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Abstract.  Metallic copper nanoparticles were synthesised by reduction of copper ions in aqueous solution, and 

metal-metal bonding by using the nanoparticles was studied. A colloid solution of metallic copper nanoparticles was 

prepared by mixing an aqueous solution of CuCl2 (0.01 M) and an aqueous solution of hydrazine (reductant) (0.2-1.0 

M) in the presence of 0.0005 M of citric acid and 0.005 M of n-hexadecyltrimethylammonium bromide (stabilizers) 

at reduction temperature of 30-80°C. Copper-particle size varied (in the range of ca. 80-165 nm) with varying 

hydrazine concentration and reduction temperature. These dependences of particle size are explained by changes in 

number of metallic-copper-particle nuclei (determined by reduction rate) and changes in collision frequency of 

particles (based on movement of particles in accordance with temperature). The main component in the nanoparticles 

is metallic copper, and the metallic-copper particles are polycrystalline. Metallic-copper discs were successfully 

bonded by annealing at 400°C and pressure of 1.2 MPa for 5 min in hydrogen gas with the help of the metallic-

copper particles. Shear strength of the bonded copper discs was then measured. Dependences of shear strength on 

hydrazine concentration and reduction temperature were explained in terms of progress state of reduction, amount of 

impurity and particle size. Highest shear strength of 40.0 MPa was recorded for a colloid solution prepared at 

hydrazine concentration of 0.8 M and reduction temperature of 50°C. 
 

Keywords:  metal nanoparticle; nano-particles; nanosized metals; chemical synthesis; nano-materials 

 
 

1. Introduction 
 

Metal-metal bonding is an indispensable process mainly in fields such as metalworking 

industry and electronics (Tu 2007, Shi et al. 1999, Darwish et al. 2000, Nami et al. 2010, Ji et al. 

2012, Lee and Kwon 2013). Conventional metal-metal bonding is performed by pressurizing two 

or more metallic materials under annealing at high temperature (Weisman 1976, Nami et al. 2010, 

Duarte et al. 2012, Lee and Kwon 2013). During the bonding, components of one metal diffuse 
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into the other metal and, consequently, the metals are bonded. The high-temperature annealing 

promotes the diffusion. Because the high annealing temperature may damage the metals to be 

bonded, the annealing temperature should be lowered. It can be lowered by using a metallic solder 

or a metallic filler with a low melting point (Wang et al. 2012, Kotadia et al. 2014, Ji et al. 2015). 

Even at low temperature, the filler components diffuse into the metals intensively, so metal-metal 

bonding is achieved at low temperature. Because of its low melting point, tin-lead alloy is a 

representative filler used in metal-metal bonding. However, the bonded metals may be released on 

exposure to temperatures higher than their melting points due to re-melting of the alloy. Tin-lead 

alloy also faces the following problem. As several researchers suggested, the lead contained in the 

alloy is toxic to the human body (Abtewa and Selvaduray 2000, Kikuchi et al. 2001, Shiue et al. 

2003, Noor et al. 2010, Kotadia et al. 2014, Zhang and Tu 2014), so its use tends to be limited. 

Various lead-free, tin-related alloys have also low melting points. In light of health and 

environmental concerns, metal-metal bonding processes using lead-free, tin-related alloys have 

been proposed. However, such alloys still face the problem derived from their low melting points. 

Nanoparticles of metals have a total apparent surface area larger than that of their bulk; 

therefore, they can contact the other materials efficiently and effectively achieve metal-metal 

bonding. Nanoparticles have another advantage over their bulk; that is, in general, melting points 

of metals are decreased with decreasing nanoparticle size to the nanometer order (Shibuta and 

Suzuki 2010, Son et al. 2012, Hashimoto et al. 2012). Decreasing melting points in this manner 

can be applied to metal-metal bonding at low temperature. 

Since metallic silver has high electrical conductivity, high thermal conductivity and chemical 

stability, its nanoparticles are a good candidate as a nanoparticle filler. Accordingly, utilizing 

metallic silver nanoparticles as filler has been studied (Ide et al. 2005, Bai et al. 2006, Murray et al. 

