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Nanojoining is the process of joining two or more surfaces together using nanomaterials as the primary building blocks.
This includes, but is not limited to, nanosoldering, nanobrazing, nanowelding, nanoscale diffusion bonding, and additive
manufacturing. Note that, like with conventional soldering and brazing, only the filler metal undergoes melting, not the
base material. Nanomaterials are materials in which at least one dimension 100 nm or less and include 0-D (e.g.
nanoparticles, 1-D (e.g. nanowires and nanorods), 2-D (e.g. graphene), and 3-D (e.g. nanofoam) materials.
Nanomaterials exhibit several notable properties that allow joining to occur at temperatures lower than the melting
temperature of their bulk counterpart. For example, the melting temperature of Ag is 961.78 °C, but Ag nanomaterials
begin to melt at a much lower temperature that is dependent depending on the size and shape. These properties include
high surface area to volume ratio, the Gibbs-Thompson effect, and high surface energy. The low joining temperature of
nanomaterials has been exploited numerous times for flexible electronics, printable electronics, and soldering
applications; only within the last two decades have they been explored for high-temperature joining applications (>450
°C).

Keywords: brazing ; nanomaterials ; nanoparticles ; nanowires ; printable electronics ; sintering ; soldering ; superalloy ;
Inconel ; repair

| 1. Introduction

Nanojoining involves the use of nanomaterials (NMs; <100 nm) as a filler metal [ Particle-based joining allows additional
freedom when working with processes such as additive manufacturing, printable electronics, and crack repairl2l.
Nanoparticles have been so attractive as a lower temperature alternative to many conventional materials due to several
unigue properties. The first of which is size-dependent melting point depression of nanoparticles (NPs) seen in Figure 1.
This melting point depression is caused by the Gibbs-Thomson effect . The equation governing the Gibbs-Thomson
effect (Equation 1) describes the melting point for an isolated spherical particle (137p) with a diameter, d.
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Figure 1: Melting point depression diagram of Au NPs !
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T, is the bulk melting temperature, o is the solid-liquid interface energy, H ¢ is the bulk enthalpy of fusion and p; is
the molar volume of the solid. At this time, there has not been a firmly established Gibbs-Thomson equation for
nanowires, nanoplates, and other non-spherical nanomaterials [&l. The Gibbs-Thomson equation was derived by equating
the chemical potential of a liquid at T}, is equal to the chemical potential of a solid at T’ and a change in chemical
potential occurs when the melting point changes €. The liquid drop model is another method used to approximate the
melting point of NPs (Equation 2).
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v, is the atomic volume and g, is the solid-vapor interfacial energy . Makkonen et al. discuss several methods for
determining the different surface energies in the Gibbs-Thomson and liquid drop models . Qi and Wang improved upon
the liquid drop model by taking particle shape into account [,
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7 is the atomic radius and «;, in this equation, is a nanoparticle shape factor.

In addition to lower melting temperature, NPs also can experience surface melting and sintering, both of which occur at
temperatures lower than the particle melting temperature. Surface melting occurs when the surface layer(s) of atoms is in
a liquid or quasi-liquid state (. According to the Chernyshev model, surface melting can occur several hundred Kelvin
below even the Tsp & (Equations 4-7).
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Syip is the bulk vibrational entropy of melting, R is the ideal gas constant, r. is the critical radius under which surface
melting does not occur, and h is the atomic diameter. This model assumes the surface layer is three atomic layers thick
and that surface melting occurs when the NP surface is in a quasi-liquid state. Chernyshev's model is unresponsive to
particles <10 nm in diameter (&,

Even lower than the surface melting temperature, NPs have a sintering temperature that can be 10-30% of the bulk
melting temperature as seen in Equation 8 EI29,
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T is the sintering temperature, S,l::‘lk is the bulk melting entropy, and h is the atomic diameter 11, Sintering is a process
in which adjacent particles are coalesced through solid-state (solid-state sintering) and/or liquid state diffusion (liquid-
phase sintering). Note that sintering is an ongoing process once the minimum sintering temperature is reached and
effective particle radius will continue to grow, thereby increasing the sintering temperature. When most researchers refer
to sintering, they are referencing solid-state sintering unless otherwise stated.

Lastly, due to the lower activation energy required for diffusion in NPs, the diffusion coefficient for nanoparticles increases
nonlinearly as particle size decreases. The Arrhenius-type equation that describes this as follows:

D(T, T) = Doe:17p[ ;3}% ] )
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D, is the pre-exponential factor, E(r) is the activation energy of diffusion as a function of radius r, R is the ideal gas
constant, Fy, is the bulk activation energy of diffusion and r; is the radius of a NP if all atoms are located on the
surfacel®2. This relationship applies to lattice diffusion, grain boundary diffusion, and surface diffusion which are illustrated
in Figure 2. The normal Arrhenius-type equation for bulk diffusion is expressed in Equation 11.

