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Microchannel process technology (MPT) offers several advantages to the field of 

nanomanufacturing:  1) improved process control over very short time intervals owing to 

shorter diffusional distances; and 2) reduced reactor size due to high surface area to 

volume ratios and enhanced heat and mass transfer.  The objective of this thesis was to 

consider how nanomaterials, produced in part using MPT, could be used to solve 

problems associated with the fabrication of MPT devices. Specifically, many MPT 

devices are produced using transient liquid-phase brazing involving an electroplated 

interlayer consisting of a brazing alloy designed for melting temperature suppression.  

Unfortunately, these alloys can form brittle secondary phases which significantly reduce 

bond strength.  In contrast, prior efforts have shown that it is possible to leverage the 

size-dependent properties of nanomaterials to suppress brazing temperatures.  In this 

prior work, thin films of off-the-shelf elemental nanoparticles were used as interlayers 

yielding joints with improved mechanical properties.   

In the present investigation, efforts have been made to characterize the synthesis 

and deposition of various elemental nanoparticle suspensions for use in the transient 



liquid-phase brazing of aluminum and stainless steel. Advances were used to demonstrate 

the nanoparticle-assisted diffusion brazing of a microchannel array.  In the first section, a 

silver nanoparticle (AgNP) interlayer was produced for the diffusion brazing of heat 

exchanger aluminum.  Efforts are made to examine the effect of braze filler particle size 

(~5 nm and ~50 nm) and processing parameters (heating rate: 5ºC/min and 25ºC/min; 

brazing temperature: 550ºC and 570ºC) on thin coupons of diffusion-brazed 3003 Al.  A 

tensile strength of 69.7 MPa was achieved for a sample brazed at 570°C for 30 min under 

1 MPa with an interlayer thickness of approximately 7 µm.  Further suppression of the 

brazing temperature to 500ºC was achieved by sputtering a 1 !m thick layer of Cu before 

depositing a 5 nm thick film of AgNPs resulting in a lap shear strength of 45.3±0.2 MPa.  

In the middle section of this thesis, several techniques are investigated for the synthesis 

of sub 10 nm diameter nickel nanoparticles (NiNPs) to be used in the diffusion brazing of 

316L stainless steel.  The average NiNP size was varied from 9.2 nm to 3.9 nm based on 

the synthesis technique, solvent and reducing agent used. Conventional wet-chemical 

synthesis using NiCl2.6H2O in ethylene glycol (solvent) and N2H4.H2O (reducing agent) 

resulted in the formation of 5.4 ± 0.9 nm NiNPs.  Continuous flow synthesis using a 

microchannel T-mixer (barrel diameter of 521!m) and a 10 second residence time of 

reactants in a bath temperature of 130ºC resulted in a particle size of with 5.3 ± 1 nm.  To 

make the synthesis safer and less energy intense, microwave heating was used along with 

less toxic Ni(CH3CO2)2"4H2O (nickel salt), propylene glycol (solvent) and NaPH2O2 

(reducing agent) yielding 3.9 ± 0.8 nm diameter NiNPs. For the final section, nickel 

nanoparticles were synthesized using NiCl2.6H2O (nickel salt), de-ionized water (solvent), 

NaBH4 (co-reducing agent), N2H4.H2O (reducing agent) and polyvinylpyrolidone 

(capping agent) yielding 4.2 ± 0.6 nm NiNP. Several deposition techniques were 

investigated for controlling film thickness and uniformity in the diffusion brazing of 

316L stainless steel (SS).  Using in-house prepared NiNP and automated dispensing, a 

hermetic joint up to 70 psi (tested pressure) was obtained in 316L SS substrates under 

brazing conditions of 800ºC, 2 MPa and 30 min.  Throughout the course of this thesis, 



techniques used for characterizing nanoparticles, films and joints included FT-IR, XRD, 

SEM, TEM, HRTEM, EDS, EPMA, DSC, mass spectrometry, and lap-shear testing. 
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Chapter 1: Introduction 

 

Microfluidic devices have attracted great attention in the field of science and 

engineering. Based on critical feature dimensions, processing fluid volume and operating 

temperature, these devices are mainly classified into two categories: analytical 

microfluidic devices, also known as Micro Total Analysis Systems (!-TAS), and arrayed 

microfluidic devices, referred to as Microchannel Process Technology (MPT). Figure 1.1 

displays various applications of these two microfluidic devices.  Micro total analysis 

systems process tiny amounts (nano-liters or pico-liters) of fluid resulting in information 

about fluid sample whereas arrayed microfluidic devices process large amounts of fluid 

for heat exchange, chemical conversion or chemical separation among other functions. 

Microchannel process technology involves the use of embedded microchannel arrays to 

accelerate heat and mass transfer owing to shorter diffusional distances [1-4].  Usually, 

MPT devices are large in size with thousands of microchannels having channel 

dimensions in the range of 10 to 500 !m making it difficult to make using silicon or glass 

based architectures due to the large fabrication costs involved.  

1.1. Microlamination 

Microchannel lamination or microlamination is the major fabrication architecture 

used to make monolithic MPT devices with embedded microchannel arrays. MPT devices 

have been successfully fabricated out of stainless steel [2] and nickel aluminide [5] using 

microlamination techniques.  In general, microlamination architectures involve three 

major steps: laminae patterning, laminae registration and laminae bonding.  Figure 1.2 

shows an exploded view of a representative microchannel array.  For this device, the 

patterning step would involve producing the microchannel and header through features 

(blind features can be produced as well). Laminae patterning can be done by using 

photochemical machining (PCM), laser micromachining, roll embossing or stamping. 

Laminae registration can be done using pin registration, edge registration and thermally-

enhanced edge registration (TEER) [6].  The final step involves bonding, yielding a 
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monolithic device. Depending on the application temperature and the substrate material 

used, adhesive bonding [3], solder reflow, laser welding, diffusion bonding [7], or 

diffusion brazing [8] can be used for bonding.  

 1.1.1. Bonding 

As suggested above, various bonding techniques are available for 

microlamination.  Diffusion bonding (solid state bonding) and diffusion brazing 

(transient liquid phase bonding) are the most widely used techniques for prototyping 

metal microchannel arrays. Diffusion bonding is an autogenous, solid state joining 

process typically carried out in vacuum to prevent surface oxidation of laminae. Solid 

state joining is characteristically a slow diffusion process demanding high bonding 

temperatures (70% of the melting point of the lamina material) and bonding pressures 

(~10MPa) for long durations (10 hours).  Bonding pressures are used to plastically 

deform surface asperities leading to improved contact of faying surface and enhanced 

diffusion across bond lines. Figure 1.3 depicts the sequential steps involved in solid state 

diffusion bonding. It is well known that at elevated temperatures, the yield strength of 

metals decrease significantly. Simultaneous application of high temperature and high 

pressure for long durations can result in several defect mechanisms including fin buckling 

and creep. 

In contrast to diffusion bonding, diffusion brazing involves formation of a 

transient liquid phase via melting of an electroplated interlayer or by the eutectic reaction 

between an interlayer and its lamina substrate. Typical diffusion brazing temperatures 

vary from 450ºC to 0.7 Tm depending on the combination of braze interlayer and lamina 

substrate. Besides enhancing the diffusion kinetics, formation of the liquid phase at the 

brazing temperature also eliminates the need to plastically deform surface asperities and 

thereby alleviates the magnitude of pressure required. Bonding pressures are needed to 

keep faying surfaces in good contact. Transient liquid phase bonding also decreases the 

bonding time drastically down to 1 hour compared to several hours to days in diffusion 

bonding. Figure 1.4 shows the steps involved during diffusion brazing. Despite the 
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reduction in bonding pressure and time, secondary phases (e.g. intermetallics) can form 

along bond lines leading to inferior mechanical properties. One way to overcome these 

difficulties is to use a braze filler material with fewer elements.  

Many reports have been made concerning the size-dependent optical, catalytic 

and thermal properties of nanomaterials [9-13]. In addition, nanoparticles suspended in 

solutions (i.e. inks) can be pattered to form interlayer films. However, the preparation of 

stable suspensions from commercially available nanopowders is a time-consuming 

process involving arduous deagglomeration steps. By synthesizing nanomaterial inks 

locally, more control is provided over the suspension, size and properties of nanoparticles. 

1.2. Nanomaterials Synthesis 

To date, a variety of methods have been developed for the synthesis of 

nanomaterials such as the polyol process [14-18], thermal decomposition [19], gas 

condensation [20], sol-gel [21], sonochemical [22], electric explosion of wire, spray 

pyrolysis, photocatalytic reduction, and microwave plasma. Among these, wet-chemical 

approaches such as polyol and thermal decomposition have been extensively investigated 

to synthesize metal nanocrystals. In addition, the ability to scale the process for the bulk 

synthesis of nanomaterials is an advantage of the wet-chemical approach.  The synthesis 

of metal nanoparticles is classified into two categories based on the nature of the solvent 

used:  1) reduction of metal ions in a polar solvent such as water or ethylene glycol at low 

temperatures; and 2) decomposition of metal precursors in a non-polar solvent at higher 

temperatures. Regardless of the synthesis route, nanoparticle formation involves two 

major steps: nucleation and growth. These two mechanisms control size, size distribution, 

and the shape of nanoparticles. 

 1.2.1. Nucleation and growth 

 In general, nucleation and growth mechanism can be explained on the basis of 

free energy change. Figure 1.5 shows the free energy change of a system with respect to 

particle size. Initially, the formation of nuclei results in the creation of new surfaces 
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leading to an increase in net free energy ("Gn) of system via increased surface energy 

("Gs) and decreased volumetric energy ("Gv). This trend continues until the particle size 

(r) reaches a critical radius (r*) where the reduction in volumetric free energy balances 

the increase in surface energy. Particles having a smaller radii than r* are unstable and 

dissolve back into solution.  Similarly, particles having radii larger than r* undergo 

growth until the solute concentration becomes zero. 

 In a typical synthesis of metal nanoparticles, a precursor compound is either 

reduced or decomposed to generate zero valent atoms (Mº), the building blocks of 

nanoparticle. Depending on the explicit route to atoms, the nucleation process might take 

completely different pathways.  For the decomposition route, nucleation is expected to 

follow the mechanism proposed by LaMer et al. [23] as shown in figure 1.6 [24]. In the 

context of metal nanocrystals synthesis, the concentration of metal atoms steadily 

increases with time as the precursor is decomposed. Once the concentration of atoms 

exceeds the critical solubility (Cs) and minimum supersaturation limit (Cnu
min), the atoms 

start to agglomerate into small clusters called nuclei. If the concentration of atoms drops 

below minimum supersaturation, no additional nucleation occurs. With a continuous 

supply of atoms via precursor decomposition, the nuclei will grow into nanoparticles of 

increasingly larger size until an equilibrium state is reached between the atoms on the 

surface of nanoparticle and the atoms in the solution. Growth phase can also be 

controlled by addition of stabilizing agents that forms a shell around the particle surface 

and restrict diffusion of atoms from solution. In some cases, stabilizing agent also control 

to the growth in specific direction resulting in nanoparticle with various morphologies. 

Overall mechanism of nanoparticle formation in decomposition route is given below: 

Mo ! (Mo )n ! m(Mo )n         (1) 

In contrast to the decomposition route, in the reduction route, unreduced metal species 

form nuclei prior to reduction followed by growth with sequential addition of precursor 

based metal ions [25]. Overall mechanism of nanoparticle formation involved in the 

reduction route is given below: 
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      (2) 

 One of the major challenges in nanoparticle synthesis is to obtain particles having 

a narrow size distribution. From the figure 1.6, it can be understood that by reducing the 

nucleation time, nuclei with monosize or narrow size distribution can be obtained. 

Further, by controlling particle growth via stabilizing agents, nearly monosize particles 

can be obtained. For diffusion-limited reactions, microfluidic synthesis routes are adopted 

to obtain nanoparticles with a narrow size distribution.  Reduction in channel size reduces 

liquid layer thickness and thereby controls reaction volume and also enhances diffusion 

to undergo quick supersaturation leading to nearly monosize nuclei. Similarly, for kinetic 

limited reactions, microwave heating can be implemented to obtain nanoparticles having 

narrow size distribution. Rapid and volumetric heating under microwave irradiation 

results in rapid decomposition of precursors leading to homogeneous nucleation and 

nearly same particle size. 

1.3. Thesis Dissertation Chapters 

 This work provides a fundamental understanding of nanoparticle assisted 

diffusion brazing of metal substrates for microfluidic applications. This dissertation is 

divided into six chapters and this section briefly describes the contents of each chapter. 

