compliance of
the assembly (which, in typical assemblies with thin and/or low modulus bonds, is due to
the adherends only and should be made as low as possible) to the assembly’s interfacial
compliance (which, in typical assemblies is due to both the adherends and the bonding
layer). In “conventional” assemblies, i.e., in assemblies with a moderately compliant bond-
ing layer, the interfacial compliance is due to both the adherends and the adhesive: thick
and high-modulus adherends and a thin and low-modulus adhesives typically contribute
more or less equally to the total interfacial compliance. If, however, a highly compliant
bonding layer is employed, it is only this layer, and not the adherends, that is responsible
for the interfacial compliance of the bond, and, hence, for the structural reliability of the
joint.

Although the predictive model was developed for a “flat” (planar) joint, the above
conclusions are valid for any assembly, whether circular (e.g., in fiber optics applications),
flat (as in microelectronics applications), elliptical, etc.

The level of stress relief that could be expected by employing a WA as a compliant
attachment can be assessed based on the following simple reasoning. Examine a bonded
structure, in which the bonding layer is constructed of an array of wires, particularly, nano-
wires. Let the wires have circular cross-sections and can be considered rigidly clamped at
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the ends. Treating each wire as a beam clamped at its ends and experiencing ends offset of
the magnitude &, we find that the lateral forces at the wire ends are
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where E is the Young’s modulus of the wire material, d is the wire diameter, and Ay is the
wires’ height, i.e., the thickness of the WA (bonding layer). In the Equation (18.1),
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is the moment of inertia of the wire cross-section. The interfacial compliance of the bonding
layer can be found by multiplying the §/N ratio by the wire cross-sectional area
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This results in the following formula for the interfacial compliance:
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Using the Equation (18.A7) for the interfacial compliance of a “conventional” (adhesively
bonded or soldered) assembly, we conclude that the ratio
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could be used to assess the advantage of a WA-based bonding layer in comparison with a
“conventional” layer. Let, for instance, a conventional bonding material has a shear modu-
lus of 5000 psi, the Young’s modulus of the WA material be E = 15 x 106 psi, the thickness
of the bonding layer be 1y = 50 um, and the diameter of a single wire be 100 nm. Then the
Equation (18.4) yields: n = 111. Hence, a significant increase in the interfacial compliance
could be expected by using a WA-based bonding structure, and, because the interfacial
shearing stress is inversely proportional to the square root of the interfacial compliance,
one could expect an order of the magnitude decrease in the interfacial shearing stress.

Although the above analysis was carried out for a “clamped-clamped” wire, the re-
sults are equally applicable to wires with other boundary conditions at the ends. Additional
increase in the interfacial compliance could be achieved, if the wires experience axial com-
pression. In order to assess the expected effect of such a compression, we have examined,
as an illustration, in Appendix 18.B, a cantilever wire (beam) subjected at its free end to
a lateral (bending) force, P, and an axial compressive force, 7. The force P can produce
a significantly larger lateral deflection, if the wire is subjected to an external axial com-
pression. Such an effect should be expected, of course, since a compressed wire (beam)
experiences lateral deflections even in the absence of any lateral force, provided that the
axial force reaches and exceeds its critical value.
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FIGURE 18.1. Surface potential energy vs. “bonded” surface-compound (adhesion) area. Red line — og¢ > o5y
Blue line — og¢ < o4 (see Appendix 18.C).

18.3. INTERNAL COMPRESSIVE FORCES

In addition to the external compression that can be imposed deliberately to en-
hance the lateral compliance of the assembly, there exist also “internal” compressive forces
caused by surface tension.