2006, Yasuda et al. 2009, Morisada et al. 2010, Yan et al. 2012a). The silver-based nanoparticles 

exert excellent metal-metal bonding properties. However, their cost is higher than that of many 

other metals expected to function as a metallic nanoparticle filler. In addition, bonding with 

metallic-silver nanoparticles as a filler may deteriorate with time owing to electrochemical 

migration of the silver (Kim et al. 2013, Lu et al. 2015). Metallic copper is another candidate 

nanoparticle filler for bonding, since it also has excellent electrical and thermal conductivities, and 

is available at low cost if a method for producing metallic copper nanoparticles is simple and the 

obtained nanoparticles is chemically stable. In addition, the electrochemical migration of copper 

does not occur as easily as that of silver (Tan et al. 2012). Several methods for fabricating 

nanoparticles of metallic copper have been proposed (Niranjan and Chakraborty 2012, Argueta-

Figueroa et al. 2014, Xu et al. 2015), and the works on the methods have been limited to 

development of a simple and easily reproducible way of preparing the nanoparticles, investigation 

of their potential use in dental materials, and continuous synthesis of the nanoparticles using 

microreactors. Metal-metal bonding using metallic copper nanoparticles has been extensively 

studied by several researchers (Morisada et al. 2010, Nishikawa et al. 2011, Yan et al. 2012b, 

Ishizaki et al. 2013). In their works, the metallic copper nanoparticles have been produced in 

organic solvents, which gives unsafety and high environmental load. From this view point, our 

research group has focused on preparation of chemically-stable metallic copper nanoparticles 

prepared in aqueous solution, and studied on metal-metal bonding using the metallic copper 

nanoparticles (Kobayashi et al. 2011, 2012, 2013a, b). According to those previous works, the 

bonding properties of metallic copper nanoparticles are strongly dependent on fabrication 

conditions such as species of raw copper salt, concentration of raw chemicals and reaction 

temperature. In the present work, concentration of hydrazine as a reducing reagent and reduction 
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temperature used in the synthesis of metallic-copper nanoparticles were focused on, and the effects 

of these factors on the morphology and the metal-metal bonding property of the nanoparticles were 

revealed. 

 

 

2. Experimental 
 

2.1 Chemicals 
 

Copper-chloride dihydrate (CuCl2·2H2O) (> 99%) and hydrazine monohydrate (> 98.0%) were 

used as a source of metallic-copper nanoparticles and a reducing reagent, respectively. The 

chemicals used for stabilizing particle colloid solutions were citric-acid monohydrate (> 99.5%) 

and cetyltrimethylammonium bromide (CTAB) (99%). All chemicals were purchased from Kanto 

Chemical Co., Inc. and used as received. Water used in all the preparations was prepared by ion-

exchanging and distillation by water purifier (Yamato WG-250). The water was deaerated by 

bubbling with nitrogen gas for 30 min prior to preparation of various aqueous solutions. 

 

2.2 Preparation 
 

Metallic-copper nanoparticles were fabricated by reducing copper ions with hydrazine in 

aqueous solution, explained as follows. Freshly prepared hydrazine aqueous solution was added to 

aqueous solution of CuCl2, citric acid, and CTAB under vigorous stirring at reduction temperatures 

of 30-80°C. Initial concentrations of these chemicals were 0.01 M CuCl2, 0.1-1.0 M hydrazine, 

0.0005 M citric acid and 0.005 M CTAB. The reduction time was 3 h. After the reduction, the 

obtained particles were washed by the following procedure (repeated several times): centrifugation 

at 10,000 rpm, removal of supernatant, addition of water and shaking of the mixture with a vortex 

mixer to disperse the particles. 

 

2.3 Characterization 
 

The nanoparticles were characterized by ultra-violet (UV-Vis) spectroscopy, transmission 

electron microscopy (TEM) and X-ray diffractometry (XRD). The UV-Vis extinction spectrum of 

the particle colloidal solution was measured using a Shimadzu UV-3101PC spectrophotometer. 

TEM photographs were taken with a JEOL JEM-2100 microscope operating at 200 kV. The TEM 

samples were prepared by dropping and evaporating the particle colloid on a collodion-coated 

copper grid. Number-averaged particle size and standard deviation of particle-size distribution 

were determined by measuring multiple particle diameters in the TEM images. XRD patterns of 

copper nanoparticles were acquired with a RAD-B X-ray diffractometer operating at 50 kV and 

150 mA with CuKα radiation. To prepare the powder samples for the XRD measurement, the 

nanoparticles left after the final removal of supernatant were dried at room temperature for 24 h 

under vacuum. 