D(r,T) = Doewp[%] (11)

D, and Ey,;;. are typically determined by plotting the natural logarithm of the measured diffusion coefficient versus the
reciprocal of the temperature in Kelvin. The y-intercept and slope multiplied by R of this plot are the D, and Ep,
respectively (Figure 3).
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Figure 2: lllustration of three primary diffusion types lattice diffusion (D fqitice), grain boundary diffusion (Dgpg), and
surface diffusion (D Surface) &
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Figure 3: General logarithmic plot of D vs 1/7T" [l

Due to the Gibbs-Thomson effect, the prevalence of surface melting, higher diffusion coefficient, and low sintering
temperature of NPs, the minimum processing temperature of NPs is significantly lower than for microparticles. Note that
surface melting and solid-state sintering cannot be simultaneously exploited. Once adjacent particles are joined, the
melting temperature returns to its bulk value as seen in Figure 1 which contains theoretical and experimental data [2[23114]
(4, Bridges et al. demonstrated the enhanced diffusivity in nickel NMs as it pertains to brazing Inconel 718 and fitted the
diffusion coefficient to a modified version of Hart's equation (12,
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D,y is the effective diffusion coefficient and B is a prefactor added to account for the percentage of the atoms that
participate in surface diffusion. L is the number of atomic layers that participate in surface diffusion (assumed to be 3 in
Bridges et al.). h is the atomic diameter and S is the particle SAV ratio. The normal Hart's equation only considers lattice
and grain boundary diffusion, but due to the high surface area to volume ratio of NMs surface diffusion should also be
considered. While this version of Hart's equation proved highly effective at predicting the diffusion coefficient of Ni NPs, it
was not as effective at predicting the diffusion coefficient of Ni NWs as seen in Figure 4.
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Figure 4: Ni interdiffusion coefficients as a function of temperature at a heating rate of 15 °C for (a) Ni NPs and (b) Ni
Nws [15],

| 2. Low-temperature Nanojoining

Low-temperature nanojoining typically occurs in the soldering temperature regime (< 450 °C) and utilizes either solid-state
sintering or surface melting phenomena, but usually not complete melting of the nanomaterials. Being able to utilize the
low processing temperature of NMs, damage to electronic components or polymeric substrates can be avoided. Cu-based
and Ag-based NPs and NWs are among the most popular choices for soldering and electronic applications due to their
high conductivity. For example, Li et al. have used silver nanoplates and nanowires to fabricate flexible electronics and for
wire bonding applications 181718l To avoid damaging temperature-sensitive components in a SiC power electronic
device, Manikam et al. mixed aluminum and silver nanoparticles for die attach applications and demonstrated its
robustness under thermo-cycling conditions 12, Nanowire-nanowire joining (Figure 4) is useful for different sensing
applications such as sensing and flexible electronic applications since nanowire electronics have better flexibility than
nanoparticle electronics 8. Also, single nanowire devices have applications in high sensitivity detectors 29, The bonding
strength for low-temperature nanojoining is typically limited to tens of MPa [2. Additionally, low-temperature nanojoining
typically suffers from high porosity joints at the end of the heating cycle due to the presence of an organic shell on



chemically synthesized NPs and/or from the organic vehicle in the paste. Organic content prevents intimate contact
between adjacent NPs and hinders joining mechanisms as demonstrated in 2223l Carbon can possibly reduce the
melting temperature of some metallic NPs after decomposition of the organic layer, but presumably, this is contingent on
the dissolution of carbon into the NP surface and interior.

Figure 4: This figure is modified from Li et al. 28, Ag NWs (a) before sintering, after (b) photonic sintering (ambient
temperature is room temperature), and (x) thermal sintering at 250 °C for 5 min. The white scale bars indicate 150 nm and
the yellow arrows indicate places where NW-NW joining has occurred 1

Photonic sintering allows for certain NMs to be joined as low as room temperature (ambient) with a series of high-intensity
camera flashes or a pulsed laser 24 which proves useful for manufacturing printable electronics.

| 3. High-temperature Nanojoining

High-temperature nanojoining typically occurs in the brazing temperature regime (> 450 °C). Brazing involves the melting
and reflow of molten filler metal into a gap between joined surfaces. Unlike welding, the base material is not melted during
brazing, but sometimes a reaction occurs between the base material and the filler metal. Keeping the base material in a
solid-state is highly advantageous for joining materials that experience unfavorable phase transformations during welding
and/or repairing components with complex geometries without destroying the component. For example, this is an
important procedure for repairing service cracks in turbine blades that utilize special high-temperature alloys [231123]26] |
order to ensure that the melting temperature of the filler metal is significantly lower than the base material, traditional
brazing materials sometimes contain melting point depressants such as boron and silicon, especially those designed for
high-temperature alloys such as nickel superalloys. These melting point depressants diffuse into the base material upon
brazing and the resulting joint has a higher melting temperature since it has a lower final concentration of melting point
depressants. As a consequence, some of the commonly used melting point depressants produce brittle intermetallic
compounds in the base material which negatively impact the properties. As a filler metal, NMs have been explored
significantly less for brazing than they have for soldering and printable electronics. Due to the size-dependent melting
point depression in NMs, it holds a distinct advantage over traditional nanomaterials by not requiring melting point
depressants [, The size-dependent melting point depression allows for at least a couple of different possibilities:

1) The use of filler metals that would otherwise not be useable with certain base metals such as pure nickel (T,g = 1455
°C) being used to braze Inconel 718 (Melting range = 1370-1430 °C) 1311271,

2) Joining of base metals at temperatures far below the melting point of the commercial equivalent brazing alloy. For
example, using copper-silver nanopastes the minimum joining temperature for Inconel 718 reduced from 779.1 °C to as
low as 300 °C [28129] 35 compared to BAg-8 alloy.

In both scenarios, the NM filler metal will not remelt at the particle melting temperature, but at the bulk melting
temperature and, if particle-particle joining is sufficient, will not undergo other phenomena such as surface melting at
particle surface melting temperatures . Additionally, in some cases, NM-based filler metals are capable of outperforming
their traditional brazing alloy counterpart 281151271,
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