Consider two bonding surfaces (e.g., parallel surfaces, although these surfaces do not
have to be necessarily parallel) and a certain amount of the bonding material (compound)
that touches the bonded surfaces. Let us suppose, for the sake of simplicity, that this bond-
ing compound has a shape of a circular cylinder, whose bases touch the bonded surfaces.
The lateral surface of the cylinder is “free,” i.e., is in contact with air. Let us address a sit-
uation, when the area of each of the two bonded surfaces is greater than the bonding area,
i.e., the area of the contact with the bonding material. If the surface tension characteristics
of the bonding and the bonded materials are properly chosen, then the attraction forces will
arise between the bonding surfaces. This phenomenon is similar to the phenomenon ob-
served during the formation of solder balls. So, the bonding compound material will tend
to decrease its “free” area and increase its contact area with the bonded surfaces. The total
volume of the cylinder remains unchanged. Such a “self-adjusting” process stops when the
potential energy of the system (which is as a function of the distance between the bonded
surfaces) becomes minimal. A typical plot for this potential energy vs. the contact area is
shown in Figure 18.1. The development of the expression for the potential energy is given
in the Appendix 18.C.

If the distance between the bonded surfaces becomes larger than the minimum dis-
tance that corresponds to the minimum strain energy of the system, then the bonding ma-
terial behaves as a, sort of, a stretched spring, trying to bring the bonded surfaces closer,
i.e., providing axial compression. This compression is proportional to the derivative of the
elastic energy with respect to the distance between the bonded surfaces.

18.4. ADVANCED NANO-PARTICLE MATERIAL (NPM)
NPM is an unconventional inhomogeneous “smart” composite material that is equiv-
alent to a “hypothetical” homogeneous material with the following major properties:

e Low Young’s modulus.
e Immunity to corrosion.
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Good adhesion to the adjacent material.

Non-volatile.

Stable properties at temperature extremes (from +350°C to as low as —220°C).
Very long (practically infinite) lifetime.

Strong hydrophobicity (against both water and water vapor).

Ability for “self-healing:” ability to restore its dimensions and initial structure when
damaged.

Ability for “healing” the surfaces of the adjacent materials, i.e., to fill in the existing
and/or the developed defects (surface cracks, flaws, and other imperfections) and to
slow down their propagation and/or even to “arrest” them completely.

e Very low effective refractive index (if needed).
e High dielectric constant (if needed).

The NPM can be designed, depending on the particular application, in such a way that

its important particular properties are enhanced. The conducted tests have confirmed these
properties. In general, it is desirable to provide application-specific modifications of the
NPM to master (optimize) its properties and performance. Because it is a nano-material, its
surface chemistry and its performance depend a lot upon the contact materials and surfaces.
The NPM applications include, but are not limited, to the following ones:

Hermetic sealing of packages, components and devices, such as laser packages,
MEMS, displays, plastic LEDs, etc.

Effective protection (coating) for various metal and non-metal surfaces, well beyond
the area of micro- and opto-electronic packaging: (cars, aerospace structures, off-
shore and ocean structures, marine vehicles, bridges, towers, tubes, pipes and pipe-
lines, etc.). These applications benefit because the NPM is actively hydrophobic,
does not induce additional stresses (owing to its low modulus), is inexpensive, is
easy-to-apply, has practically infinite lifetime, and is self-healing. Application of the
NPM can result in a significant resistance of a metal surface to corrosion, and, in ad-
dition, in substantial increase in the fracture toughness of the material, both initially
and during the system’s operation (use).

The NPM can be added in the formulation of various coatings such as paints, thereby
providing protective benefits without changing the application techniques.

Because of a low refractive index, the NPM can be used, if necessary, as an effective
cladding of optical silica fibers. The use of the NPM cladding eliminates the need to
dope silica for obtaining light-guide cores. The new preform will consist of a single
(undoped and, hence, less expensive) silica material.

A derivative application is flexible light-guides. Multicore flexible fiber cables em-
ploying NPM are able to provide high spatial image resolution. As such, they might
find important applications, when there is a need to provide direct high-resolution
image transmission from secluded areas. Possible applications can be found in bio-
medicine, nondestructive evaluations, oil and other geological explorations, in ocean
engineering, or in other situations when an image needs to be obtained and transmit-
ted from relatively inaccessible locations.