The metal-metal bonding property of nanoparticle powder was investigated by the same set-up 

as used in our previous works, explained as follows. The same powder sample as that obtained for 

the XRD measurement was spread on a metallic-copper disc as a stage (with a diameter of 10 mm 

and a thickness of 5 mm). Then, a metallic-copper disc as a plate (with a diameter of 5 mm and a 

thickness of 2.5 mm) was put on the powder sample. The metallic copper discs sandwiching the 
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powder sample were compressed at 1.2 MPa under annealing in hydrogen at 400°C for 5 min with 

a Shinko Seiki vacuum reflow system. The bonding temperature was lower than a melting point of 

metallic copper (1085°C). The decrease in melting point of metallic material was expected to take 

place with the decrease in its size. In addition, the diffusion of components of metal was also 

expected to be accelerated by the compression. Bonding properties of the nanoparticles were 

evaluated in terms of shear strength required to separate the bonded disc and stage. The shear 

strength was measured with a Seishin SS-100KP bond tester at a shear rate of 30 mm/min. The 

measurement was performed only once for each sample. Because our research group has evaluated 

bonding properties for years, one measurement was regarded to be enough for obtaining data with 

accuracy in the present work. The disc surface was observed by scanning electron microscope 

(SEM), namely, a JEOL JSM-5600LV, after the shear strength was measured. 
 

 

3. Results and discussion 
 

3.1 Effect of hydrazine concentration 
 

Photographs of the colloid solutions prepared at various hydrazine concentrations are shown in 

Fig. 1. In all the colloid solutions, the addition of hydrazine produced a reddish-brown color, 

which appeared to be due to surface plasmon resonance (SPR) of metallic copper nanoparticles 

(Singh et al. 2010, Niranjan and Chakraborty 2012, Xu et al. 2015), implying that metallic copper 

nanoparticles were produced. An example of their UV-Vis extinction spectra is shown in Fig. 2(a). 

A peak attributed to SPR of metallic Cu nanoparticles was detected at 589 nm, which supported 

the implication. TEM images of particles contained in the colloid solutions are shown in Fig. 3. 
 

 

 

Fig. 1 Photographs of copper-particle colloid solutions prepared at hydrazine concentrations of 

(a) 0.2; (b) 0.4; (c) 0.6; (d) 0.8; and (e) 1.0 M. Reduction temperature was 30°C 
 

 

 

Fig. 2 Extinction spectra of copper-particle colloid solutions. The samples (a) and (b) were 

the same as the sample (a) in Fig. 1 and the sample (f) in Fig. 8, respectively 
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Fig. 3 TEM images of copper nanoparticles. Samples (a)-(e) were obtained from colloid 

solutions (a)-(e) shown in Fig. 1 
 

 

 

Fig. 4 XRD patterns of copper nanoparticles. Samples (a)-(e) were the same as those 

 represented in Fig. 3. ●: metallic copper, and ▼: Cu2O 
 

 

Many quasi-angular particles were observed in all the samples. The particles sizes, namely, 

162.9 ± 54.4, 123.6 ± 28.9, 120.0 ± 42.9, 102.1 ± 29.0 and 87.2 ± 23.0 nm, corresponded to 

hydrazine concentrations of 0.2, 0.4, 0.6, 0.8 and 1.0 M, respectively. The particle size decreased 

with increasing hydrazine concentration. Addition of hydrazine increases ionic strength of the 

colloid solutions. It also increase reduction rate, or provides progress state of reduction. Since an 

increase in ionic strength compresses the double layer that forms on solid materials such as 

colloidal particles (Dickson et al. 2012, Sugimoto et al. 2014, Dimic-Misic et al. 2015), double-

layer repulsion between particle nuclei becomes weak when their ionic strength is high, promoting 

aggregation of particle nuclei. As a result, large particles with high ionic strength are produced. On 

the other hand, an increase in reduction rate generates more particle nuclei. If each nuclei grows 

individually with no aggregation of nuclei, small particles will be produced because many particles 

are produced. The production of small particles was thus considered to take place more intensively 

when hydrazine concentration increases. XRD patterns of the particles are shown in Fig. 4. For all 

samples, three peaks, at 43.3, 50.4 and 74.1 degrees, respectively, were recorded. The peaks were 

attributed to the (111), (200) and (220) planes of cubic copper (JCPDS card No. 04-0836). For 

each sample, the peak detected at 36.5 degrees was assigned to Cu2O (JCPDS card No. 05-0667), 

though its intensity was weaker than those of cubic copper. Application of the Scherrer equation 
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Fig. 5 Photographs of copper stages after measurement of shear strength. 