 Chapter 2 provides a proof of concept that silver nanoparticles (AgNPs) can 

successfully be used to diffusion braze an Al alloy (3003) and an Al alloy sputter-coated 

with a 1!m Cu film. Two batches of AgNPs inks having an average particle size of ~50 

nm and ~5 nm are drop coated on Al substrates and diffusion brazed in vacuum (10-6 torr) 

at 500ºC, 550ºC and 570ºC for 30 min. under 1MPa. Effect of heating rate, 5ºC/min and 

25ºC/min, on thermal behavior of AgNPs and Al-AgNPs are investigated using 

differential scanning calorimetry (DSC). Post bonding characterization includes scanning 

electron microscopy (SEM), X-ray diffraction (XRD), Energy dispersive spectroscopy 

(EDS) and lap shear testing for evaluating microstructural changes at interface, phase 

analysis of bond, elemental composition across the interface and joint strength, 

respectively. 

(M + )n ! (Mo )n ! m(Mo )n
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 Chapter 3 investigates the synthesis of nickel nanoparticles (NiNPs) in presence 

of ethylene glycol solvent, hydrazine (N2H4) reducing agent and NaOH buffer. The 

reaction mechanism involved in formation of NiNPs using hydrazine reducing agent is 

investigated with the help of Fourier transform infrared spectroscopy (FT-IR) and XRD. 

Effect of temperature (60ºC – 120ºC) and NaOH concentration on reaction time, and 

particle size are explored. For continuous synthesis of NiNPs, a commercial static micro 

T-mixer having a channel size of 500!m is adopted and the reaction mechanism is 

monitored with the help of in-situ mass spectroscopy. Effect of oil bath temperature on 

particle size and size distribution is characterized by doing transmission electron 

microscopy (TEM) analysis. Influence of surface functional groups on magnetic 

properties is studied using a vibrating sample magnetometer (VSM). 

 In an effort to make NiNP synthesis safer and less energy intensive, microwave 

heating is used. Chapter 4 explores the use of microwave as a heating source to make 

NiNPs using safer propylene glycol solvent and sodium hypophosphite [NaPH2O2] 

reducing agent. Influence of molar ratio of [Ni2+]:[NaOH]:[NaPH2O2] on particle size, 

size distribution, morphology, diffraction pattern, and elemental composition is 

investigated using TEM, XRD and electron microprobe analysis (EPMA), respectively. 

To explore the effect of capping agent, a small quantity of polyvinylpyrrolidone (PVP) 

and cetyltrimethylammonium bromide (CTAB) is added and studied the particle size and 

size distribution using TEM. 

 Finally, NiNPs assisted diffusion brazing of 316L stainless steel is investigated 

for Chapter 5. Two batches of inks using commercial NiNPs, ~50nm and ~ 8nm are 

prepared for deposition. For comparison, in-house synthesis of NiNP is carried out in 

aqueous solution using N2H4 and NaBH4 as reducing agents in presence of NaOH and 

PVP. Nickel nanoparticle inks are prepared using in-house synthesized NiNPs. Phase 

analysis and size of NiNP are characterized using XRD and TEM, respectively. Different 

deposition techniques, i.e., inkjet deposition, needle dispensing and automated dispensing, 

are studied to obtain a continuous film having uniform thickness. Nickel nanoparticle 

deposited 316L test coupons are brazed at 800ºC (in-house prepared ink) and 900ºC (ink 
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prepared from commercial powders) with a heating rate of 7ºC/min for 30 min and 2 MPa 

pressure. Brazed coupons are cross-sectioned and examined for microstructural changes 

using SEM. Leak testing of brazed test coupons is done using compressed air. Key 

finding of this research are summarized in chapter 6. 
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Figure 1.3. Sequence of metallurgical stages in the diffusion bonding process. (a) Initial 
contact: limited to a few asperities (room temperature). (b) First stage: deformation of 
surface asperities by plastic flow and creep. (c) Second stage: grain boundary diffusion of 
atoms to the vacancies and grain boundary migration. (d) Third stage: volume diffusion 
of atoms to the vacancies. 
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Figure 1.4. (a) Initial condition, (b) Melting of interlayer, (c) Dissolution, (d) Isothermal 
Solidification, (e) Homogenization, and (f) Final joint; diffusion brazing process, 
showing the steps involved in the formation of a joint by transient liquid phase bonding 
the crystals (grains) making up the substrate material extend across the bond.  
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Figure 1.5. Free energy change ("G) with respect to particle size (r).  

Figure 1.6. Nucleation and growth mechanism involved in thermal decomposition route. 
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Chapter 2: Silver nanoparticle-assisted diffusion brazing of 3003 Al 
alloy for microchannel applications 

 
 

2.1. Abstract 

In the current study, we investigated the effect of braze filler particle size and 

various processing parameters on vacuum diffusion brazing of thin foils (1mm) of 3003 

Al using a silver nanoparticle (AgNP) interlayer. All samples were brazed at 550°C and 

570°C at heating rates of 5°C/min and 25°C/min under a pressure of 1 MPa.  Differential 

scanning calorimetric results, involving 5 nm AgNPs, showed a significant reduction in 

phase transformation temperature.  Microstructures of brazed cross-sections revealed that 

nanoparticles aid formation of the joint at temperatures below the Al-Ag eutectic 

temperature of 567°C. X-ray diffraction analysis of the interface showed the presence of 

!-phase (Ag2Al) and µ-phase (Ag3Al). This was confirmed with energy dispersive 

spectroscopic analysis. A maximum tensile strength of 69.7 MPa was achieved for a 

sample brazed at 570°C with an interlayer of approximately 7 µm in thickness. 

Keywords: diffusion; brazing; microstructure  

2.2. Introduction 

Microchannel arrays are increasingly being used across an array of industrial 

applications including laser diode thermal management, waste heat recuperation and 

natural gas-to-liquid conversion among many others. Paul et al. [1,2,3,4] and others have 

used diffusion bonding techniques to join sheets of patterned foils or laminae to produce 

microchannel arrays.  However, in many microchannel heat transfer applications, 3000 

series aluminum alloys offer benefits over other materials due to their high thermal 

conductivity, lightweight and anticorrosion properties.  Aluminum alloys are 

characterized as having thin, tenacious and impervious oxide layers (~100 Å) that restrict 
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interdiffusion during diffusion bonding cycles. The use of fluxes for brazing 

microchannel arrays is problematic as resultant residues are difficult to remove from 

microchannels. 

In the last two decades, several researchers have investigated the fluxless brazing 

of aluminum alloys.  The Al-Si eutectic (Tm=577°C) has been explored as a fluxless 

brazing filler material for aluminum [5, 6, 7, 8]. Liquidus temperatures as low as 522°C 

have been achieved with alloying [9]. In recent years, Lee et al. [10,11] have done 

extensive research in the vacuum diffusion brazing of different aluminum alloys using 

Ag-28Cu brazing fillers.  Though the eutectic temperature of Ag-28Cu is above 780°C, 

successful brazing of Al alloys with Ag-Cu has been achieved at lower temperatures via 

the formation of a ternary eutectic (Al-Ag-Cu) at 490°C. The brazing of Al 6061/Ag-

28Cu/Al 6061 and Al 5052/Ag-28Cu/Al 5052 systems at 560°C and 580°C resulted in 

tensile strengths of approximately 160 MPa ["#] and 140 MPa [12], respectively.  

Elsewhere, Shinozaki et al. reported that formation of Ag2Al intermetallic phase is 

beneficial in improving the strength values when Al is joined to Ag/Cu clad instead of Cu 

using an Al-Si braze filler [13]. Addition of rare earth metals such as Ce and La has also 

shown improvement in mechanical properties.  

The use of conventional braze materials is not applicable to microchannel 

applications as microchannel laminae are typically the same thickness or thinner than 

braze foils (nominally 100 µm).  These problems can be overcome by introducing a thin 

intermediate layer, or interlayer, onto the faying surfaces which will form a liquid phase 

during bonding leading to accelerated diffusion and lower temperature and pressure 

requirements [14]. Shirzadi et al. [15] applied a thin layer of liquid gallium on 6082 

aluminum alloy and diffusion brazed at 500°C under 10MPa pressure.  A low-

temperature eutectic liquid combined with the high solubility of Ga in Al resulted in a 

strong and homogenous bond after aging treatment.  In spite of the low temperature bond, 

controlling the kinetics of intergranular diffusion of Ga in Al has proven difficult. 

Recent findings in nanoscience have guided us to investigate the use of 

nanoparticle films as filler materials for the diffusion brazing of thin laminae.  As the size 



! 18 

of metallic particles decrease beyond a certain critical value, the ratio of surface atoms to 

bulk atoms changes dramatically leading to suppression in the bulk melting temperature 

of the particle [16]. There are many theoretical models for explaining this behavior based 

on various principles such as cohesive energy, surface energy [17,18], mean square 

displacement [19,20] and molecular dynamic simulations [21].  Few investigations of 

nanoparticle melting temperatures have involved actual experiments.  Puri et al. [22] 

showed that the melting temperature (Tm) of nano Al decreases dramatically from 660°C 

at a nanoparticle diameter of 8 nm to 200°C at 2 nm.  Similarly, Jiang et al. [23] showed 

that 2 nm Ag powders can form a liquid phase at temperatures approaching 200°C 

compared to bulk melting point of 962°C.  Our study aims at investigating the feasibility 

of using silver nanoparticle (AgNP) films consisting of nominally 5 and 50 nm powders 

as interlayers for the vacuum diffusion brazing of 3003 aluminum alloys. 

2.3. Experimental Approach 

A base metal of 3003 Al having a thickness of 1 mm was procured from 

McMaster-Carr.  Rectangular specimens of 12.7 mm ! 12.7 mm were cut and deburred 

using 600 grit emery paper and ultrasonicated in acetone for 10 min. To remove the 

surface oxide, samples were cleaned for 30 sec in a 100 ml solution having 2 ml H2SO4, 2 

ml H3PO4, 0.1 ml Triton-X and DI water maintained at 65°C followed by DI water 

rinsing and N2 drying. Silver nanoparticles (AgNPs) nominally of ~5 nm (ink form) and 

~50 nm (dry powder) in diameter were procured from Nanomas Technologies, USA and 

Sigma Aldrich, USA, respectively. The 5 nm AgNPs were received in ink form and used 

as received. For the 50 nm AgNPs, colloidal preparation involved adding 2 g of 50 nm 

AgNPs (ground in a mortar and pestle for 15 min) and 0.5 ml Triton-X to 10 ml of 

ethylene glycol. This solution was ultrasonicated for 60 min to form a homogeneous 

suspension. Transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) were used to obtain particle morphology and size of the 5 and 50 nm Ag NPs, 

respectively. To investigate the effect of Cu addition to braze interlayer, a 1"m layer of 

Cu was sputtered onto Al test coupons before being deposited with 5nm AgNPs. 
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To characterize the film thickness, the AgNP dispersion was deposited onto a 

quartz glass slide with half the area covered with adhesive tape.  After removing the tape, 

the film was dried for 15 min in a vacuum oven maintained at 50°C and characterized in 

SEM with a stage tilt of 60°.  

For diffusion brazing experiments, nanoparticle suspensions were deposited on 

cleaned and dried Al specimens using a small syringe and baked at 50°C to remove the 

solvent. For differential scanning calorimetry (DSC) studies, AgNP suspensions were 

applied to Al substrates and compared with 10 mg of as received powder/ink applied 

directly to the DSC sample holder. Calorimetric experiments were carried out in N2 by 

heating the sample to 600°C at a heating rate of 5°C/min and 25°C/min.  

To bond the samples, each set of coated and uncoated samples was placed in a 

vacuum hot press (VHP) and bonded under the following conditions:  vacuum of 10-4 

torr; brazing temperatures of 500 and 570°C; heating rates of 25°C/min and 5°C/min; and 

a uniaxial static pressure of 1 MPa.  Bonding pressure was applied at the brazing 

temperature for 30 min and samples were allowed to furnace cool without bonding 

pressure.  Brazed samples were cross-sectioned using a diamond cutting saw and 

mounted for metallographic analysis.  All samples were mirror polished using emery 

paper (600 grit), diamond suspensions (6µm and 1µm), and colloidal silica (0.05 µm) 

followed by etching with 0.5 vol% HF dissolved in DI water to reveal silver migration.  

Brazed cross sections were measured for their hardness at different locations 

across the sample using a Knoop indenter at a load of 50g for 15s. X-ray diffraction 

analysis of the braze interface was done using an X-ray powder diffractometer (Model: 

Miniflex II benchtop XRD, Rigaku, USA) based on Cu-K" radiation (#=0.154 nm) with 

a scan rate of 2 deg/min. For each condition, a representative sample was prepared under 

the same heating cycle and XRD analysis was carried out to validate the presence of 

diffraction peaks. Scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopic analysis were done using a Zeiss ultra SEM and Oxford INCAx-act, 

respectively.  Single lap shear test specimens were prepared according to the American 

Welding Society (AWS) standard AWS C3.2 with a shear area of 5 mm ! 3 mm. The 
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graphite fixture used in the current study is shown in figure 2.1. Shear testing was carried 

out using a universal tensile tester with a 2 kN peak load at a crosshead speed of 0.1 

mm/min and data was acquired for every 100 ms. Fractured specimens were 

characterized for their morphology using SEM. 