Another derivative application is a multicore fiber cable. Ultra-small diameter glass
fibers with an NPM-based cladding/coating can be placed in large quantities within
a NPM medium (“multiple cores in a single cladding”). In addition, owing to a much
better inner-outer refractive index ratio in the NPM-based fibers, such cables will be
characterized by very low signal attenuation.
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e Yet another derivative application is sensor systems. The NPM-based fibers can be
used in optical sensor systems that employ optical fibers embedded in a laminar or
a cast material. Such systems are used, for instance, in composite airframes. With
the NPM used as a cladding or, at least, as a coating of the silica optical fiber, the
optical performance, the mechanical reliability and the environmental durability of
the light-guide will be improved dramatically compared to the conventional systems.
Ultra-thin planar light-guides are yet another derivative application of the NPM. In
the new generation of the planar light-guides, NPM can be used as the top cladding
material. It will replace silicon or polymer claddings, which are considered in to-
day’s planar light-guides. All the advantages of the NPM cladding material dis-
cussed above for optical fibers are equally applicable to planar light-guides. These
are thought to have a “bright” future in the next generation of computers and other
photonic devices.

18.5. HIGHLY-COMPLIANT NANO-SYSTEMS

In the current application, intended primarily for micro- and opto-electronic assem-
blies, we have developed a modification of the NPM for use as a highly compliant bonding
structure. Here are some major characteristics of this material (additional to those described
in the previous section).

The NPM for the application in question is highly inhomogeneous, anisotropic and
thixotropic. It allows for an elevated, but still limited displacement in the in-plane direction,
i.e., in the direction of the interfacial shearing stress. The material includes a filler and
nanoparticles. The bonding elements are of a “strings-like” structural type. These elements
are slightly compressed in the through-thickness direction. This enhances their compliance
(flexibility) in the in-plane direction. The thixotropic matrix is quasi-solid in the absence
of the applied stress field (disturbance) and becomes much less viscous and even quasi-
liquid, when thermal or mechanical stress is applied. In other words, the bonding structure
becomes much more compliant as a result of experiencing mechanical or thermal loading.
The structure provides a highly effective strain buffer between the adherends.

The role of such a plurality of links (strings) are played by numerous nanotubes
and/or nanowires embedded into the bonding matrix. Nanotubes and/or nanowires could be
subjected to externally and/or internally deliberately induced compression in the through-
thickness direction for even higher lateral compliance. In bonded structures of a circular
(such as coated optical fibers or cables) or elliptic shape, the radial compression (hoop
stresses) arises because of the thermal contraction mismatch in the radial direction of the
high CTE coating and low CTE cladding. In flat (planar) bonded joints the compression in
the through-thickness direction could be introduced deliberately (externally or internally).

The filler of the bonding compound has to have a high wetting ability with respect to
the bonded surfaces. This means that the surface tension at the interface between the bond-
ing compound (structure) and the bonded surface has to be much lower, than at the “free”
surface of the bond. This allows for creating the desirable distance-depending attraction
forces

In order to keep the system at the near-optimal distance between the bonded surfaces,
the NPM-based compound has to maintain the adequate gap between the surfaces. This can
be achieved by introducing microspheres into the compound. Such micro-spheres could
serve as, sort of, bearing rolls that increase the system’s stability and provide the desirable
anisotropy of bonding matrix.
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FIGURE 18.2. Microspheres with “protrusions.”

The highly-compliant nano-systems in question are extremely heterogeneous. They

consist of a bonding matrix with numerous embedded nanoparticles, microspheres and
nanotubes/nanowires (whiskers). All these nano- and micro-particles embedded into a
thixotropic matrix enable one to create a multi-purpose thixotropic structure. Figure 18.2
illustrates a possible combination of microspheres with “protrusions.” These “protrusions”
are formed by surface nanoparticles’ clusters attracted to the microspheres.

18.6.

CONCLUSIONS

The following conclusions can be drawn from the carried out analysis:

Based on the developed simplified analytical stress model, we demonstrated that
the employment of highly compliant materials and structures as bonding layers in
bimaterial assemblies (joints) can lead to a significant relief in both the thermally
induced and mechanical stresses. The model indicates that the interfacial shearing
stress in an adhesively bonded or a soldered assembly is inversely proportional to
the square root of the interfacial compliance, and that in “conventional” bimaterial
assemblies (which are characterized by not-highly-compliant bonding layers), the
interfacial compliance is due to both the bonding layer and the bonded components
themselves. However, in assemblies with highly compliant bonds, it is the bonding
material only that provides the high and favorable interfacial compliance.