The powders used were the same as those represented in Fig. 3 
 

 

 

Fig. 6 SEM images of the copper stages shown in Fig. 5 
 

 

the XRD line broadening of the 43.3° peak provided average metallic copper crystal sizes of 27.2, 

26.1, 26.9, 24.7 and 25.9 nm for hydrazine concentrations of 0.2, 0.4, 0.6, 0.8 and 1.0 M, 

respectively. The crystal sizes at the hydrazine concentrations examined did not significantly differ, 

but they were smaller than the particle sizes. This result indicated that the metallic copper particles 

were polycrystalline. 

Photographs of the copper stages after the measurement of shear strength are shown in Fig. 5. 

As for all the samples examined, reddish-brown products, which are clearly metallic copper, were 

observed on the stage. Surfaces that appeared to be the same as the copper stage were also 

observed in places. This observation indicated that the particle powder combined with the copper 

stage, which implied that the copper discs were strongly bonded. The reddish-brown product was 

also observed outside of the circle on the disc surface, especially in Fig. 4(e), because excess 

nanoparticle powder spread on metallic-copper stage stock out from metallic copper discs. The 

excess nanoparticle powder possibly made the disc surface rough, which lost luster of the disc 

surface. As a result, some regions of the disc surface appeared to have a color of black slightly. 

The nanoparticle surface should have been oxidized to also form CuO due to exposure in air 

containing oxygen, since CuO is also a chemically stable copper oxide. The XRD measurements 

did not reveal the existence of CuO, which implied that the amount of produced CuO was too low 
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to be detected by XRD. The surfaces of copper discs might have been also oxidized partially to 

form a slight layer of CuO. Accordingly, the black surfaces were speculated to be derived from 

CuO layers on nanoparticle surfaces and copper discs, and. Since further surface analyses such as 

XPS, XRD or EDS are required to prove the speculation provided with the observation, our 

research group would like to perform them in a future work. SEM images of the copper stages 

after the shear strength was measured are shown in Fig. 6. For all the samples, many dimples, 

accompanied by sharp tips, were observed on the surface. Tearing of strongly bonded metals with 

shearing stress forms the dimples in the bonded region (Morisada et al. 2010). These observations 

of dimples also confirmed strong bonding. Because solid materials should be separated at 

mechanically-weak point by shear stress, the point was considered to be the CuO layers in the 

present work. Nevertheless, the discs were bonded as strongly as the many dimples were produced. 

This indicated that the CuO layers were too thin to dominantly deteriorate the metal-metal bonding. 

Shear strength is plotted as a function of hydrazine concentration in Fig. 7. Shear strength was as 

high as ca. 25 MPa, corresponding to the strong bonding indicated by the naked-eye observation 

(Fig. 5) and the SEM observation (Fig. 6). It increased from 25.0 to 31.0 MPa with increasing 

hydrazine concentration from 0.2 to 0.8 M. The dimples observed for 0.8 M (Fig. 6(d)) were not 

significant compared to those for the hydrazine concentrations of 0.2-0.6 M (Figs. 6(a)-(c)). The 

discs also appeared to be brittly fractured by the shear stress. Brittle fracture often takes place in 

ceramics. The existence of Cu2O brought about by the metal-metal bonding process taking on an 

aspect of ceramic bonding, resulted in the brittle fracture in the present work. The similar 

observation was also performed in our previous work on metal-metal bonding process using Cu2O 

nanoparticles (Kobayashi et al. 2016). Some copper ions were probably unreduced at low 

hydrazine concentration, so they formed copper oxide. The copper oxide was reduced during the 

bonding in hydrogen gas. This reduction decreased the volume of particle powder, because oxygen 

was eliminated from the copper oxide through the reduction. This oxygen elimination resulted in 

production of voids in the particles during bonding. Because the voids did not contribute to the 

bonding, low shear strength was recorded at low hydrazine concentration. Another mechanism was 

also considered for explaining the increase in shear strength with the increase in hydrazine 

concentration from 0.2 to 0.8 M, as follows. As shown in Fig. 2, the particle size decreased with 

increasing hydrazine concentration. In our previous work, the shear strength tended to decrease 