2.4. Results and Discussion 

 2.4.1. Nanoparticle Characterization 

Figure 2.2 shows the SEM and TEM pictures of as received 5 nm and 50 nm 

AgNPs. It is clear from the picture that both particles consisted of spherical morphology 

and particle sizes of 5(±2) nm and 50(±10) nm, respectively. The 5 nm AgNPs were 

obtained in ink form (cyclohexane solvent) and accordingly a dispersed, uniform 

distribution of particles is observed (figure 2.2a). In spite of colloidal preparation, the 50 

nm AgNPs were found to be agglomerated, which is clearly seen in figure 2.2b. This was 

attributed to the strong affinity of nanoparticle agglomeration in dry powder form.  

 As explained in the above sections, nanoparticles exhibit contrasting thermal 

behavior compared to the bulk materials. Differential scanning calorimetric (DSC) 

experiments were conducted to investigate the thermal behavior of these AgNPs and the 

respective profiles are given in figure 2.3.  Figures 2.3a,b show the differential scanning 

calorimetry (DSC) data for the two different AgNP powders in two different states (as-

received from the vendor and coated on Al alloy) and at two different heating rates (5 and 

25°C/min). Figure 2.3a represents the samples heated at 25 ºC/min in a N2 atmosphere.  

The dry 50 nm AgNPs exhibit different peaks: one at 200°C (exothermic) and the 

other at 430°C (endothermic).  The exothermic peak could be due to the recrystallization 

of the nanoparticles. Typically, an endothermic peak represents melting behavior.  

However, melting of 50 nm particles at 430°C is not consistent with established size-

dependent theoretical models, wherein particle size influences melting point only below 

10 nm [24]. Further, the morphology of AgNPs annealed at 500°C (figure 2.2b) did not 

show any indication of melting. It is likely that AgNPs could pick up oxygen from the 

atmosphere during handling due to their high specific surface area yielding surface oxides 
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(Ag2O). Therefore, we believe the observed endothermic peak is due to the reduction of 

the oxide by thermal decomposition in the presence of N2. This observation matches well 

with the findings of Nakamori et al. [25] who reported the thermal decomposition of 

Ag2O starting at 330°C, reaching its peak at 430°C and completion before 500°C. The 

decomposition of the Ag surface oxides at low temperatures simplifies brazing.  

In the case of the nominal 5 nm AgNPs, endothermic peaks are observed at 

177°C, 295°C and 445°C. As the AgNPs are pre-dispersed in solution, there is a 

negligible chance that these peaks are due to surface oxide reduction. The first peak 

corresponds to the evaporation of polymer additives present in the ink. The successive 

peaks are more likely attributed to phase change (melting). In other literature, it has been 

shown both experimentally and mathematically that the melting point of Ag begins to 

decrease as the particle diameter goes below 10 nm [$%, $&]. Shandiz et al. proposed an 

expression for the size-dependence of the melting point by considering particle size, 

shape and lattice type, which is given as follows [26]: 

Tmp
Tmb

= PL ! 2!PS (r /D)
PL + 4!PS (r /D)

       (1)  

where, Tmp is the melting point of nanoparticles, Tmb is the melting point of bulk material, 

PL is the packing factor of the lattice (0.74 for fcc), PS is the packing factor of surface 

atoms (0.91 for (111) plane of fcc), " is the shape factor of the nanoparticles (1 for 

spherical particles), r is the atomic radius calculated from atomic volume and D is the 

particle diameter. Peaks exhibited by the nominal 5 nm silver matches with the 

experimentally evaluated melting point of 2 and 3 nm particles [$&].  

The later stages of the 5 nm AgNP thermal profile (Fig. 3a) show endothermic 

reactions occurring over a wide range of temperatures. Interestingly, when the same ~5 

nm AgNPs are heated at a rate of 5°C/min, these endothermic peaks disappear (Fig. 3b). 

It is expected that lower heating rates and longer processing times provided sufficient 

time for solid state diffusion leading to coarsening of particles via Ostwald ripening. 

Jiang et al. demonstrated a variation in the diffusion coefficient with grain/particle size as 

follows [27]: 
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where, D is diffusion coefficient, r is radius of nanoparticles, T is temperature,  E is 

activation energy, Svib is vibrational entropy, R is universal gas constant and ro  is the 

critical radius at which all the atoms located on its surface. Though the particles coarsen, 

an endothermic peak was found at ~570°C attributing to the melting of 5 nm particles 

[$&].  

In figure 2.3a, the 5 nm AgNPs on Al do not show the pronounced endothermic 

peaks at lower temperature but do exhibit a wider endothermic peak that starts at about 

430°C and ends at 567°C. This kind of behavior generally occurs in hyper or 

hypoeutectic systems wherein first the eutectic melts and then slowly it reaches liquidus 

temperature to melt completely.  In the current study, it is expected that the surface 

melting of AgNPs at lower temperatures modified the phase change behavior of the alloy 

as evidenced by the endothermic reaction observed prior to complete melting of the alloy 

at 567°C. From the 5°C/min DSC curve (figure 2.3b) it is observed that the 5 nm AgNPs 

coated on Al do not undergo any endothermic (phase change) reaction. We expect that, 

during heating, 5nm AgNPs diffuse into the base metal forming an intermetallic phase 

until it reaches the eutectic temperature. Once it reaches 567°C, part of the base metal 

containing the Ag undergoes eutectic reaction and solidifies as Al-Ag2Al.   

In contrast, figures 2.3a and 2.3b show that Al samples coated with 50 nm AgNPs 

yielded similar DSC behavior at both heating rates. In the following sections, we have 

investigated the effect of this contrasting thermal behavior on the microstructural features 

of brazed 3003 Al alloy. 

 2.4.2. Brazed Sample Characterization 

  Deposited films were characterized for their thickness and the respective cross-

sections are shown in figure 2.4. It can be observed that films consisting of 5 nm and 50 

nm AgNPs resulted in films of similar thickness, though with the meniscus caused by the 

tape, it is difficult to be precise.  Measured film thicknesses are approximately 7 µm and 
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12.5µm for the 5 nm and 50 nm AgNP films, respectively.  Factors that are expected to 

have influenced the film thickness include particle size, ink stability, solid content in the 

dispersion, solvent type and edge affects.  In the case of the 5 nm AgNPs, the purchased 

ink was found to be stable for months whereas for the 50 nm AgNPs, the dispersion was 

found to settle after a few hours. This made deposition of the 50 nm particles more 

challenging.  In addition, the solvent used for the 50 nm AgNP suspension was ethylene 

glycol, which did not evaporate during vacuum drying at 50°C and resulted in higher 

apparent thickness. However, during the process of diffusion brazing, the film thickness 

decreases due to the combined effect of pressure and temperature.  

 2.4.2.1. Effect of Braze Temperature!

 Figure 2.5 shows the SEM microstructures of aluminum brazed with AgNPs of 

different particle sizes at 550°C and 570°C.  All samples were heated with a heating rate 

of 5°C/min.  In the presence of the Al surface oxide, it has been explained that Ag 

diffuses through the oxide due to its high diffusion coefficient in Al2O3 and results in 

formation of eutectic liquid by reacting with Al ["%].  Brazing with 5 nm AgNPs resulted 

in a refined microstructure due to enhanced diffusion of the interlayer into the base metal 

(figure 2.5a,b).  Irrespective of the brazing temperature, whether it is below the eutectic 

or above the eutectic temperature (567°C), brazing with 5 nm AgNPs resulted in the 

formation of platelet-like phases on both sides of the interface (diffusion zone). The 

possible reason could be due to the enhanced spreading of liquid formed either via 

surface melting or eutectic reaction. The porosity in the 5nm AgNPs films was very fine 

resulting in high capillary forces, which distributes the liquid along the interface.  Based 

on the Al-Ag phase diagram and the brazing temperature, these phases were initially 

expected to be a Ag2Al (!) intermetallic possessing a HCP crystal structure. Shinozaki et 

al. ["&] and Lee et al. [""] reported the formation of this phase when brazing Al alloys with 

Ag containing filler metal.   

Owing to the difference in temperature, 550°C and 570°C samples show a 

variation in intermetallic size, distribution and connectivity. Scanning electron 
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micrographs taken at higher magnification (figure 2.6) further quantify this variation in 

microstructure. In both cases, globular (Al rich hypereutectic) phases were found along 

the bondline and intergranular regions in addition to the platelet-like Ag2Al intermetallic 

on either side of the interface along intragranular regions.  This morphology is discussed 

in more detail below. It is also observed that the microstructures in figure 2.5a,b show 

preferential etching at the interface suggesting a Ag rich phases and Ag migration. 

In contrast, it can be seen (from figures 2.5c,d) that the sample brazed with a 50 

nm AgNP interlayer does not show complete diffusion of the interlayer into the parent 

material leaving a significant amount of braze filler at the interface.  This could be due to 

a thicker film thickness.  However, this is much more likely due to the poor diffusion of 

the 50 nm AgNPs into the base metal at 550°C attributed to less melting.  Less melting is 

supported by the DSC curves above showing that the ~50 nm nanoparticles were not 

small enough to exhibit size-dependent melting.  The Ag morphology in figure 2.5c 

likely suggests solid state diffusion.  As the brazing temperature is increased above the 

eutectic temperature to 570°C, formation of the intermetallic platelet phase was found on 

both sides of the bondline.  Even at 570°C, a surplus amount of Ag rich phase (discussed 

with EDS profiles in the following sections) was found at the interface suggesting the 

need to reduce the thickness of the AgNP interlayer or increase the time at brazing 

temperature. Before doing any phase analysis, mirror polished samples were used for 

hardness measurement at different locations (base metal, diffusion zone and interface) 

across the sample and given in table 2.1. It is clearly observed that regardless of AgNPs 

size, diffusion zone shows higher hardness  (104 KHN for Al-50nm AgNPs and 130 for 

Al-5nm AgNPs) due to the presence of dispersed intermetallic phases. In case of 5nm 

AgNPs, as the Ag was completely diffused into base metal, interface also shows nearly 

same hardness as diffusion zone. Contrastingly, in case of 50nm AgNPs, presence of 

silver rich phase (confirmed in EDS analysis and explained in following section) resulted 

in lower hardness compared to the diffusion zone. 
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Table 2.1:!Knoop hardness numbers of Al brazed with AgNPs at 570°C with 5°C/min.   

System 
Hardness (KHN) 

Base metal Diffusion 
zone Interface Diffusion 

zone Base metal 

Al-5nm AgNPs 42 130 126 132 42.2 
Al-50nm 
AgNPs 42 104 93 104.4 46.1 

 

Phase analysis of the interfaces was performed using XRD and results are shown 

in figure 2.7.  The presence of HCP structured Ag2Al (! phase) is clearly seen at 35.86, 

38.88˚ and 64.53˚. However, the diffraction intensity is significant only for the first peak 

at 35.86˚. Interestingly, cubic structured Ag3Al (µ-phase) is observed at 39.19˚, 41.01˚ 

and 54.23˚ with significantly higher intensity than the Ag2Al phase. From the 

stoichometry and Ag-Al phase diagram, it can be concluded that the existence of excess 

Ag at the interface leads to the formation of a cubic Ag3Al phase.  Formation of the cubic 

phase intermetallic preferentially over the HCP-structured intermetallic is likely to 

improve the mechanical properties of the brazed joint. Apart from the intermetallic 

phases, peaks for Al are seen at 38.42˚, 44.64˚, and 65.06˚ in varying intensities. 

Aluminum peak intensity is high for samples brazed at 550°C relative to the ones brazed 

at 570°C.  As explained above, brazing at 570°C involves the transient liquid diffusion of 

Ag and the formation of eutectic phases over a wider diffusion zone, which is supported 

by the EDS analyses below. The presence of the dense intermetallic phases absorbs X-

rays resulting in lower peak intensity for Al. The same explanation could be applied to 

the lower Al peak intensity for the Al brazed with 5 nm AgNPs at 570°C compared to the 

one brazed with 50 nm AgNPs. Owing to its same crystal structure and nearly same 

lattice parameter as Al, very low intensity Ag peaks are seen adjacent to the Al peaks. 

Finally very small amounts of CuMn compounds (present in base metal 3003 Al-Mn 

alloy) were observed at 41.58˚.  

 Figure 2.8 shows the EDS result of Al brazed with AgNPs at 570°C at a heating 

rate of 5°C/min. It can be seen from the figure (bottom) that the 50 nm AgNP interlayer 
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neither diffused completely into base metal nor completely transformed into eutectic 

phase at the interface. The variation of Ag concentration and appearance of diffusion 

zone on either side of interface is due to the eutectic reaction that was started at 567°C. It 

also shows high concentrations (>80 wt%) of Ag at the bond interface. For the 5 nm 

AgNPs interlayer, it is expected that the diffusion kinetics were faster thereby Ag 

diffused into the base metal resulting in a more homogeneous diffusion zone (top). Both 

of these observations match with DSC results. Figure 2.9 displays the EDS profiles of 

samples brazed at 550°C. As above, the diffusion zone is narrow in the case of 50 nm 

AgNPs (top). In contrast, the Al-5 nm AgNPs system at 550°C resulted in better 

interdiffusion of Al and Ag similar to the samples brazed at 570°C except that the 

diffusion zone is less homogeneous (compare the diffusion profiles in figure 2.8 and 

figure 2.9). This observed difference is attributed to the lower brazing temperatures 

(below the eutectic temperature) and hence no transient liquid phase diffusion 

mechanism. From the EDS and DSC results of Al-5 nm AgNPs at 5°C, it is understood 

that during the heating cycle, nano Ag diffuses into the Al forming a Al-Ag alloy. Once 

the temperature reaches 567°C (peak in DSC), a liquid phase forms providing a more 

homogeneous microstructure.  

