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a b s t r a c t 

In this study, the effect of micro- and nanoscale energetic materials in the formulation of aluminum 

microparticles (Al MPs)/aluminum nanoparticles (Al NPs)/iron oxide nanoparticles (Fe 2 O 3 NPs) as a heat 

energy source for melting solder microparticles (SAC 305 MPs) on the interfacial bonding properties of Cu 

metallic substrates, is investigated. The optimized mixing ratio is Al MP:Al NP:Fe 2 O 3 NP = 30:30:40 wt%, 

which generates a maximum total exothermic energy of ∼2.0 kJ g −1 . The presence of Al NPs is essential to 

make stable ignition and initiation of Al MPs, which enable to attain relatively long combustion duration. 

The use of highly reactive Al NPs/Fe 2 O 3 NPs can improve the aluminothermic reaction, while the addition 

of Al MPs to the Al NPs/ Fe 2 O 3 NPs is also required to maintain their high thermal energy for a longer 

duration. An energetic material (EM) layer composed of Al MP/Al NP/Fe 2 O 3 NP composites is employed as 

a heat source between solder material (SM) layers composed of SAC305 MPs. The SM/EM/SM multilayer 

pellets are assembled and ignited between interfacial Cu substrates for bonding. Thus, interfacial bonding 

between the Cu substrates is successfully achieved, and the resulting maximum mechanical strength for 

the bonded Cu substrates using the SM/EM/SM multilayer pellets increases by ∼40% compared to that 

when using a pure SM layer pellet. Hence, EM layers can act as both an effective heat energy genera- 

tion source and a mechanical reinforcing medium, while the interfacial bonding process using SM/EM/SM 

multilayer pellets demonstrated herein provides an easy and versatile means of welding and jointing for 

industrial applications. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Several interfacial bonding processes, such as anodic bond-

ng, direct bonding, solder bonding, and adhesive bonding, have

een developed [1–7] . For these processes, the interfacial bonding

roperties (including the bonding strength and airtightness) are

ighly dependent on the bonding conditions, including the tem-

erature, pressure, and type of substrate [8–15] . In particular, sol-

ering with molten solder at high temperatures inherently creates

ompounds between the solder and substrate, which can affect

he interfacial bonding properties [16–18] . High-temperature con-

itions can release residual stresses in multi-layered bonding sub-

trates, while they can simultaneously result in a weakening of the
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anoscience and Nanotechnology, Pusan National University, 30 Jangjeon-dong, 
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nterfacial bonding strength [19,20] . When low-pressure conditions

re applied, the actual contact area between the interfacial bond-

ng parts can be reduced, and thus, this can result in a signifi-

ant decrease in the interfacial bonding strength. Therefore, the

nterfacial bonding process generally requires a closed system, in

hich temperature- and pressure-controlled conditions are applied

o both the solder and interfacial substrates [21,22] . 

Generally, a heat source, such as a furnace, welding torch, or

icrowave plasma burner is employed to preheat and coalesce the

older and substrate. For example, several bonding processes have

een developed, including eutectic bonding, activated bonding, cast

onding and solid-state joining, which rely on the use of a furnace

o supply heat energy. However, these are subject to a range of re-

trictions on the material selection and bonding structures. Simul-

aneously, to suppress the formation of cracks, defects, and resid-

al stress for interfacial bonding, the precise control of the oper-

ting conditions, such as the preheating temperature, dwell time,

nd cooling rate, is also required [23] . However, relatively high
. 
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temperatures and pressures, applied over an extended duration,

are usually adopted for interfacial bonding processes, so that the

structural changes in the substrates to be bonded occur due to

thermal deformation, surface oxidation, and the formation of inter-

metallic compounds between the solder and substrate. This can

eventually result in reducing the mechanical strength while ad-

versely affecting the physical properties of the bonded substrates

[24–26] . 

Energetic materials (EMs) are composites consisting of fuel and

an oxidizer. They store chemical energy, which can be rapidly

turned into thermal energy via a homogeneous exothermic reac-

tion when ignited by an external energy input [27–39] . The heat

energy generated by the ignition of highly reactive EMs can be

used to bond interfacial substrates by melting the solder inserted

between those substrates. The use of EMs as a heat source for in-

terfacial bonding offers several advantages including, (i) there is no

need to heat either the solder or the interfacial substrates, (ii) ad-

ditional, possibly complex, heating equipment is not necessary, and

(iii) the simple and versatile interfacial bonding process can be im-

plemented for a range of interfacial structures. 