An appropriate wire array (WA) fabricated on one or both bonded components can be
used as a suitable compliant bond. Based on the developed stress model, we demon-
strate that its application can lead to a significant, about two orders of magnitude,
increase in the interfacial compliance, thereby leading to a reduction in the max-
imum interfacial shearing stress of about an order of magnitude (compared to the
bonded joints using “conventional” adhesives or solders).

A modification of the newly developed nano-particle material (NPM) be used to
increase dramatically the compliance of the bonding layer.

The combination of both approaches could be effectively used to provide a highly
compliant and a highly reliable bonding material and structure. In this case the NPM
is employed as a suitable embedding material for the WA.

Since the NPM has extraordinary mechanical and environmental properties, and,
in combination with the appropriate WA, can make an extremely highly compliant



480 E. SUHIR AND D. INGMAN

bond, we expect that the NPM and WA, used independently or in combination, might
find a wide application in assemblies employed in micro- and opto-electronics, and
beyond.
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APPENDIX 18.A. BIMATERIAL ASSEMBLY SUBJECTED TO AN EXTERNAL
SHEARING LOAD AND CHANGE IN TEMPERATURE:
EXPECTED STRESS RELIEF DUE TO THE ELEVATED
INTERFACIAL COMPLIANCE

The following major assumptions are used in the analysis:

e Approximate methods of structural analysis (strength-of-materials) and materials
science, rather than methods of elasticity, can be used to evaluate stresses and dis-
placements.

e The bonded components can be treated, from the standpoint of structural analysis,
as elongated rectangular strips that experience linear in-plane elastic deformations.

e At least one of the components (“substrate”) is thick (stiff) enough so that bending
deformations of the assembly as a whole do not occur and need not be considered.

e All the materials can be treated as linearly elastic.
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e The interfacial shearing stresses can be evaluated based on the concept of the inter-
facial compliance, without considering the effect of the “peeling” stresses (normal
interfacial stresses acting in the through-thickness direction).

Let a bimaterial assembly be subjected to both an external shearing force, T, and change,
At, in temperature. Assuming, for instance, that the assembly was manufactured at an
elevated temperature and subsequently cooled down to a low (say, room) temperature, one
can seek, in an approximate analysis, the longitudinal interfacial displacements, 1 (x) and
uy(x), of the assembly components #1 and #2, respectively, in the form:

ui(x) = —ajAtx +)»1/ T(&)dE —kit(x),
0

ur(x) = —ar Atx — An /x T(&)dE +Kkot(x). (18.A1)
0

In this equations, «; and «y are the coefficients of thermal expansion (CTEs) of the
dissimilar materials,

1 — V] 1 — V)
= , )\,22
E]h] E2h2

A (18.A2)

are the axial compliances of the assembly components, E1 and E; are the Young’s moduli
of the materials, v; and v, are their Poisson’s ratios, 4| and A, are the thicknesses of the
assembly components,

T (x) :x/xr(é)dé (18.A3)
)

are the thermally induced forces acting in the cross-sections of the assembly components,
7(x) is the thus far unknown interfacial shearing stress, / is half the assembly length,

i h2 (18.A4)
Kl=—, Kky=—— .
736, T 36,
are the interfacial compliances of the assembly components, and
E\ E>
Gil=———, Gr=—"—"— (18.A5)
2(1+vy) 2(1+v2)

are the shear moduli of the adherend materials. The origin, O, of the coordinate, x, is at the
mid-cross-section of the assembly. The condition of the compatibility of the longitudinal
interfacial displacements (18.A1) can be written as follows:

ui(x) =uz(x) — kot (x), (18.A6)

where

h
Ko = =2 =2(1 +v0)E—(()) (18.A7)
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is the interfacial compliance of the bonding layer, A is the thickness of this layer, £ and vy
are the elastic constants of the bonding material, and Gy is its shear modulus. Introducing
the Equation (18.A1) into the compatibility condition (18.A6), we obtain the following
equation for the sought interfacial shearing stress function, 7 (x):

X
KkT(x) — k/ T(&)dE = AaAtx, (18.A8)
0
where
K =Ko+ K1+ K2 (18.A9)

is the total interfacial compliance of the assembly,

A=A+ Ao (18.A10)
is the total axial compliance, and Ao = o1 — «» is the thermal contraction mismatch of the
adherend materials.