 2.4.2.2. Effect of Heating Rate 

 In DSC studies above, it was observed that the rapid heating (25°C/min) of ~5 nm 

AgNPs on Al did provide endothermic peaks suggesting phase change at lower 

temperature leading to more eutectic formation and more liquid phase transport above the 

eutectic temperature. Figure 2.10 shows the EDS results for 5 nm AgNP-coated Al 

samples brazed at 550 and 570°C at a heating rate of 25°C/min and held at the brazing 

temperature for 30 minutes.  Both samples resulted in the formation of a eutectic phase 

(Al – 40Ag at. %) at the interface. As explained earlier, rapid heating retains the particle 

size and its size-dependent properties thereby leading to surface melting from 430°C 

onward.  Upon solidification, Al/Ag2Al/Ag3Al phases were found to form. Kirkendall 

porosity is clearly evident in both samples owing to the faster diffusion of Al in Ag over 

the shorter bonding cycle.  Clearly, the diffusion zone at 570°C is larger, likely aided by 
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the eutectic reaction and it could also be due to relatively thicker film.  As the 

endothermic peak ends at 567°C, samples brazed at 570°C resulted in larger diffusion 

and eutectic zones at the bond interface. Both profiles show the presence of small 

amounts of oxygen across the interface and diffusion zone. This is likely due to the 

presence of oxide (Al2O3) inclusions resulted in during the eutectic reaction and further 

removal of oxide layer at the interface. 

 2.4.2.3. Effect of Brazing Time 

 Additional efforts were made to see if an increase in the brazing time would 

further homogenize the brazed microstructure.  Aluminum test coupons with AgNPs were 

brazed at 570°C for 60 min at a heating rate of 25°C/min and the resultant 

microstructures are given in figure 2.11. A significant difference in microstructures is 

seen compared to those in figure 2.5. In the case of the 50 nm AgNPs, the braze filler has 

diffused into the base metal resulting in the formation of intergranular eutectic (globular) 

phase and intragranular intermetallic (Ag2Al) phase. Samples brazed with 5 nm AgNPs 

showed very fine dispersion of eutectic phases along the grain boundaries attributing to 

higher diffusion rates. Shinaozaki et al. ["&] reported that the presence of platelet like 

Ag2Al phase in ductile Al matrix improves the strength of the brazed joint by controlling 

the crack propagation. By considering this mechanism, lap shear specimens were 

prepared using brazing times of 30 min for 5 nm AgNPs and 60 min for 50 nm AgNPs at 

brazing temperature to investigate the impact on mechanical properties.  

2.4.3. Shear Testing of Brazed Samples 

 Table 2.2 summarizes the shear test results of Al brazed with AgNPs under 

different conditions. Approximate width of the diffusion zone was measured from the 

interface to the region where Kirkendall porosity was just started. Significant difference 

in the width of diffusion zones was observed for samples brazed at 5°C/min and 

25°C/min even at 550°C. This attributes to the longer duration for diffusion (heating 

cycle time, including ramp up time and dwell time, is 2.65X times larger) owing to 

slower heating rates. For each condition, three samples were tested and the average value 
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is given in the table. Samples brazed at 570°C failed in the parent material in tension and 

thus withstood nearly the same shear stress. In case of 5 nm AgNPs at 570°C, higher 

heating rates also resulted in nearly same shear strength values, despite saving 63 % of 

heating cycle time. This attributes to the formation of eutectic at the brazing temperature 

by retaining the size of the particles. The marginal difference in strength values for 

samples brazed at 5°C/min attributing to higher amount of Al-Ag intermetallic formation 

due to slower heating rates and longer time at temperature. Figure 2.12 represents the 

fractographs obtained for Al brazed with 5nm AgNPs at 550°C and 25°C/min. Presence 

of eutectic and hypereutectic phases and significant amount of voids is discernable 

(figure 2.12a). Under shear load, combination of brittle (intergranular regions in figure 

2.12b) and ductile (intragranular regions in figure 2.12c) mode of failures were observed 

due to the presence of globular phases (eutectic and hyper eutectic) and platelet like 

Ag2Al intermetallic phases, respectively.  Chen et al. also reported that presence of 

lamellar phases improves the strength of the brazed interface in case of Ti/Al joined by 

laser welding-brazing [28]. Fine dispersion of intermetallic phase inside the grains 

resulted in the cup and cone  

Table 2.2: Shear test results of the Al brazed with AgNPs at different conditions.  
System Heating 

cycle 
time 
(min) 

Brazing 
time 
(min) 

Brazing 
temperature 

(oC) 

Heating 
rate 

(oC/min) 

Shear 
stress/strength 

(MPa) 

Calculated 
tensile 

strength 
(MPa) 

Approximate 
Diffusion 
zone (µm) 

Al-
5nmAg 

144 

30 
570 

5 45.3 69.7 50 
53 25 39 60 40 
140 

550 
5 38.5 59.2 40 

52 25 32 49.2 15 
Al-
50nmAg 83 60 570 25 42.6 65.5 90 

 

failure with very fine cup (deformation zone) size. This also supports the relatively higher 

strength values for the samples heated at 5°C/min due to the better dispersion of 

intermetallic phases. From the prior discussion, it was understood that Al-50 nm AgNPs 
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brazed at 550°C do not yield good metallurgical bonding. This is supported by the fact 

that shear specimens failed during gripper loading or during initial stages of shear testing. 

Shear strength values for Al-5 nm AgNPs brazed at 550°C are lower compared to those at 

570°C, which may be attributed to the amount of eutectic liquid, width of the diffusion 

zone, quantity and morphology of intermetallic phases. It can also be seen in figure 2.6 

that, higher brazing temperature resulted in higher amount of globular eutectic phase (at 

grain boundaries) and platelet like intermetallic phase (inside the grains). In addition, 

coarse and well connected intermetallic phase in the form of mesh leading to higher shear 

strength values.  

 For comparison, shear stresses at 32-45 MPa are roughly equivalent to tensile 

stresses at 49-70 MPa as per following equation [29]: 

! shear = 0.65 *! tensile          (3) 

where, $shear is shear yield strength and $tensile is tensile yield strength.  These values were 

exhibited at 550 and 570°C for 5 nm AgNPs. This stresses the importance of the size 

dependent phase change behavior of silver nanoparticles. These values are significantly 

lower than the reported tensile strength values (~160 MPa) of Al6061 brazed with 50 µm 

thick Ag-28Cu braze foils [10,11]. This difference in strengths could be attributed to 

higher void fractions and the very small diffusion zones obtained from the ~10 "m thick 

AgNP interlayer compared to the 50µm thick filler reported for Ag-28Cu. In addition, 

base metal, 3003, used in this study is not heat treatable and consists of less alloying 

additions. Similarly, Kavian et al. reported a shear strength of 48MPa in case of Al-6061 

alloy brazed at 570°C with Ni containing interlayer and with a diffusion zone of 100 "m 

[30] Local shear strain (and thus local shear strength) within the bond interface is 

inversely proportional with the width of the shear zone.  If the shear strength values given 

in Table 2.2 are normalized with the width of the diffusion zone, we report better local 

shear strengths than those in the literature, which may suggest higher shear strength 

within the diffusion zone.  Regardless, these results demonstrate the successful fluxless 

diffusion brazing of 3003 Al using a AgNP interlayer at temperatures lower than eutectic 
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temperatures. The joint thicknesses achieved in this paper are acceptable for those needed 

in precision-joining applications such as for the diffusion brazing of microchannel arrays. 

 2.4.4. Effect of Cu Sputtering 

 Figure 2.13 represents the SEM microstructures of Al-Cu-5 nm AgNPs brazed 

500ºC and 550ºC. As the brazing temperature was above the ternary eutectic temperature 

of Al-Ag-Cu, 492ºC, interlayer diffusion and intermetallic formation was observed in all 

the cases on either side of the interface. It was observed that higher heating rate, 

25ºC/min, retained particle size from coarsening and resulted in formation of more 

eutectic liquid thereby large amount of intermetallic formation (figure 2.13b&d). In 

contrast, owing to longer cycle times, slow heating rate, 5ºC/min, resulted in diffusion of 

interlayer into base metal without forming significant amount of intermetallic (figure 

2.13a&c). 

 Lap shear test results of Al-Cu-Ag systems brazed at different temperatures and 

heating rates are summarized in table 2.3. It can be observed that slow heating rate 

resulted in higher shear strength values attributing to better homogenization of braze 

interlayer in base metal. Increasing brazing temperature from 500ºC to 570ºC also 

resulted in higher strength values. Regardless of temperature and heating rate, shear 

strength values of Al-Cu-5nm AgNPs were higher compared to its counterparts Al-5nm 

AgNPs. Presence of additional element, Cu, would have resulted in higher amount of 

eutectic liquid and formation of Al-Cu intermetallic. Without any post brazing 

treatments, higher shear strength of 55 MPa and accordingly higher calculated tensile 

strength of 84 MPa was obtained for Al-Cu-5nmAgNPs brazed at 570ºC at a heating rate 

of 5ºC/min. 

Table 2.3. Shear test results of the Al-Cu brazed with AgNPs at different conditions. 

Material Braze 
Temperature (ºC) 

Heating rate 
(ºC/min) 

Shear strength 
(MPa) 

Tensile 
strength (MPa) 

Al-Cu-5nm 
AgNPs 

570 5 55 84 
25 50 77 

550 5 48 74 
25 48 74 
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500 5 43 66 
25 34 52 

 

2.5. Conclusions 

3003 aluminum alloy was successfully diffusion brazed using a Ag nanoparticle 

(NP) interlayer without the use of fluxes.  Findings suggest that during the heating cycle, 

AgNPs provide higher diffusivities allowing for Ag atoms to transcend the native 

aluminum oxides and diffuse into the bulk Al forming a Ag-Al eutectic alloy.  At a 

temperature of 567 ºC, a liquid phase forms which leads to a more homogeneous 

microstructure. Other specific findings include: 

• DSC results reveal that ~5 nm AgNPs do exhibit phase change below the eutectic 

temperature of Al-Ag but 50 nm AgNPs do not.   

• The heating rate significantly influences the thermal behavior and phase change 

phenomenon of ~5 nm AgNPs and the Al-5 nm AgNP system. At 25°C/min 

heating rates, ~5nm AgNP behavior seems to lower the temperature for liquid 

formation in 3003 Al. 

• In the case of ~5 nm AgNPs, EDS confirmed the formation of a homogeneous 

eutectic layer at higher heating rates caused by melting, whereas complete and 

uniform diffusion of the interlayer was found at slower heating rates. 

• Highest shear strength obtained for Al brazed with AgNPs was found at 570°C 

with failure in the parent metal. 

• Use of ~5nm AgNPs interlayer, resulted in significant reduction in brazing 

temperature from 570 to 550 °C with a nominal decrease in shear strength.  

• Fractures surfaces shown to have combination of brittle and ductile failure at 

intergranular and intragranular regions, respectively. 

• By incorporating Cu via sputtering, shear strength was increased from 45 MPa to 

55 MPa. 
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Figure 2.1. Brazing fixture used in the current study (a) in exploded view and (b) 
magnified view of the joint. 

Figure 2.2. TEM image of 5nm AgNPs (c) as received and SEM images of 50nm AgNPs 
of (a) as received (b) annealed at 500

o
C 
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Figure 2.3. DSC thermal profiles of AgNPs and Al coated with AgNPs heated at a rate of 
(a) 25°C/min and (b) 5°C/min in N2 

Figure 2.4.  Scanning electron micrographs (stage tilt of 60º used ) of (a) 5nm AgNPs 
and (b) 50nm AgNPs film deposited onto silicon wafer with a thickness of 6 and 12.5 
µm, respectively. Labels 1 and 2 show edge effects due to adhesive tape.  
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Figure 2.5. SEM microstructures of Al brazed with 5nm AgNPs at (a) 550
o
C (b) 570

o
C 

and with 50nm AgNPs at (c)550
o
C and (d)570

o
C (heating rate: 5

o
C/min) 

Figure 2.6. SEM microstructures of Al brazed with 5nm AgNPs at (a) 550
o
C and (b) 

570
o
C 
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Figure 2.7. X-ray diffraction patterns of Al brazed with AgNPs at different temperatures. 
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Figure 2.8. EDS profiles of Al brazed with (a) 5nm AgNPs and (b) 50nm AgNPs at 
570oC for 30 min at a heating rate of 5oC/min. 