In the present study, we systematically investigated the effects

of using EMs as a heat energy source on the interfacial bond-

ing properties of metallic substrates. Solder material (SM) and EM

were pelletized with multiple layers, and were then inserted be-

tween the metallic substrates to enable interfacial bonding. Specif-

ically, micro- and nanoscale aluminum (Al) was used as the fuel,

while iron oxide (Fe 2 O 3 ) was used as a weak oxidizer. SAC 305

was used as a SM. Various SM/EM/SM multilayer pellets were fab-

ricated and then tested to determine their efficacy at bonding the

interfacial metallic substrates. The ignition, combustion, and phys-

ical properties of the SM/EM/SM multilayer pellets and the me-

chanical properties of the bonded Cu metallic substrates were sys-

tematically examined using several different techniques, including

a high-speed camera, pressure-cell tester (PCT), differential scan-

ning calorimetry (DSC), scanning electron microscopy (SEM) and

universal tensile-strength testing. 

2. Experimental 

In the present study, a mixture of Al nanoparticles (Al NPs;

Nano Technology Co., Ltd., Korea) with an average diameter of

around 80 nm, and Al microparticles (Al MPs; Player Metal Co., Ltd.,

Korea) with an average diameter of around 8 μm, was used as the

fuel source. As the oxidizer, we used Fe 2 O 3 NPs (Sigma-Aldrich, Ko-

rea) with an average diameter of around 90 nm. SAC 305 powder

(Sn: 96.5 wt%, Ag: 3 wt%, Cu: 0.5 wt%; Senju Metal Industry Co.,

Ltd., Japan) with an average diameter of around 70 μm was used

as the SM. 

Figure 1 is a schematic diagram of the fabrication of EMs com-

posed of Al NPs, Al MPs, and Fe 2 O 3 NPs. The SM/EM/SM multilayer

pellets were formed by a subsequent die-compaction process. The

fabricated SM/EM/SM multilayer pellets were inserted between the

Cu substrates, and then the interfacial bonding process was imple-

mented by igniting the multilayer pellets using a tungsten hot-wire

with an applied voltage of around 4 V and a current of around 2 A.

Briefly, EM powders composed of Al NPs/Al MPs/Fe 2 O 3 NPs

were dispersed in an ethanol solution, and were subsequently

mixed by ultrasonication (ultrasonic power ≈ 170 W, ultrasonic fre-

quency ≈ 40 kHz) for 30 min with a mixing ratio of Al NP:Al

MP:Fe 2 O 3 NP = 30:30:40 wt%, which was empirically determined

as the optimum combustion condition for exothermic reactions, as

shown in Fig. S1 in Supporting information. The EM powders were

finally dried in a convection oven at 80 °C for 30 min. EM (i.e.,

Al NP/Al MP/Fe 2 O 3 NP composites) and SM (i.e., SAC305 MP, Sn:

96.5%, Ag: 3%, Cu: 0.5%) powders were sequentially poured into a

mold in the die-compaction process, and were then pelletized into
isks approximately 7 mm in diameter and around 1 mm in height

nder a pressure of 300 MPa. 

Differential scanning calorimetry (DSC; Setaram, LABSYS evo,

rance) measurements of the EM powders were performed with

 temperature increase rate of 10 °C min 

−1 at 30–10 0 0 °C un-

er an air atmosphere. The physical structure of the fabricated

M/EM/SM multilayer pellets was observed using scanning elec-

ron microscopy (SEM) (Carl Zeiss, Supra 40VP, Germany) operating

t around 20 kV. The elemental mappings of interfacially bonded

u substrates and EM powders were observed using a field emis-

ion scanning electron microscope equipped with an energy dis-

ersive X-ray analyzer (EDS, INCA, Oxford Instruments, Abingdon,

K). The X-ray phase analyses of EM powders were performed

sing X-ray diffractometry (XRD, Empyrean series2, PANalytical,

lmero, Netherlands) with Cu K α radiation in the range of 20–

0 °. A high-speed camera (Photron, FASTCAM SA3 120 K, Japan)