with the particle size (Kobayashi et al. 2014). Its mechanism is as follows. Since small particles 

have large surface energy, they are apt to aggregate, resulting in an increase in apparent particle 

size. This increase causes a decrease in the contact area between the particle and Cu disc, which 

leads to the decrease in shear strength. This mechanism was also considered in the present work in 

the range of 0.2-0.8 M. However, the size of particles after drying the nanoparticles at room 

temperature for 24 h under vacuum has to be used for the discussion, since the particles after 

drying were used for the bonding. The particle size estimated from TEM observation should be 

different from that after the drying. The particle size after the drying is required for better 

understanding a precise mechanism on the bonding. Our research group would like to perform the 

measurement of particle size after the drying and to discuss the particle size as a parameter 

governing the shear strength in future work. Shear strength decreased to 24.5 MPa with increasing 

hydrazine concentration up to 1.0 M. Hydrazine concentration of 1.0 M was so high that unreacted 

hydrazine probably remained as an impurity in the solution. This unreacted hydrazine was 

removed from the particles with its sublimation or evaporation during bonding with annealing at 

the high temperature in hydrogen, and then also formed the voids in the particles. Consequently, 

shear strength decreased when hydrazine concentration increased to 1.0 M. Since the remaining of 
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unreacted hydrazine, on which information is quite important for understanding a mechanism on 

the decrease in shear strength, has not been proved, our research group also would like to 

characterize remained species in future work. 
 

3.2 Effect of reduction temperature 
 

Photographs of particle colloid solutions prepared at various reduction temperatures are shown 

in Fig. 8. For all the samples, the colloid solutions were all reddish brown, which also implied that 

metallic copper nanoparticles were produced. There were differences in coloration of reddish 

brown among the samples, though a precise mechanism on the differences is still unclear. The 

particles were highly dispersed, indicating that neither large particles nor aggregates forming 

sediment were produced at the reduction temperatures examined. An example of their UV-Vis 

extinction spectra is shown in Fig. 2(b). A peak attributed to SPR of metallic Cu nanoparticles was 

detected at 588 nm, which also supported the implication. TEM images of the particles in the 

colloid solutions are shown in Fig. 9. Many quasi-angular particles appeared in all samples. Their 

particles sizes were 120.0 ± 42.9, 84.0 ± 18.8, 97.4 ± 26.6, 105.5 ± 25.0, 133.6 ± 47.1 and 142.3 ± 

40.0 nm for reduction temperatures of 30, 40, 50, 60, 70 and 80°C, respectively. When reduction 

temperature increased from 30 to 40°C, particle size decreased. The particle-size reduction rate 

was increased with increased reduction temperature, which generated many metallic copper nuclei. 

As a result, smaller particles were produced. Over 40°C, particle size increased with increasing 

reduction temperature. At high temperature, particles move quickly towards other primary particles, 

making it easy to coagulate the particles (Joshi 2006). Accordingly, after the particles aggregated 

and grew, high temperature caused them to coagulate. XRD patterns of the particles are show in 
 

 

 

Fig. 7 Shear strength vs. hydrazine concentration. 

The powders used were the particles shown in Fig. 3 
 

 

 

Fig. 8 Photographs of particle colloid solutions prepared at reduction temperatures of (a) 30; (b) 40; 

(c) 50; (d) 60; (e) 70; and (f) 80C. Hydrazine concentration was 0.6 M 
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Fig. 9 TEM images of copper nanoparticles. Samples (a)-(f) were obtained from colloid 

solutions (a)-(e) shown in Fig. 8 
 

 

 

Fig. 10 XRD patterns of copper nanoparticles. Samples (a)-(e) were the same as those 

represented in Fig. 9. ●: metallic copper, and ▼: Cu2O 
 

 

Fig. 10. For all the samples, peaks attributed to the (111), (200) and (220) planes of cubic copper 

mainly appeared at 43.3, 50.4 and 74.1 degrees, and a faint peak assigned to Cu2O also appeared at 

36.5 degrees. No peaks due to CuO were detected, which implied that the amount of produced 

CuO was too low to be detected by XRD. According to the Scherrer equation applied to the XRD 

line broadening of the 43.3° peak, average metallic copper crystal sizes were estimated as 26.9, 

24.0, 22.9, 21.9, 21.0 and 21.0 nm for reduction temperatures of 30, 40, 50, 60, 70 and 80°C, 

respectively: In other words, crystal size decreased with increasing reduction temperature, or 

crystal growth did not take place even with increasing reduction temperature. Increasing reduction 

temperature generated many metallic copper nuclei, as above-stated. The nuclei formed many 

crystallites, indicating production of small crystallites at high temperature. As discussed above, 

particle size increased with increasing reduction temperature over 40°C. Particles were thus 

speculated to grow following the production of crystallites with no dominant crystal growth. 