Figure 2.9. EDS profiles of Al brazed with (a) 5nm AgNPs and (b) 50nm AgNPs at 
550

o
C for 30 min at a heating rate of 5

o
C/min. 
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Figure 2.10. EDS profiles of Al brazed with 5nm AgNPs at (a) 550
o
C and (b) 570

o
C for 

30min at a heating rate of 25
o
C/min 

Figure 2.11. SEM microstructures of Al brazed with (a) 5nm AgNPs and (b) 50nm 
AgNPs at 570

o
C for 60min at a heating rate of 25

o
C/min. 
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Figure 2.12. Fractrographs of Al brazed with 550ºC at 25ºC/min. (a) presence of Al rich 
(hyper eutectic) phase, (b) fracture at the grain boundaries and (c) cup and cone failure at 
intragranular regions. 
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Figure 2.13. SEM microstructures of Al-Cu-5nm AgNPs brazed at (a) 500ºC at 
5ºC/min., (b)500ºC at 25ºC/min., (c)550ºC at 5ºC/min., and (d) 550ºC at 25ºC/min. 
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Chapter 3: Synthesis of nickel nanoparticles by hydrazine reduction: 
mechanistic study and continuous flow synthesis 

 

3.1. Abstract 

The continuous synthesis of nickel nanoparticles (NiNPs) in a static microchannel 

T-mixer by the reduction of NiCl2.6H2O in the presence of ethylene glycol without a 

stabilizing/capping agent was investigated. The nanoparticles were formed in accordance 

with the modified polyol process with hydrazine used as a reducing agent and NaOH as a 

catalyst for nanoparticle formation.  The reaction mechanism for NiNP formation was 

investigated in batch with the help of Fourier transform infrared spectroscopy (FT-IR) 

and X-ray diffraction (XRD) techniques. Parameters were found for reducing reaction 

times from 60 min to one minute.  The effects of temperature (60˚C to 120˚C) and NaOH 

concentration (0.1M and 0.5M) on batch-processed particle characteristics were also 

studied using XRD, transmission electron microscope (TEM) and electron microprobe 

analysis (EPMA).  Average particle size was reduced from 9.2 ± 2.9 nm to 5.4 ± 0.9 nm 

at higher temperature and NaOH concentration. Adaptation of this chemistry to a static 

microchannel T-mixer for continuous synthesis resulted in smooth, spherical particles.  

Increases in the reaction temperature from 120 to 130˚C resulted in a narrow size 

distribution of 5.3 ± 1 nm and also resulted in magnetic properties of 5.1emu/g 

(saturation magnetization), 1.1 emu/g (remanent magnetization) and 62 Oe (coercivity)  

Keywords: nickel, nanoparticles, hydrazine, continuous synthesis, XRD and TEM. 

3.2. Introduction 

Metal nanoparticles have received considerable attention due to their interesting 

size-dependent optical, electronic, magnetic [1], thermal [2] and catalytic properties, 

`compared with corresponding bulk metals.  In particular, magnetic nanomaterials exhibit 

very high magnetoresistance [3], large coercivities, high Curie temperatures and low 

saturation magnetization. Consequently, magnetic nanomaterials have attracted much 
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attention in sensors, imaging [4], magnetic storage, and ferro-fluids applications [5].  In 

addition to magnetic properties, size dependent melting properties of nickel nanoparticles 

also have been used to diffusion braze stainless steel at lower temperatures and pressures 

[6].  

Many techniques have been used for the synthesis of nickel nanoparticles 

including micro-emulsion [7, 8], solvothermal reduction [9], thermal decomposition of 

organic complexes [10-13], microwave [14], sonochemical [15], gas phase condensation 

[16], and the polyol process [17-19]. Cordente et al. [20] used the thermal decomposition 

of organic complexes to synthesize nickel nanorods in a tetrahydrofuran (THF) solution 

containing long chain polymeric stabilizers, such as hexadecylamine (HDA) and/or 

trioctylphosphineoxide (TOPO), to control the size and improve the stability of the 

solution. Similarly, Park et al.[21] reported using a nickel alkylamine complex as a 

precursor to obtain sub 10 nm particle sizes.  Elsewhere, Ni(acac)2 has been used to 

produce nanoparticles of 3.7 nm in a monosurfactant system using HDA as both a solvent 

and stabilizer [22]. However, these processes can require a great deal of energy over a 

prolonged period of time.  

One of the earliest reports on NiNPs synthesis via polyol process was done by 

Fievet et al.[23] using a Ni(OH)2 precursor.  Wu et al. [24] reported the synthesis of 9.2 

nm nickel nanoparticles by the hydrazine reduction of a nickel chloride precursor in the 

presence of ethylene glycol. Hydrazine was also used to produce ultrafine nickel 

nanoparticles in aqueous solutions [25]. Couto et al. [22] modified the polyol process by 

using sodium borohydride as reducing agent in the presence of polyvinylpyrolidone 

(PVP) as a protective agent with 2 hr of continuous stirring at 140˚C. It is clear from the 

earlier reports that polyol process restricts particle size due to the presence of glycol 

functional groups and also results in pure Ni without using any inert atmosphere during 

synthesis[17]. In spite of the many advantages of polyol processing, low concentration 

precursors, the use of hydrazine (CAS # 302-01-2) and prolonged stirring are not 

encouraging factors for the scale-up of the process.   
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Microchannel reactors have been used in the continuous synthesis of many 

different metallic and compound nanoparticles including Ag [26], Au [27], CdS [28], 

CdSe [29] and Co [30].  The reduced diffusional distances lead to shorter reaction times 

for diffusion-limited reactions[31-35].  Moreover, the accelerated heat and mass transfer 

associated with microchannel reactors has been shown to affect particle size, shape and 

morphology which are known to influence nanoscale material properties [36, 37]. In 

addition, the smaller reaction volume within microchannel reactors reduces the risk in 

using flammable substances like hydrazine.   

The objective of the present paper is three-fold. Although, many researchers have 

reported the use of a polyol process, a detailed investigation of the reaction mechanism 

explicitly for NiNPs with varying NaOH concentration and temperature is still lacking. 

Therefore, one objective was to investigate the reaction mechanisms involved in polyol 

processing with hydrazine as a reducing agent for adaptation to continuous processing.  

Second, the effect of NaOH concentration and temperature on reaction times and particle 

size was evaluated for adaptation to continuous synthesis.  Finally, an investigation into 

the effects of continuous microchannel polyol processing on NiNP morphology and 

magnetic properties was conducted.!

3.3. Experimental Procedure 

 3.3.1. Materials 

  Nickel chloride hexahydrate (NiCl2.6H2O), hydrazine monohydrate (N2H5OH), 

sodium hydroxide (NaOH), and ethylene glycol (EG) were procured from Alfa-Aesar, 

USA and used as received without further purification. Reagent-grade ethanol was used 

during the preparation of powders. 

 3.3.2. Methods 

  3.3.2.1. Batch Synthesis  

  Detailed experimental conditions used in batch synthesis are given in table 3.1. A 

5 ml of 0.1M solution of NiCl2.6H2O in ethylene glycol was added to a 50 ml glass vial. 
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To this 3 ml pure ethylene glycol was added and maintained at the reaction temperature 

(60˚C, 80˚C, 100˚C and 120˚C) under strong magnetic stirring using a hot plate. At this 

temperature, 0.5 ml of hydrazine monohydrate was added and maintained for 2 min to 

homogenize the solution and to form Ni-hydrazine complexes followed by the addition of 

1.5 ml of NaOH solution dissolved in ethylene glycol. The solution was maintained at the 

process temperature under strong magnetic stirring in a capped glass vial until the color 

of the solution changed to strong black.  

 3.3.2.2. Continuous Synthesis 

 Experimental details used in continuous synthesis are given in table 3.2. In a 

typical synthesis, reagents A (Ni2+ in EG) and B (hydrazine and NaOH in EG) were 

introduced into the T-mixer (mixing channel diameter of 521 !m) via stainless steel 

tubing (i.d. 0.5 mm, o.d. 1.58 mm, Idex Health & Science, USA) at the desired flow rate 

using a syringe pump (model: PHD 22/2000, Harvard apparatus, USA).  The 

experimental setup used in the case of the T-mixer is given in Figure 3.1. The mixed 

solution from the T-mixer was then flowed through a stainless steel tubular reactor (i.d. 2 

mm, o.d. 3.175 mm, Idex Health & Science, USA) placed within a glycol  

Table 3.1. Experimental conditions involving hydrazine as reducing agent. 

Sample 

ID. 

Metal 

precursor 

(M) 

Hydrazine 

monohydrate 

(M) 

NaOH 

(M) 

EG (ml) Reaction 

temperature 

(°C) 

Reaction 

time (min) 

B160 0.05 1 0.015 10 60 60 

B180 0.05 1 0.015 10 80 42 

B1100 0.05 1 0.015 10 100 30 

B1120 0.05 1 0.015 10 120 25 

B560 0.05 1 0.075 10 60 15 

B580 0.05 1 0.075 10 80 6 

B5100 0.05 1 0.075 10 100 3 

B5120 0.05 1 0.075 10 120 1 
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Table 3.2. Experimental conditions used in continuous synthesis of NiNPs. 

Sample 

ID 

Reagent A (in EG) Reagent B (in EG) Bath 

temperature 

(°C) 

Flow rate 

(ml/min) 
Metal precursor 

(M) 

N2H5OH 

(M) 

NaOH (mM) 

C5120 0.1 2 0.15 120 3 

C5130 0.1 2 0.15 130 3 

 

bath. The length of the stainless steel tube immersed in the glycol bath was ~30 cm. The 

diameter of the coil and axial pitch were ~32 mm and ~5 mm. This tubular reactor was 

heated to the desired temperature using a glycol-heating bath. Reaction products were 

thermally quenched by collecting samples in a glass vial placed in a water bath. 

 3.3.2.3. Nanoparticle Characterization 

In order to isolate the nickel nanoparticles, the stable colloid was cooled to room 

temperature by placing in water bath, diluted with ethanol and centrifuged at 12000 rpm 

for 10 min using a Thermo Scientific Sorvall ST 16 centrifuge.  Resultant particles were 

washed several times with ethanol and dried at room temperature in a vacuum oven for 

further characterization. 

  X-ray diffraction patterns were obtained in a Bruker D8 Discover instrument 

using CuK! radiation, with 40 kV and 40 mA at a scan step of 0.02˚ (2"). The FT-IR 

spectra of the dried powder samples were obtained with a Thermo Scientific Nicolet 6700 

spectrometer in the range of 4000-400 cm-1. For every scan, background was subtracted 

in post processing.  

  The size, morphology and dispersion characteristics of the as-synthesized 

powders were determined using a Phillips CM12 STEM operated at 120 KeV. The 

sample preparation was done by dispersing a drop (5 µl) of as-synthesized nanoparticles 

onto a Cu grid having a coating of formvar stabilized with carbon and maintained at room 

temperature. After 2 min, the Cu grid was washed in ethanol to remove the ethylene 
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glycol and dried under lamp for 15 min. To obtain the size distribution, around 1000 

particle were measured manually using TEM images and a histogram was made. Finally 

the quantitative analysis of the nanoparticles was carried out using electron microprobe 

analyzer (EPMA).  

  For magnetic properties measurements, 50 mg of NiNPs were mixed with 50 mg 

of KBr followed by pressing to a pellet of 7 mm diameter. Pellet was placed in the 

sample holder of vibrating sample magnetometer (VSM) to get the B(T)-m(Am2) loops. 

Extracted data was converted into the format of H(Oe) – M (emu/g) and reported in graph 

format. 

 3.3.2.4. Computational Fluid Dynamics 

   To investigate the behavior of the fluid inside the mixer, computational fluid 

dynamics (CFD) analysis was carried out using Ansys Fluent (ver. 12.1) providing 

velocity and diffusion profiles. The geometry shown in Figure 3.1b was used for the 

analysis. A tetrahedron-type mesh of 45 !m (element size) was used throughout the body 

with approximately 12 elements across the fluid.  The flow of ethylene glycol at a rate of 

6 ml/min (3 ml each reactant) within the mixing zone of the static T-mixer (0.521 mm 

diameter) yields a Reynolds number (Re) of 19. Accordingly, a laminar flow model was 

selected for evaluation in Fluent. To understand the diffusion profiles, a user defined 

scalar (UDS) was defined with a diffusion coefficient of 0.8x10-9 m2/s which estimates 

the diffusion coefficient of a sodium ion in ethylene glycol at room temperature. The 

boundary conditions used for the analysis were: 

Inlet 1 velocity = 0.235 m/s; UDS = 1 value. 

Inlet 2 velocity = 0.235 m/s; UDS = 0 value. 

Outlet pressure = 0; UDS = 0 flux 

 

 

 

 

 



!

!