as employed to observe the ignition and combustion reaction of

he EM powders and pellets fabricated in the present study. The

igh-speed camera had a maximum frame rate of 1,20 0,0 0 0 fps, a

inimum frame rate of 60 fps, a 17.4 mm × 17.4 mm CMOS image

ensor, a pixel size of 17 μm × 17 μm, and a AC operating voltage

00–240 V, drawing a current of 60 A. The PCT was used to analyze

he pressure trace and pressurization rate by igniting the compos-

te powders in a sealed pressure cell (around 13 ml). Briefly, EM

owder (around 16 mg) was placed in the sealed pressure cell, and

hen ignited by using a tungsten hot-wire igniter, which was oper-

ted at around 4 V, drawing a current of 2 A. The explosion pres-

ure generated by the hot-wire ignition was measured by a piezo-

lectric pressure sensor (113A03, PCB Piezotronics) attached to the

ressure cell. Simultaneously, the detected pressure signal was am-

lified and transformed into a voltage signal through a combina-

ion of an in-line charge amplifier (422E11, PCB Piezotronics) and

ignal conditioner (480C02, PCB Piezotronics). Finally, the signal

as captured and recorded using a digital oscilloscope (TDS 2012B,

ektronix). We calculated the pressurization rate by measuring the

aximum pressure with the rise time when the composite pow-

er was ignited. After performing the interfacial bonding process,

he mechanical bonding strength of the Cu substrates was mea-

ured using a universal tensile strength tester (LRXPlus 5 kN, Lloyd

nstruments Ltd., UK) with a strain rate of around 10 mm min 

−1 . 

. Results and discussion 

Figure 2 shows the SEM images and energy dispersive X-ray

pectroscopy (EDS) elemental mappings for the Al NP/Al MP/Fe 2 O 3 

P composite powder used in the present study. The Al NPs and

l MPs, used as a fuel, were both spherical with average diam-

ters of around 100 nm ( Fig. 2 a) and 8 μm ( Fig. 2 b), respectively.

he Fe 2 O 3 NPs, used as an oxidizer, were also spherical with an

verage diameter of around 90 nm ( Fig. 2 c). After mixing the Al

Ps/Al MPs/Fe 2 O 3 NPs, the resulting EM composite powders were

bserved using SEM and EDS, as shown in Fig. 2 d–f. It was found

hat the Al NPs/Fe 2 O 3 NPs were homogeneously distributed and

ttached to the surfaces of the Al MPs. 

We systematically examined the effects of Al NPs and Al MPs

n the ignition and combustion properties of EMs. Figure 3 shows

chematics and still images of the ignition and combustion reac-

ions of the EMs addressed in the present study. First, Al MP/Fe 2 O 3 

P-based EMs without any Al NPs failed to ignite when using a

ungsten hot-wire, even when heated to around 800 °C with an ap-

lied voltage of around 12 V [40,41] . This suggests that a high ther-

al energy input is required to directly ignite Al MPs, which have

 relatively low reactivity due to their large primary size. However,

hen Al NPs were present in EMs (i.e., the Al NP/Fe 2 O 3 NP and Al

P/Al MP/Fe 2 O 3 NP composites), the ignition and subsequent com-

ustion occurred stably using the same tungsten hot-wire heated
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Fig. 1. (a) Fabrication of EMs composed of Al NPs, Al MPs, and Fe 2 O 3 NPs, and the fabrication of SM/EM/SM multilayer pellets by a die-compaction process. (b) Interfacial 

bonding process using a SM/EM/SM multilayer pellet installed between metallic substrates. 

Fig. 2. SEM images of (a) Al NPs, (b) Al MPs, (c) Fe 2 O 3 NPs. (d) LR-SEM image, (e) HR-SEM image, and (f) elemental mapping of Al NP/Al MP/Fe 2 O 3 NP composites. 
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o around 560 °C with the application of around 4 V. The resulting

urn rate and total burning time of Al NP/Fe 2 O 3 NP were around

.420 m s −1 and 120 ms, while those of Al NP/Al MP/Fe 2 O 3 NP

ere around 0.084 m s −1 and 500 ms, respectively. (The burn rate

as defined as the total length of the aligned EM pellet sample di-

ided by the total time taken for the flame to propagate from one

nd of the pellet to the other.) This suggests that the presence of
l NPs resulted in the combustion reactivity of the EMs being en-

anced, but the addition of Al MPs to the Al NP/Fe 2 O 3 NP-based

Ms made their combustion reactivity much slower. This is pre-

umably because the exothermic energy generated by the burn-

ng Al NPs was consumed by initiating the Al MPs. Once the Al

P/Al MP/Fe 2 O 3 NP composite pellets had been ignited, the com-

ustion reaction was very slow and the flame propagation reached
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Fig. 3. (a) Schematics and (b) still images of tungsten hot-wire induced ignition and subsequent combustion of (i) Al MP (60 wt%)/Fe 2 O 3 NP (40 wt%), (ii) Al NP 