Photographs of the copper stages after the measurement of shear strength are shown in Fig. 11. 

Metallic copper surfaces (similar to that of the copper stage) with a reddish-brown color were 

observed on all the samples examined. These observations also implied that strong bonding took 
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Fig. 11 Photographs of copper stages after measurement of shear strength. The powders used 

were the same as those represented in Fig. 9 
 

 

 

Fig. 12 SEM images of the copper stages shown in Fig. 11 
 

 

place. The reddish-brown product was also observed on the disc surface outside of the circle 

especially in Figs. 11(b), (c), (d) and (f), because excess nanoparticle powder spread on metallic-

copper stage also stock out from metallic copper discs. Some regions of the disc surface also 

appeared black slightly, which might have been derived from CuO layers on nanoparticle surfaces 

and copper discs. SEM images of the copper stages after shear strength was measured are shown 

in Fig. 12. For all the samples, the many dimples (accompanied by sharp tips) observed on the 

surface implied strong bonding. Dependence of shear strength on reduction temperature is plotted 

in Fig. 13. The shear strength was highest (40.0 MPa) at the highest reduction temperature (50°C). 

The shear strength of 40 MPa recorded in the present work was the highest among those obtained 

in our previous works on metallic Cu nanoparticles performed in several years (Kobayashi et al. 

2011, 2012, 2013a). Shear strength is discussed on the basis of particle size as follows. Shear 

strengths were 20.7, 40.0, 20.0, 27.1, 16.7 and 24.3 MPa for particle sizes of 84.0, 97.4, 105.5, 

120.0, 133.6 and 142.3 nm, respectively. That is, shear strength increased with decreasing particle 

size, though this tendency was rough. Particle size of the sample prepared with reduction 

temperature of 50°C was comparatively small. In the case of small particles, contact area between 

the particles and the copper discs was large. So, bonding of the sample with the large contact area 

was efficient at 50°C. Shear strength at reduction temperature of 40°C was smaller than that at 
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Fig. 13 Shear strength vs. reduction temperature. 

The powders used were the particles shown in Fig. 9 

 

 

50°C, although the particle size for 40°C was smaller than that for 50°C. It was previously 

reported (Maeda et al. 2014) that even though particle size was small, shear strength was not so 

high in a few cases. This low shear strength is possibly explained as follows. Small particles tend 

to aggregate because of their large surface energy, so apparent particle size increases. This 

tendency was also seen in the present work. Consequently, contact area between the particles with 

large apparent size and the metallic copper discs decreased, thereby decreasing shear strength. 
 
 

4. Conclusions 
 

A method for synthesising metallic copper nanoparticles in aqueous solution was proposed. As 

for this method, colloid solutions of metallic copper nanoparticles were prepared by reducing 

copper ions derived from CuCl2 with hydrazine in the presence of citric acid and CTAB in water. 

At constant reduction temperature of 30C, particle size decreased with increasing hydrazine 

concentration. The mechanism of this particle-size decrease was explained by the change in 

number of metallic-copper-particle nuclei, which is determined by the dependence of reduction 

rate on hydrazine concentration. The highest shear strength (31.0 MPa) was recorded at 0.8 M, 

because the reduction was completed and the amount of unreacted hydrazine was faint at 0.8 M. At 

constant hydrazine concentration of 0.6 M, particles with minimum particle size (84.0 ± 18.8 nm) 

were produced at 40C. This result was explained in terms of both changes in number of metallic-

copper-particle nuclei (determined by reduction rate) and collision frequency of particles based on 

movement of particles (which is dependent on temperature). Shear strength for 50C was 40.0 

MPa (that is, the largest among the samples examined). This result was explained in terms of the 

progress state of reduction, amount of impurity and particle size. Measurement of thermal 

conductivity has not been performed yet. Since information on the thermal conductivity is quite 

important for practical use of fillers in metal-metal bonding process, a study on metal-metal 

bonding is being awaited. 
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