51 

3.4. Results and Discussion 

 3.4.1. Reaction Mechanism 

   The formation of nickel nanoparticles in all the experiments involved several 

changes in the appearance of solution before it turned into a black colloid and the 

respective transitions are detailed in figure 3.2. To investigate the sequential steps in the 

chemical reaction and the nature of intermediate compounds involved during the 

formation of nickel nanoparticles, the reaction was quenched at various time intervals by 

ethanol dilution. In each case, the resultant precipitate was centrifuged, washed several 

times, and air-dried at room temperature prior to phase and spectroscopic analysis. Figure 

3.3 represents the FT-IR spectra and XRD data for the precipitate obtained at different 

stages of nickel nanoparticle formation at 100˚C.   

   Addition of N2H5OH to the green nickel chloride solution at 100˚C resulted in 

instant change in appearance to blue and blue-violet. A similar transition was observed by 

Park et al. [25] when the reaction was carried out in aqueous solutions. This dramatic 

change was attributed to the formation of nickel hydrazine complexes. In the prior work, 

the composition of these complexes was found to be very sensitive to the molar ratio of 

[N2H5OH]/[Ni2+] and the reaction temperature.  Figure 3.3b[i] shows results from the 

analysis of the reaction product (blue) precipitated after the hydrazine addition. 

Diffraction peaks marked with (*) and (#) correspond to [Ni(N2H4)2]Cl2 and NiNH"Cl3, 

respectively. In the prior study involving aqueous solutions at 60˚C, it was reported that 

during the addition of hydrazine, the local molar ratio of [N2H5OH]/[Ni2+] was higher and 

resulted in the formation of purple [Ni(N2H4)3]Cl2. It was reported that as time progressed, 

a disproportionate reaction between the [Ni(N2H4)3]Cl2 and free nickel chloride led to the 

formation of a [Ni(N2H4)2]Cl2 complex. However, in our investigation, it appears that the 

presence of ethylene glycol at a higher temperature enhanced the kinetics of the 

disproportionate reaction resulting in the direct formation of the [Ni(N2H4)2]Cl2 complex. 

The [N2H5OH]/[Ni2+] ratio was higher than that required to form the above complex. 

Consequently, the presence of excess hydrazine in the solution participated in the 
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decomposition reaction with [Ni(N2H4)2]Cl2 and resulted in formation of NiNH"Cl3. 

From the above observations, it is expected that even after the formation of the hydrazine 

complexes, the solution still contained free hydrazine, which could influence the 

reduction reaction in the later stages of nanoparticle formation.  

    The FT-IR spectra in figure 3.3a shows the vibrational peaks corresponding to the 

compounds observed in XRD pattern. Two sharp peaks at 3279 cm-1 and 3228-1 in the 

place of O-H stretch were attributed to anti-symmetric and symmetric stretching modes 

of N-H due to the formation of nickel hydrazine complexes. In addition, stretching 

vibrational mode (N-N) of hydrazine ligands at 978 cm-1 and the rocking vibration and 

symmetric distortion of NH3 at 646 and 599 cm-1 also substantiated the formation of 

different hydrazine complexes revealed by XRD.  In one of the earliest studies on 

hydrazine complexes, Braibanti et al. observed that the stretching frequency of H2N-NH2 

changed from 980 cm-1 ([Zn(N2H4)2]Cl2) to 978 cm-1 ([Zn(N2H4)2](CH3COO)2) by the 

addition of a chelating agent [38]. Unlike in aqueous environments, the presence of 

ethylene glycol in the polyol process involved additional side reactions. The presence of 

sharp peaks at 1163, 1314, 1338 and 1574 cm-1 was attributed to the formation of formate 

bonding specifically methyl formate (HCOOCH3) consistent with the values reported in 

the literature[39]. Being a polyol process in ethylene glycol, two sharp peaks at 2938 and 2874 

cm-1 corresponding to stretching vibrational modes of C-H bond and two more peaks at 

1085 and 1039 cm-1 were also seen even after washing twice in ethanol.  
  As soon as the 0.5M NaOH was added to the solution containing nickel hydrazine 

complexes, the color of the solution slowly changed to dark brown, indicating the 

formation of nickel oxide hydroxide followed by nucleation of nickel as per the given 

reactions: 

[Ni(N2H4 )2 ]Cl2 +2NaOH ! Ni(OH)2 +3N2H4 +2NaCl                                         (1)  

HOCH2 - CH2OH + Ni(OH)2 ! Ni(COOH)2 + 6H+ + 6e-                                      (2) !

2Ni(COOH)2 +7OH- ! Ni2O3H+4CO3
-2 +5H2                                                         (3) !
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 Significant reduction in the peak intensity of nickel hydrazine complex in the 

range of 3000 - 3500 cm-1 in figure 3.3a[ii] was also indirect evidence of hydrazine 

release from complex and its participation in reduction reaction. Consequently, the 

formation of –COOH was discernable from the band 1380 cm-1 corresponding to O-C-O 

stretching vibrations.  Electrolytic oxidation studies of ethylene glycol on nickel in the 

presence of alkaline medium was also shown to form formates with intermediate higher 

oxides, commonly NiOOH, from Ni(OH)2 [39]. A sharp peak at 879 cm-1 in place of EG 

peaks also confirmed the oxidation of glycol to form CO3
-2 in support of Eq. (3). The 

diffraction pattern in figures 3.3b[iii],[iv] suggests that beginning of pure fcc-Ni and 

nickel oxide hydroxide (Ni2O3H at 2" of 65˚) phases. In addition to nickel oxide 

hydroxide, there exist a peak at 2" of 64.85˚ indicating the formation of nickel hydrogen 

carbonate [Ni(HCO3)2]. A possible reaction mechanism for the formation of nickel 

hydrogen carbonate is as follows: 

2Ni(COOH)2 +4OH- ! 2Ni(HCO3)2 +2H2                                                            (4)  

 As time progresses (1 min after the addition of NaOH), the peak intensity of 

reducing agent and hydrazine complexes decreases, indicating the consumption of 

reagents. Accordingly, diffraction peak intensities of oxide and Ni increase. Finally, at 2 

min after the addition of NaOH, all the nickel ions in the solution were completely 

reduced as per the following consolidated reaction.  

2Ni+2 + 4OH- + N2H4 ! 2Ni + N2 " + 4H2O                                                        (5)  

The diffraction peaks of the final product (figure 3.3b[iv]) at (111), (200), (220), 

(311) and (222) were consistent with pure Ni having a face-centered-cubic structure 

(JCPDS NO: 04-0850).  It appears that the main advantage of the polyol process is its 

ability to form functional groups on particle surfaces and thereby restrict the particle size 

while improving colloidal stability. From figure 3.3a[iv], it was observed that the pure Ni 

nanoparticles revealed the presence of O-H bond stretch in the range 3000-3500 cm-1 and 

peaks at 1085 and 1039 cm-1 corresponding to the ethylene glycol functional groups. 

These functional groups might influence the particle size and will be discussed in the 

following sections. 
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 3.4.2. Batch Synthesis  

 3.4.2.1. Effect of [NaOH] and Temperature  

  For constant [Ni2+] and [N2H4], the Nernst equation for reaction 5 is given as 

follows: 

!E = Eo  - 2.303RT
4F

log 1
[OH- ]
"
#$

%
&'

 = Eo  + 2.303RT
4F

log[OH- ]        --------------(6)  

From the above expression, it is obvious that either increasing temperature or increasing 

the NaOH concentration increases the $E. According to the Gibbs rule, $G= -nF$E, the 

free energy of reaction decreases leading to more spontaneous reaction, higher number of 

nuclei and thereby smaller-sized particles. However the individual and combined effect 

of NaOH concentration and temperature was not definitive on reaction time and particle 

characteristics. Figure 3.4 shows the influence of NaOH concentration and temperature 

on reaction time (time required to form NiNPs). It is apparent that both NaOH 

concentration and temperature showed influence on reducing reaction times. However, 

increase in NaOH concentration (from 0.1 to 0.5 M reagent) resulted in 75% decrease in 

reaction time compared to 58% with increase in temperature (from 60ºC to 120ºC). This 

also suggests that the NiNP formation is kinetically limited reaction. Figure 3.5 

represents the X-ray diffraction patterns of nickel nanoparticles obtained at various 

temperatures using 0.1 M or 0.5 M NaOH additions.  

Regardless of the temperature and NaOH concentration, fcc nickel was formed. 

Diffraction peaks also show improved crystallinity with increasing temperature and 

alkaline concentration. In the case of 0.1 M NaOH, alkaline concentration was lower than 

the amount required to convert all the hydrazine complexes into nickel hydroxide (from 

equation 1) and thereby resulted in fewer nickel particles. Further the reduction process 

was carried out by the catalytic dissociation of hydrazine on existing nickel nanoparticles 

leading to longer reaction times as shown in table 3.1. At 120°C with 0.5 M NaOH, 

reaction times were substantially suppressed down to 1 min suggesting good conditions 

for continuous synthesis. 
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 Transmission electron micrographs (TEM) of the colloids obtained using 0.5 M 

NaOH was given in Figure 3.6. Average particle size measured from the TEM images 

and the elemental analysis obtained from EPMA are given in table 3.2. As explained in 

the above section, increasing the reaction temperature from 60˚C to 120˚C resulted in 

more nucleation sites and thereby the average particle size reduced from 9.2 ± 2.9 nm to 

5.4 ± 0.9 nm. It was also observed that increasing the temperature also resulted in 

enhancement in spherecity of the particles. Formation of ethylene glycol functional 

groups on the surface of the particles resulted in isolated and uniform distribution of 

particles. The presence of continuous Debye rings in the selected area diffraction pattern 

(SADP - figure 3.7) also provides evidence of nanocrystalline nature of synthesized 

NiNPs. These Debye rings were assigned to the {111}, {200}, {220}, and {311} planes 

corroborating with the diffraction results given in figure 3.2.  

Table 3.3.  Particle size measurements and elemental analysis of NiNPs. 

Sample ID Particle size 
(nm) 

EPMA analysis 
Ni (wt%) O (wt %) 

B160 - 98.7 0.71 

B180 - 98.86 0.61 

B1100 7.4 ± 1.8 99.49 0.56 

B1120 5.5 ± 1.1 99.58 0.58 

B560 9.2 ± 2.9 99.94 0.6 

B580 6.4 ± 1.7 99.67 0.52 

B5100 5.6 ± 1.1 99.62 0.78 

B5120 5.4 ± 0.9 100 0.18 

C5120 6.3 ± 1.6 100 0.14 

C5130 5.3 ± 1.0 100 0.17 

 

  To understand the effect of NaOH concentration on particle size, TEM 

micrographs were taken for the NiNPs obtained at 100˚C and 120˚C with 0.1M NaOH 

additions and given in figure 3.8. It is interesting to note that particle size changed from 

7.4 nm to 5.5 nm, which was in the same range as compared to their counterparts 
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obtained with 0.5M NaOH additions. This observation was in support with our 

hypotheses that at lower NaOH concentration, initially few nickel particles form and in 

the later stages, diffusion controlled catalytic dissociation of hydrazine on nickel particle 

surface leads the reduction reaction. However, the reaction times were longer as 

compared to higher alkaline concentrations. In view of the above observations, a 

temperature of 120˚C and a NaOH concentration of 0.5M were chosen for continuous 

synthesis in the following sections. 

 3.4.3. Continuous synthesis using !T-mixer 

   Nickel nanoparticles were synthesized continuously as per the experimental setup 

in figure 3.1. As expected, CFD results (figure 3.9) showed that the velocity profile inside 

the mixing zone was parabolic with an axial velocity of 0.91m/s characteristic of laminar 

flow in pipes suggesting a diffusive mixing mechanism.  Figure 3.10 shows the UDS 

contours inside the mixer and at different locations along the fluid flow direction.  It is 

apparent that in the mixing zone (Figure 3.10b), scalar diffusion was limited to a very 

small region on either side of the fluid interface. However, with time, along the fluid flow 

direction (Y), the breadth of scalar diffusion increases and reaches nearly homogenous 

solution by the exit portion of the mixer.  Figure 3.10c, represents the scalar profile 

across the fluid at different locations along fluid flow direction.  At the end of the mixing 

tube (35 mm), the coefficient of variance for the species mass fraction is below 10% 

which is considered to be well mixed.  Under a total flow rate of 6 ml/min at a reactor 

diameter of 521 !m and assuming a mixing length of 35 mm, the average mixing time 

was 0.75 seconds.  This suggests that the reactants were well mixed prior to entering the 

glycol heating bath. However, theoretical mixing time calculated from the Einstein’s 

equation for mass transfer in radial direction was found to be 18 s. In spite of significant 

difference between computation mixing time and theoretical mixing time required, better 

estimates of diffusion coefficients for Ni2+, hydrazine, nickel hydrazine complex and 

NaOH in ethylene glycol are required to evaluate the mixing time during NiNP formation. 
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 The NiNPs were synthesized at a flow rate of 3ml/min (per reactant) and at bath 

temperature of 120 and 130ºC. The continuous flow synthesis of NiNPs was monitored 

in-situ using mass spectrometer as shown in figure 3.1. Release of H+, H2, H2O, N2, N2H4, 

and CO2 during the synthesis (figure 3.11) confirmed the above mentioned reaction 

mechanism for the NiNPs formation. Figure 3.12 shows the TEM pictures and particle 

size distribution of NiNPs produced using a combination of T-mixer and tubular reactor 

with a residence time of 10 s. The average aspect ratio of the continuously-synthesized 

particles was found to be 1.07:1 compared to 1.21:1 for the batch-synthesized particles 

suggesting that continuous synthesis produced more rounded particles (figure 3.6 and 

3.8).  At a constant flow rate, increasing the bath temperature from 120 to 130˚C resulted 

in an average particle size reduction and a narrowing of the particle size distribution from 

6.3 ± 1.6 nm to 5.2 ± 1 nm (figures 3.12c and 3.12d).  These findings were accounted for 

by the higher energies that led to more nucleation sites.  Moreover, the absence of the 

magnetic stirrer (compared to the batch process) minimized the problems of 

agglomeration associated with the superparamagnetic nature of nickel nanoparticles. 