(60 wt%)/Fe 2 O 3 NP (40 wt%), and (iii) Al NP (30 wt%)/Al MP (30 wt%)/Fe 2 O 3 NP (40 wt%) composite pellets. 
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the end of the pellets without stopping. If the functional EM pel-

lets are to be used to bond interfacial metallic substrates, then they

are required to generate sufficient heat energy to melt SMs over a

sufficiently long duration. Therefore, the Al NP/Al MP/Fe 2 O 3 NP-

based EM composites tested in the present study were finally se-

lected as an optimized heating element for the interfacial bonding

process. 

To examine the effect of the amount of Fe 2 O 3 NPs on the ig-

nition and combustion properties of an Al NP/Al MP matrix, vari-

ous Al NP/Al MP pellets with different amounts of Fe 2 O 3 NP were

fabricated and tested as shown in Fig. 4 . There was no success-

ful ignition in the case of the Fe 2 O 3 NPs (10–20 wt%) in the Al

MP/Al NP matrix, as shown in Fig. 4 a. This was presumably be-

cause the amount of oxidizer was not sufficient to initiate the igni-

tion and subsequent combustion of the fuel metals. However, when

the amount of Fe 2 O 3 NPs in the Al MP/Al NP matrix was ≥ 30 wt%,

stable ignition and combustion could be achieved. Once the pellet

was ignited, the flame propagated to the end of the pellet without

stopping. Figure 4 b shows the burn rate and total burning time of

Al NP/Al MP composite pellets with different Fe 2 O 3 NP contents

(10–70 wt%), as measured using a high-speed camera. The burn

rate increased steeply as the amount of Fe 2 O 3 NPs was increased

to around 40 wt%, and then increased gradually as the amount of

Fe 2 O 3 NPs was increased from 40–70 wt%. Simultaneously, the to-

tal burning time was the longest when the amount of Fe 2 O 3 NPs

was around 30 wt%, but then gradually decreased as the amount of

Fe 2 O 3 NPs was increased to ≥ 40 wt%. It is preferable for the burn

rate of the Al NP/Al MP/Fe 2 O 3 NP composite pellets to be such that

the total burning time is longer, allowing the SMs (heated by the

EMs) to melt sufficiently and eventually bond with the interfacial

substrates. Therefore, the use of fuel-rich Al NP/Al MP (60–70 wt%)

with an Fe 2 O 3 NP content of 30–40 wt% is preferred for the in-

terfacial bonding process, because the combustion properties are
uch less active than those in the stoichiometric condition (i.e., Al

25 wt%)/Fe 2 O 3 (75 wt%)). 

To determine the optimum heating pellet conditions for the

nterfacial bonding process, we examined the heat energy gen-

rated by Al NP/Al MP composites by varying the Fe 2 O 3 NP

ontent (20–70 wt%) using DSC, as shown in Fig. 5 a. The

rst exothermic reaction was an aluminothermic reaction (i.e.,

Al + Fe 2 O 3 → Al 2 O 3 + 2Fe + �H) in a temperature range of 500–

00 °C. The second exothermic reaction usually occurred in a

emperature range of 70 0–10 0 0 °C due to the oxidation of the

nreacted Al, which melted at around 670 °C. This was an en-

othermic reaction. This was clearly corroborated by DSC analy-

es for the Al NP/Fe 2 O 3 NP and Al MP/Fe 2 O 3 NP as shown in Fig.