Differentiating the Equation (18.A8) with respect to the coordinate, x, we obtain:

kT (x) — AT (x) = AaAt. (18.A11)
The next differentiation, taking into account the Equation (18.A3), yields:

kt”(x) — AT (x) =0. (18.A12)
The boundary conditions

T(-1)=0, T() =T (18.A13)

for the induced force can be translated, using the Equation (18.A11), into the boundary
conditions for the interfacial shearing stress, t(x), as follows:

Aa At AaAt + AT
el = 2By 2 AYALEAT (18.A14)
K K

Equation (18.A12) has the following solution:

7(x) = Cysinhkx + Cp coshkx, (18.A15)
where
A
k== (18.A16)
K

is the parameter of the interfacial sharing stress. Introducing the solution (18.A15) into
the boundary conditions (18.A14), solving the obtained equations for the constants Cj
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and C, of integration, and substituting the formulas for the constants of integration into the
solution (18.A15), we obtain the following expression for the interfacial shearing stress:

(18.A17)

{ AaAt sinhkx . cosh[k(x +1)] }
T(x) =k

A coshkl sinh 2kl

The maximum value of this stress occurs, in this simplified stress model, at the end
x =1

Aa At

Tmax = T(1) = k( tanhkl + T coth2kl>. (18.A18)

In sufficiently long and/or stiff assemblies, this formula yields:

AaAt A
Tmaxzf(1)=k< . +T>- (18.A19)

Thus, it is the parameter, k, of the interfacial shearing stress that is responsible for
both the level of this stress and the length of the end portions of the assembly that expe-
rience elevated interfacial stresses. As evident from the Equation (18.A16), this parameter
decreases with a decrease in the axial compliance, A, of the assembly and with an increase
in the assembly’s interfacial compliance «. The axial compliance, X, as evident from the
Equations (18.A2), is due to the adherends only, and it is desirable, as evident from the
Equation (18.A6), that these adherends are stiff, i.e., are characterized by a low axial com-
pliance. As to the interfacial compliance, «, this compliance, for conventional assemblies
with not a very compliant bonding layer, is due to both the interfacial compliance of the
bonding layer and the adherends themselves: the bonding layer is typically thin and low
modulus, while the adherends are thick and high modulus, so, as evident from the Equa-
tions (18.A4) and (18.A7), the contribution of the compliances of the adherends and the
bonding layer to the total compliance expressed by the Equation (18.A9), might be quite
comparable. From the obtained formulas it is clear also that there is no incentive to increase
the interfacial compliance of the adherends: by doing so, one would inevitably increase the
axial compliance of the assembly as well, which is highly undesirable. Hence, for lower
interfacial shearing stress, one should design a joint with a highly compliant bonding layer.
This will make the factor k lower, will bring down the maximum interfacial shearing stress
(which is inversely proportional to the square root of the interfacial compliance) and will
spread the interfacial shearing loading over larger areas at the assembly ends.

APPENDIX 18.B. CANTILEVER WIRE (“BEAM”) SUBJECTED AT ITS FREE END
TO A LATERAL (BENDING) AND AN AXIAL (COMPRESSIVE)
FORCE

Let a cantilever wire (“beam”) be subjected at its free end to a lateral (bending)
force, P, and an axial compressive force, T. The equation of bending of such a beam is as

follows:

Elw"(x) + Tw(x) =0. (18.B1)
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Here w(x) is the deflection function of the beam, and E is its flexural rigidity. The
origin, O, of the coordinate x is at the clamped end of the wire. The following boundary
conditions should be satisfied:

w(0) =0, w (0) =0, w” () -0,
EIw" () +Tw'(l)+ P —0. (18.B2)