 To investigate the crystal structure and lattice spacing of the NiNPs, high-

resolution TEM analysis was carried out for the NiNPs synthesized at 130˚C. Figure 3.13 

shows the TEM picture of single nanoparticle (left) and analysis of the lattice planes 

(right). Distance between the lattice planes measured in TEM image (Figure 3.13a) using 

the imajej software (ver 1.45m) was around 2.03 Å, which matches well with the d<111> 

spacing of Ni.  In addition to this, a lattice parameter analysis tool (developed for 

MATLAB by Carole Jonville and Marcelo) was also used to find the intensity 

distribution of nearest neighbors with the help of a radial distribution function to obtain 

the approximate lattice parameter for the image shown in figure 3.13a.  Using the 

resultant 2D and 3D intensity distributions in figures 3.13b and 3.13c, respectively, the 

lattice spacing was found to be 2.036 Å which is in good agreement. 

 3.4.4. Magnetic Properties 

   Nickel is an important magnetic material exhibiting magnetism at room 

temperature. Below, we show that reduction in particle size to ~5.4 nm with surface 
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functional groups negatively impacts several magnetic properties of Ni. In order to 

investigate the effect of ethylene glycol functional groups on magnetic properties, some 

of the NiNPs in dispersion with ethylene glycol groups were washed with ethyl alcohol, 

removing functional groups. Figure 3.14 shows the magnetic hysteresis curves 

(magnetization versus magnetic field or M-H loops) of NiNPs synthesized at 130˚C in a 

continuous flow mode. Magnetic properties measured from M-H loops are given in table 

3.4. It is discernable from the figure 3.14 and table 3.4 that NiNPs obtained from ethylene 

glycol dispersion (figure 3.14a) resulted in lower values of saturation magnetization (Ms), 

remanent magnetization (Mr) and coercivity (Hc) compared to NiNPs after washing with 

ethyl alcohol (figure 3.14b). It was hypothesized that removing functional groups from 

particle surfaces lead to NiNP agglomeration via strong magnetic forces. Figure 3.15 

show the TEM image of NiNPs obtained after washing with ethyl alcohol. The particle 

size observed in this figure suggests that agglomeration has occurred. Regardless of the 

cleaning process and particle size, the Ms, Mr and Hc values of NiNPs obtained in the 

present work are well below the reported values of bulk Ni [24].  The observed decrease 

in Ms and Mr could be due to the decreased particle size and thereby higher surface area. 

Very low Ms value of NiNPs obtained from ethylene glycol dispersion was partially 

attributed to the presence of disordered structure on particle surface and the existence of 

glycol functional groups also contributes to lower saturation magnetization. Similar 

observation for NiNPs synthesized via various routes was also reported 

[[8],[22],[24],[40],[41]]. At the scale of ~5.3nm, each particle acts as single domain and it 

Table 3.4. Magnetic properties obtained from M-H loops. 

Sample 
Saturation 

magnetization 
(Ms, emu/g) 

Remanent 
magnetization 

(Mr, emu/g) 
Coercivity (Hc, Oe) 

NiNP – from 
ethylene glycol 
suspension 

5.1 1.1 62 

NiNP – washed in 
ethyl alcohol 19.6 5.4 73 

Bulk Ni[] 55 2.7 100 



!

!

59 

would be easy to flip the direction by changing the field and thereby resulted in lower Hc 

values compared to bulk. 

3.5. Conclusions 

 In this work, a polyol process for synthesizing NiNPs using hydrazine as a reducing 

agent was modified for continuous synthesis.  NiNPs were successfully synthesized in a 

continuous manner with a 10 s residence time to obtain a particle size of 5.3 ± 1.0 nm 

with improved spherical morphology compared with batch synthesis.  The key findings 

of our study are: 

• Regarding reaction mechanisms, hydrazine forms two different complexes with Ni 

before it converts to nickel oxide hydroxide and finally to fcc-Ni. 

• The concentration of NaOH was shown to have a higher influence on NiNP 

characteristics and reaction times than temperature.  

• For batch synthesis, nickel nanoparticles of 5.4 ± 0.9 nm were formed with very 

good crystallinity (XRD) at 120˚C using 0.5 M NaOH. 

• Increasing the bath temperature in continuous mode resulted in smaller particles of 

5.3 ± 1.0 nm with good spherecity. 

• At room temperature, saturation magnetization, remanent magnetization and 

coercivity of NiNP with ethylene glycol functional groups were found to be 

5.1emu/g, 1.1 emu/g and 62 Oe. 
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Figure 3.1. Schematic picture representing (a) experimental setup and (b) ! T-mixer with 
swage fitting used in continuous synthesis of NiNPs.!

Figure 3.2. Steps involved in transition of Ni2+  to fcc-Ni!
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 Figure 3.3. FT-IR (left) and XRD (right) analysis of the reaction products obtained (a) 
after hydrazine addition, (b) after NaOH addition, (c) 1 min after NaOH addition, and (d) 
2 min after NaOH addition. 

Figure 3.4. Effect of [NaOH] and temperature on reaction time in formation of NiNPs.!
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Figure 3.5. Phase analysis of the NiNPs obtained at (b) 60 ˚C, (c) 80 ˚C, (d) 100 ˚C, and 
(e) 120 ˚C using 0.1 M NaOH (left) and 0.5 M NaOH (right) in comparison to (a) Ni 
standard. 

Figure 3.6. Transmission electron micrographs of NiNPs obtained at  (a) 60ºC, (b) 80ºC, 
(c) 100ºC and (d) 120ºC with 0.5M NaOH in batch mode.!
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Figure 3.7.  Selected area diffraction pattern of NiNPs showing Debye rings 

Figure 3.8.  Transmission electron micrographs of NiNPs obtained at  (a) 100ºC and (b) 
120ºC with 0.1M NaOH in batch mode. 
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Figure 3.9. Fluent analysis of T-mixer showing (a) velocity vectors inside the mixer  (b) 
magnified view of the mixing zone, and (c) velocity profile across the fluid at the exit 
(Re = 19)!

Figure 3.10. Fluent analysis of T-mixer showing (a) scalar contours inside the mixer  (b) 
magnified view of the mixing zone, and (c) scalar profile at different locations along Y-
direction (Scalar diffusion coefficient = 0.8E-9 m2/s).!
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Fig 3.11. In-situ mass spectroscopic analysis of continuous flow synthesis of NiNP at 
130ºC. 
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Figure 3.12. Transmission electron micrographs and particle size distribution of NiNPs 
obtained at a bath temperature of (a) & (c) 120 ºC and (b) & (d) 130 ºC at a flow rate of 3 
ml/min (each reactant) using a 521!m channel micro t-mixer. 
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Figure 3.14. The loop of magnetization with respect to applied magnetic field for NiNPs 
synthesized at 130ºC in continuous flow mode and (a) dispersed in ethylene glycol and 
(b) washed in ethyl alcohol. 

Figure 3.15. Transmission electron micrograph of NiNPs synthesized at 130℃ in 
continuous flow mode and washed with ethyl alcohol. 
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Chapter 4: Microwave assisted greener synthesis of nickel nanoparticles 
using sodium hypophosphite 

  

4.1. Abstract 

 Nickel nanoparticle (NiNP) was synthesized by reduction of less toxic nickel 

acetate tetrahydrate (Ni(CH3CO2)2!4H2O) precursor, using sodium hypophosphite 

monohydrate (NaPH2O2!H2O) under microwave irradiation in propylene glycol solvent. 

Appropriate amount of NaOH was necessary to maintain pH required for formation of 

pure Ni. By varying the molar ratio of [Ni+2]:[NaPH2O2]:[NaOH], NiNP of 3.8 to 7.1 nm 

was obtained. Increasing NaOH concentration resulted in morphological change from 

isolated spherical particles (7.2 ± 1.5 nm) to agglomerated nano flowers (72 ± 14 nm). 

Phase analysis and interplanar spacing measurements confirmed the particles as fcc-Ni. 

Quantitative analysis showed the presence of P and O due to HPO2- radical in reaction 

product. Addition of small amounts of polyvinylpyrolidone (PVP) or 

cetyltrimethylammonium bromide (CTAB) resulted in slight increase in particle size. 

Keywords: nickel nanoparticles, microwave, sodium hypophosphite, propylene glycol, 

and TEM 

4.2. Introduction 

   Transition metal nanoparticles have attracted great attention due to their magnetic 

[1], thermal [2] and catalytic [3] properties.  By varying particle size and morphology, 

significantly different properties were obtained compared to their bulk counterparts [4-9].  

Nickel nanoparticles (NiNPs) can be used as electrode layer in multilayer ceramic 

capacitors (MLCC) [10] and as an interlayer for brazing stainless steel at lower 

temperatures [11, 12]. Until recently, NiNPs have been synthesized through many routes 

such as polyol [13, 14], alcohol reduction [15], sonochemical [16], thermal 

decomposition [17], and microemulsion [18]. However, many of these techniques take 

prolonged time and also resulted in wider size range due to the thermal gradients. 
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Compared to these conventional techniques, microwave (MW) assisted nanoparticle 

synthesis is relatively a new strategy for producing various kinds of nanoparticles [13, 

19-22]. Rapid and volumetric heating of solvents, reagents and intermediates in MW 

assisted synthesis resulted in negligible thermal gradients thereby homogeneous 

nucleation and growth conditions to produce nanoparticles with smaller size and 

narrower size distribution and better crystallinity [23, 24]. Moreover, MW energy is 

considered as greener, safer and economical [25]Komarneni and his co-workers critically 

investigated the microwave synthesis of Fe, Co, and Ni in presence of PVP and DDA [13, 

21]. Recently, Xu et al. [19] synthesized NiNPs via MW irradiation. Nevertheless, higher 

reaction time of 45 min [13] and use of  highly flammable hydrazine [19] are not 

inspiring to adopt continuous synthesis to commercialize. By considering economical and 

ecological factors, a need for greener synthesis arises.  

  In this paper, we would be discussing the microwave synthesis of NiNPs using 

less toxic nickel acetate metal precursor, sodium hypophosphite reducing agent in 

propylene glycol solvent.  

4.3. Experimental Details 

  Nickel acetate tetrahydrate (Ni(CH3CO2)2!4H2O), sodium hypophosphite 

monohydrate (NaPH2O2!H2O), sodium hydroxide (NaOH), PVP-8K, PVP-40K CTAB, 

ethanol and propylene glycol (PG) were procured from Alfa-Aesar, USA and used as 

received without any further purification. All the reagents were prepared in PG. 

 In a glass vial, 5 ml of nickel acetate (0.1 M), NaOH (0.5 to 2 ml of 0.5 M), 

sodium hypophosphite (0.5 or 1 ml of 1M) and PG (to make total volume to 10 ml) were 

added and homogenized via magnetic stirring for 15 min. In case of experiments 

involving stabilizing agent, 200 mg was added to metal precursor before adding other 

chemicals. Mixed solution, in a capped glass vial, was irradiated with microwaves until 

the solution turns dark black (30 -35 sec) using domestic microwave oven (2.4GHz, 1.1 

kW). Resultant colloid was cooled, diluted with ethanol, and centrifuged at 12000 rpm 

for 10 min to separate the particles for characterization. 
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  X-ray diffraction patterns (XRD) were obtained using CuK! radiation, with 40 

kV and 40 mA at a scan step of 0.02˚ (2"). Size, morphology, and dispersion 

characteristics of the as-synthesized powders were determined using a Philips CM12 

STEM, operated at 120 KeV in transmission electron microscope (TEM) mode. The 

sample preparation was done by diluting the as-synthesized colloid with ethanol and a 

drop (5 µl) of suspension placed onto a Cu grid having a coating of formvar stabilized 

with carbon and dried under lamp for 15 min. Lattice planar spacing was measured using 

high resolution TEM (FEI, Titan FEG-TEM, 80-300 KeV). To get a better contrast, a 

more stable TEM grids having lacey carbon support film was used for sample preparation. 