2 in Supporting information. Figure 5 b summarizes the evolu-

ion of the total heat energy of the exothermic reactions for var-

ous Al MP/Al NP/Fe 2 O 3 NP (20–70 wt%) composites. The gener-

ted heat energy was found to increase with the amount of Fe 2 O 3 

P ( ≤ 40 wt%) in the Al MP/Al NP matrix, but it then decreased

ith the addition of further Fe 2 O 3 NP ( > 40 wt%). This suggests

hat the optimized Fe 2 O 3 NP content in the Al MP/Al NP ma-

rix was around 40 wt%, which was found to maximize the alu-

inothermic and oxidation reactions of Al. However, the experi-

entally determined values for the total heat energy ( ≤ 2.0 kJ g −1 )

ere much lower than the theoretical value of 3.9 kJ g −1 . We be-

ieve that this shortfall occurred due to (i) an oxide layer form-

ng on the surfaces of the Al NPs and Al MPs and (ii) the in-

omplete oxidation of the Al MPs. This was corroborated by XRD

nalyses of the reactants and byproducts before and after the ig-

ition test with the Al MP/Al NP/Fe 2 O 3 composite powders, as

hown in Fig. S3 in Supporting information. To achieve effective

nterfacial bonding, it is important to generate a sufficiently high

mount of heat energy from a heating pellet for a sufficiently

ong duration. As a result of the present study, we found that the
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Fig. 4. (a) Images and (b) evolution of burn rate and total burning time of Al NP/Al MP composite pellets for different Fe 2 O 3 NP contents. 
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ptimum heating pellet consisted of an optimized Al NP/Al MP

omposite (60 wt%) to which we added Fe 2 O 3 NP (around 40 wt%).

SEM analyses were performed to examine the structures of the

M/EM/SM multilayer pellets fabricated in the present study, as

hown in Fig. 6 . Top and side views of interfacial Cu substrates

ith SM/EM/SM multilayer pellets are shown in Fig. 6 a. Figure 6 c

hows a cross-sectional SEM image of a SM/EM/SM pellet, fabri-

ated using a die-compression molding process. The thicknesses

f the SM and EM layers were found to be around 300 μm and

00 μm, respectively. Figure 6 b shows that the primary particles of

l MP/Al NP/Fe 2 O 3 NP in the EM layer strongly adhered to each

ther. Figure 6 d shows the boundary layer between the SM and

M layers, which are tightly bonded by the compression process.

s shown in Fig. S4 in Supporting information, the SAC305 pow-

er accumulated in the SM layer, and was observed to consist of

pherical particles having an average diameter of around 65 μm.

owever, they appeared to bond strongly while simultaneously un-

ergoing plastic deformation by the pressurization process during

elletization. 
To realize interfacial bonding, the SM/EM/SM multilayer pellets

abricated in this study were installed between Cu substrates mea-

uring 15 mm × 23 mm, as shown in Fig. 7 a and b. The SM/EM/SM

ultilayer pellet was composed of two parts: (i) The first half of

he pellet was composed of an EM layer (i.e., Al MPs/Al NPs/Fe 2 O 3 

Ps) without an SM layer. This acted as an igniter. (ii) The second

alf of the pellet, composed of SM/EM/SM multilayers, was fabri-

ated to bond to the interfacial Cu substrates ( Fig. 7 a). As a result

f the ignition and combustion processes of the SM/EM/SM mul-

ilayer pellet, the interfacial Cu substrates were found to be suc-

essfully bonded by the application of a pressure of around 1 MPa,

s shown in Fig. 7 b and c. This suggests that the SM layer was

ufficiently melted by the heat energy generated by the combus-

ion of the EM layer, after which the interfacial Cu substrates were

trongly bonded by the solder, once it solidified through its natural

ooling process. Figure 7 d shows a cross-sectional SEM image and

he elemental mapping of the Cu substrates, interfacially bonded

sing the SM/EM/SM multilayer pellets. The Al MPs/Al NPs/Fe 2 O 3 

Ps in the EM layer and solder MPs in the SM layer were
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Fig. 5. (a) Differential scanning calorimetry (DSC) results and (b) total heat energy 

generated by exothermic and oxidation reactions of Al MP/Al NP composite by vary- 

ing the amount of Fe 2 O 3 NPs. 
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Fig. 6. (a) Top- and side-views of SM/EM/SM multilayer pellet inserted between interfaci

layer, and (d) interface between SM and EM layers. 
bserved to be fully sintered and, simultaneously, the solder MPs

ere strongly attached to the surface of the Cu substrate. After the

luminothermic reaction of the EM layer, Fe and Al 2 O 3 composites

ere formed; thus, Al, Fe, and O elements were observed in the

M layer. The SM and EM layers were strongly attached, but no

tomic diffusion was observed. However, a very thin inter-metallic

iffusion layer of Sn and Cu was formed between the Cu substrates

nd SM layers. In general, inter-metallic compounds of the Cu 6 Sn 5 

nd Cu 3 Sn phases are known to be formed by the reaction of Sn

nd Cu, diffused by heat generated in the interfacial bonding pro-

ess. The thermal diffusion of Sn and Cu seemed to actively oc-

ur when relatively high temperatures were maintained for a rel-

tively long duration. It is interesting to note that the thickness of

he inter-metallic diffusion layer was less than 5 μm, but this in-

reased considerably up to around 80 μm when the interfacial Cu

ubstrates were bonded by the pure SM layer, which was heated

n a furnace for a much longer duration, as shown in Fig. S5 in

upporting information. 