In order to satisfy the four conditions (18.B2), the Equation (18.B1) is differentiated
twice, and the solution to the obtained differential equation of the fourth order is as follows:

w(x)=Co+ Crkx + Cycoskx + Cz sinkx, (18.B3)
where
k= T (18.B4)
~VEI '

is the parameter of the compressive force. Introducing the solution (18.B3) into the bound-
ary conditions (18.B2), we find:

C C —P tan k!
= — frd n
0 2 kT a )

P

C1=—C3=—ﬁ, (18.B5)

and the solution (18.B3) results in the following expression for the deflection function:

P inh[k(I —
w(e) = N an s — gy - SIRAKE= O] (18.B6)
kT coshkl
The maximum deflection at the wire end is
)= P (tankl — ki) (18.B7)
w(l) = T an . .

The maximum deflection at the free end of a cantilever beam subjected to a lateral
force P applied at this end is

PP

=—. 18.B8
3EI ( )

Comparing the Equations (18.B5) and (18.B6), we conclude that the parameter

_ jtankl — ki (18.59)
* T ki3 '

considers the effect of the axial compression on the lateral compliance of a cantilever wire
(“beam”). Within the framework of the linear approximation, the parameter ¢ is infinitely
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large, when the compressive force, T', reaches its critical (Euler) value. Indeed, this para-
meter is infinitely large, when kI — 7 /2 = 1.571. In this case the Equation (18.B3) yields

72 EI
472

which is a well known expression for a critical force for a cantilever beam. But even when
the parameter &/ is only kI = 0.866, the parameter ¢ is as high as about 6.4, and in such a
case a 2.5 fold decrease in the interfacial shearing stress could be expected. Thus, there is a
definite incentive, as far as the interfacial shearing stress is concerned, for using nanowire-
based bonding structures subjected to compression.

APPENDIX 18.C. COMPRESSIVE FORCES IN THE NPM-BASED COMPOUND
STRUCTURE

The desirable compression in the compound structure could be achieved by applica-
tion of external forces, but it certainly can stem from the bonding compound features, as
quantitatively shown below.

Let us define the system parameters as following:

Ss overall are of surfaces to be bonded,

Sp interfacial area of contact between the bonded surface and bonding compound,
Sc side area of the compound (in contact with air),

osa interfacial tension coefficient between the bonded surface and air,

osc interfacial tension coefficient between the bonded surface and the compound,
ocy interfacial tension coefficient between the compound and air,

d  gap between the bonded surfaces,

R¢ radius of the contact area,

and

Ve volume of the compound located between the bonded surfaces.

Constraint of the compound volume conservation during any spread/wetting process
should be considered in the expression for the system surface tension energy:

E=2-054-(Ss—Sp)+0oca-Sc+2-0sc-Sp
provided
Sp-d=Vc. (18.C1)

It is clear that

Sp=m- R%,
and
Sc=2-w-Rc-d. (18.C2)

Then, the system energy can be easily expressed vs. d or Sg. Let us bring the depen-
dence of this energy on the contact area Sp:

E(Sp) =2 [ Ss + Vc'ﬁ+( ) S] (18.C3)
B) =<4+ |0sA 9§ OCA" —F— 0SC —O0SA) " OB |- .
/' Sp
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In a case of ogc < os4 there the energy function does not have any minimum, and
the system tends to the complete bonded surface coverage with the compound, and the
equilibrium is achieved only with the help of repulsive forces provided by the nanowires,
microspheres and other embedded “elastic” elements. On the other hand, in an opposite
case, when agc > os4, the energy has a minimum at

s \3/77 : Vc2 ‘7520
B = : 5
4 (osc — 054)?

or

d:C/‘l'VC . (USC_USA)Z‘

(18.C4)
T

o3c
As a quasi-elastic system (actually, visco-elastic system), this system tries to achieve a state
of equilibrium that corresponds to the minimum of the elastic energy associated with sur-
face tension and the nanowires buckling and microspheres compression. Then the system
will operate in the condition of a dynamic steady-state (stable) equilibrium with the “dis-
tractive” reactive forces caused by the compressed nano-wires and the compression forces
of the surfaces tension.