After the interfacial bonding process, a universal tensile

trength test was performed to examine the mechanical bonding

trength between the Cu substrates, as shown in Fig. 8 . For com-

arison, an SM layer pellet without the addition of an EM layer

as first used to bond the interfacial Cu substrates. In this case,

n enclosed furnace was used as an external heat energy source to

reheat the Cu substrates to 300 °C for 30 min. After the preheat-

ng, the SM layer pellet was inserted between the Cu substrates,

hich were again heated to 300 °C for 1 h to attain interfacial

onding. A universal tensile strength test was performed, which

evealed the maximum tensile stress and Young’s modulus of the

u substrates, interfacially bonded using the SM layer pellet, to

e around 26.28 ± 0.26 MPa and 1741.12 ± 17.41, respectively. How-

ver, when we applied the SM/EM/SM multilayer pellet to the in-

erfacial bonding process, the resulting maximum tensile strength

nd Young’s modulus were found to be around 36.48 ± 0.36 MPa
al Cu substrates. Cross-sectional SEM images of (b) EM layer, (c) SM/EM/SM multi- 
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Fig. 7. (a) Cu substrates, composite pellet, and interfacial bonding devices and (b) interfacially bonded Cu substrates using SM/EM/SM multilayer pellet, (c) images of flame 

propagation through the first-half igniting pellet and second-half heating & bonding pellet, and (d) cross-sectional SEM images and elemental mappings of interfacial Cu 

substrates, physically bonded by SM/EM/SM composite pellet. 

Fig. 8. Comparison of universal tensile strength test results for Cu substrates inter- 

facially bonded using SM layer and SM/EM/SM multilayer pellets. 
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nd 2469.26 ± 24.69, respectively, which were approximately 40%

reater than those obtained with the SM layer pellet (without

he EM layer). The strength and ductility of the Cu substrates

onded using the SM/EM/SM multilayer pellet were much better

han those that were interfacially bonded using the SM layer pel-

et. Highly brittle property was observed for interfacial bonding

ade by SM layer-based pellet because relatively thick intermetal-

ic compound was formed by relatively long heating process in

he furnace (see Fig. S5). This suggests that the SM/EM/SM multi-

ayer pellets fabricated in the present study can attain an excellent

echanical bonding strength between the interfacial metallic sub-

trates with the advantages of simple, easy, and versatile welding

nd bonding applications. 

. Conclusions 

In the present study, we examined the effects of micro- and

anoscale EMs as a heat energy source for melting SMs in the

nterfacial bonding process for metallic substrates. The EM layers
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were composed of Al MPs (fuel), Al NPs (fuel), and Fe 2 O 3 NPs (ox-

idizer), respectively. The Al NPs (30 wt%)/Al MPs (30 wt%)/Fe 2 O 3 

NP (40 wt%) composite powders were found to have the high-

est exothermic energy and a sufficiently long combustion duration.

The presence of Al NPs was essential to the stable ignition and ini-

tiation of Al MPs, which were also required to attain longer com-

bustion duration. This suggests that the use of highly reactive Al

NPs/Fe 2 O 3 NPs in EM composites can improve the aluminother-

mic reaction, while the addition of Al MPs to the Al NPs/ Fe 2 O 3 

NPs is also required to maintain their high thermal energy for a

longer duration. Finally, the interfacial bonding process between Cu

substrates was successfully demonstrated using SM/EM/SM multi-

layer pellets. The resulting mechanical bonding strength for inter-

facially bonded Cu substrates using SM/EM/SM multilayer pellets

was found to be around 40% better than that attainable with SM

layer pellets. This suggests that the micro- and nanoscale EMs were

effective heat ener gy sources for melting SMs so that the inter-

facial bonding process suggested in this study can realize simple,

easy, and versatile welding and bonding applications. 
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