Finally, quantitative analysis of nanoparticles was carried out using CAMECA SX-100 

electron microprobe analyzer (EPMA) equipped with five wavelength dispersive 

spectrometers (WDS) and high intensity dispersive crystals for high sensitivity trace 

element analysis. Materials were analyzed using 15 KeV accelerating voltage, 30 nA 

sample current and 1#m beam diameter. Counting times were 10 s on peak and 5 s off 

peak.  

4.4. Results and Discussions 

 In the synthesis of magnetic materials such as Co and Ni, it is difficult to obtain 

isolated particles due to the high electron affinity of partially filled d-orbital and the 

strong magnetic dipole interactions. By using a polyol (ethylene glycol or propylene 

glycol) or polymer additive (PVP or CTAB), steric repulsive forces could be introduced 

to overcome attractive forces. The basic reaction mechanism of NiNPs formation in our 

study was similar to electroless Ni plating [26]. Initially, oxidation of the hypophosphite 

ion resulted in formation of an electron pair as per eq. 1. 

H2PO2
- ! HPO2

- + H+ + e-          (1) 

 In addition, oxidation of PG supplied an extra pair of electrons along CH3COO- 

and HCOO-. Ions. The electrons from the oxidation of hypophosphite and PG were 

responsible for the hydrogen gas evolution (eq. 2) and the metal ion reduction from Ni2+ 

to Niº (eq. 3).  
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2H++2e- ! H2 "         (2) 

Ni2++2e- ! Nio         (3) 

It was reported in literature that, uncontrolled oxidation of H2PO2
- might lead to P release 

into the solution via eq. 4.  

H2PO2

- +Hads ! P+H2O+OH
-       (4) 

This could lead to either formation of Ni-P compounds or Ni-P solid solution. By 

providing basic condition (more OH-), reaction kinetics of eq. 4 was lowered and P 

content was eliminated. However, use of MW as a source of heat, kinetics was enhanced. 

 4.4.1. Effect of NaOH Concentration 

  It was found in a blank experiment that absence of NaOH resulted in amorphous 

Ni-P compounds, which was confirmed by single, broad diffraction peak in XRD. In the 

following section, formation of NiNPs explained on basis of [Ni+2]:[NaPH2O2]:[NaOH] 

molar ratios. Figure 4.1 represents the TEM images of NiNPs prepared at different 

conditions. It is clear from figure 4.1 that at a molar ratio of [Ni+2]:[NaPH2O2], 1:1, 

varying the molar ratio of NaOH to 0.5 (figure 4.1a) and 1 (figure 4.1b) resulted in 

isolated and uniformly dispersed nanoparticle of 5.4 nm and 6 nm, respectively. During 

MW irradiation, volumetric heating resulted in rapid decomposition of precursor and 

forced the solution to supersaturate with Nio to enable homogeneous nucleation. During 

growth stage, glycol function groups covered the particles and restricted particle size and 

agglomeration. Continuous Debye rings in selected area diffraction pattern (SADP) 

(figure 4.2) reveal the formation of nanocrystalline face centered cubic (FCC) -Ni. The 

Debye rings in the SADP were assigned to {111}, {200}, {220, and {311}. Phase 

analysis of NiNPs was carried out by XRD and given in figure 4.3. It is clearly evident 

that diffraction peaks at {111}, {200}, {220}, {311} and {222} consistent with pure fcc-

Ni (JCPDS NO: 04-0850) which also substantiated the SADP results. high-resolution 

TEM (HRTEM) analysis (figure 4.4b&c) also confirmed the formation of crystalline Ni 

with FCC structure having 2.03Å interplanar spacing. However, small amount of 
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metastable hcp-Ni at {103} (figure 4.3) also observed from diffraction patterns of XRD. 

This was attributed to the sudden quenching of black colloid resulting in formation of 

metastable phase. 

   Increasing the molar ratio of NaOH to 2 resulted in change of morphology from 

isolated spherical to agglomerated nano flowers (figure 4.1c). It was understood that due 

to the presence of more NaOH, pH of the solution increased and thereby decreased the 

free energy required to form NiNPs as per Nernst equation for eq. (5) 

Ni2+ + 2OH- + 2H2PO2
- ! Ni + 2HPO2

- + 2H2O     (5) 

This decrease in free energy would have resulted in large number of nuclei and thereby 

particles. However, time was not sufficient to form PG functional groups before they 

agglomerate by strong magnetic attractive forces. Wei et al. also reported similar 

morphology for NiNP by hydrazine reduction under microwave irradiation [19]. Close 

examination of figure 4.1c reveal the presence of primary nanoparticles of 7.2 ± 1.5 nm 

in each nano flower of 72 ± 14 nm. High-resolution TEM pictures (figure 4.4d,e&f)) also 

confirm that each branch of nano flower consists of small primary nanoparticle. Lattice 

spacing, 2.03Å, also matches with the interplanar spacing of (111) planes in fcc-Ni.  

 Higher amount of reducing agent usually results in more number of nuclei and 

thereby finer particles. However, in case of NaPH2O2, higher concentration might 

introduce more P into the system thereby increases the chances of Ni-P compounds 

formation instead of pure Ni.  Contrastingly, diffraction pattern of NiNPs prepared at 

1:2:1 molar ratio (figure 4.3d) confirmed the formation of fcc-Ni. Presence of NaOH 

could have restricted the reaction mechanism and release of elemental P into the system 

to aid pure NiNP formation. Due to the large number of nucleation sites, particle size also 

decreased from 6 nm to 3.9 nm by changing the molar ratio from 1:1:1 to 1:2:1. As 

shown in table 4.1, for all the cases, the crystallite size calculated from XRD patterns 

using Debye-Scherrer equation matches well with the particle size measured using TEM 

images. Quantitative elemental analysis of NiNP prepared at different molar ratios is 

given in table 4.1. It is evident that higher molar ratio of NaOH or NaPH2O2, resulted in 

higher wt% of P and O. This supports our hypothesis that particles were covered with 
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HPO2
- radicals. In view of above observations and low coefficient of variance, a measure 

of particle size distribution, of 0.15, 1:1:1 molar ration was selected to investigate the 

effect of stabilizing agents. 

Table 4.1: Characteristics of Ni nanoparticle synthesized at different conditions 

Molar ratio Crystal 
size* (nm) 

Particle 
size** 
(nm) 

Coefficient of 
variance 

(CV) 

Elemental 
analysis (wt %) 
Ni P O 

1/1/0.5 5.55 5.4 ± 1.5 0.27 93.9 1.2 4.9 
1/1/1 5.74 6 ± 0.9 0.15 94.3 3 3 
1/1/2 5.45 7.2 ± 1.5! 0.2 90.6 2.4 4.2 
1/2/1 4.5 3.9 ± 0.8 0.21 83.6 5.5 8.9 

1/1/1, PVP-8K 6.79 6.7 ± 1.4 0.21    
1/1/1, PVP-40K 6.53      

1/1/1, CTAB 5.89 7.2 ± 0.8 0.12    
Molar ratio: [Ni+2]:[NaPH2O2]:[NaOH] 
* Crystal size was calculated using Debye-Scherrer equation  
**Particle size measured from TEM micrographs 
! Size of primary (small) particles 
 

 4.4.2. Effect of Stabilizing Agent 

  Figure 4.5 shows the TEM images of well-dispersed NiNPs obtained with 

different stabilizing agents. It is evident that, at higher molecular weight, PVP-40k 

formed a network (figure 4.5b) around the particle to control the growth. It was reported 

by Li et al. that the interaction between PVP and Ni was not strong enough to prevent 

agglomeration [13]. However, in our study, presence of propylene glycol along PVP 

stabilized Ni particles and prevented agglomeration. Presence of long chain polymers like 

CTAB (figure 4.5c) also resulted in well-dispersed particles. Similar morphologies were 

reported in literature for different metallic nanoparticles [27]. However, use of open 

structure stabilizing agents, PVP and CTAB, increased the average particle size of NiNPs 

from 6 nm (1:1:1 molar ratio without stabilizing agent) to 7.1 nm as shown in table 4.1. 

Diffraction pattern of NiNPs prepared with stabilizing agent (figure 4.6) are consistent 

with fcc-Ni. Peak broadening of diffraction peaks also suggest nanocrystalline nature of 
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NiNPs. High resolution TEM picture (figure 4.7b&c) of NiNPs prepared using CTAB 

also shows the crystalline nature with a lattice spacing of 2.03Å. Slightly faceted 

morphology of NiNP is clearly seen in figure 4.7b. Long chain structure and low 

solubility of CTAB in PG resulted in formation of micelle and modified the morphology 

of NiNPs from spherical to slightly faceted. Quantitative elemental analysis of NiNPs 

synthesized with stabilizing agents was not carried due to the problems associated with 

vapor loss. 

4.5. Conclusions 

  Rapid and volumetric heating by MW irradiation resulted in nearly uniform fcc-

NiNPs. By varying the molar ratio of [Ni+2]:[NaPH2O2]:[NaOH], pure and crystalline 

NiNP of 3.9 ± 0.8 to 7.2 ± 1.5 nm was obtained. Higher NaOH concentration changed the 

morphology from isolated particles to agglomerated nano flowers (72 ± 14 nm). Open 

molecular structure of PVP and CTAB did not help in reducing particle size.  
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Figure 4.1. TEM image of NiNPs synthesized at (a)1:1:0.5, (b)1:1:1, (c)1:1:2 and 
(d)1:2:1 molar ratios of [Ni+2]:[NaPH2O2]:[NaOH]. 

Figure 4.2. Selected area diffraction pattern of NiNPs synthesized at 1:1:1 molar ratio of 
[Ni+2]:[NaPH2O2]:[NaOH].  
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Figure 4.3. X-ray diffraction patterns of NiNP synthesized at (a) 1:1:0.5, (b) 1:1:1, (c) 
1:1:2, and (d) 1:2:1 molar ratio molar ratio of [Ni+2]:[NaPH2O2]:[NaOH]. 

Figure 4.4. HRTEM image of NiNPs synthesized at (a,b,&c) 1:1:1 and (d,e&f) 1:1:2 
molar ratio of [Ni+2]:[NaPH2O2]:[NaOH]. 
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Figure 4.5. TEM image of NiNPs synthesized at 1:1:1 molar ratio of [Ni+2]:[NaPH2O2]: 
[NaOH] with (a) PVP-8K, (b) PVP-40K and (c) CTAB as stabilizing agent. 

Figure 4.6. X-ray diffraction pattern of NiNPs synthesized at 1:1:1 molar ratio of 
[Ni+2]:[NaPH2O2]:[NaOH] with (a) PVP-8K, (b) PVP-40K and (c) CTAB as stabilizing 
agent. 
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Chapter 5: Diffusion Brazing of 316L Stainless Steel using a Patterned 
Nickel Nanoparticle Interlayer 

 
 
 

5.1. Abstract 
 This paper evaluates the use of a nickel nanoparticle (NiNP) interlayer for making 

a hermetic joint in 316L stainless steel substrates via diffusion brazing. Different NiNP 

inks were prepared using commercial and in-house synthesized nanoparticles. Nickel 

nanoparticles were synthesized in an aqueous medium by the reduction of NiCl2.6H2O in 

the presence of hydrazine (N2H4) and NaBH4 as reducing agents. X-ray diffraction (XRD) 

and transmission electron microscopy (TEM) results confirm the presence of pure fcc-Ni 

with a particle size of 4.2 ± 0.6 nm. The resulting nanoparticle suspension was patterned 

using various methods onto 316L stainless steel and bonded at 800 and 900ºC for 30 min 

at a pressure of 2 MPa via transient liquid phase bonding.  Test articles with nanoparticle 

films patterned by inkjetting began leaking at 45 psi whereas samples patterned by 

automated dispensing resulted in a hermetic joint which was tested up to a maximum air 

pressure of 70 psi. An examination of the bond line using scanning electron microscopy 

(SEM) shows good uniformity and continuity.  
 
Keywords: Nickel nanoparticles, Deposition, Interlayer, Diffusion brazing, Stainless steel, 

Hermeticity. 

5.2. Introduction 

 Microchannel lamination (microlamination) is a common fabrication architecture 

for producing metal devices with embedded microchannel arrays [1]. Thin layers of 

material, called laminae, are patterned with channels and headers and then bonded 

together to form a two-dimensional array of channels for the bulk processing of mass and 

energy.  In general, microlamination architectures involve three major steps: (i) laminae 

patterning, (ii) laminae registration, and (iii) laminae bonding. The bonding step has been 

carried out by thermal adhesive [2], solder reflow [3], diffusion bonding [4] and diffusion 
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brazing [5] among others.  Diffusion bonding and diffusion brazing are generally done in 

a vacuum hot press, which provides uniaxial compression at elevated temperature under 

controlled atmospheres to facilitate bonding.  

  In diffusion bonding, high bonding temperatures (~ 0.7 Tm) and pressures (~10 

MPa) are required over long bonding cycles (10 or more hours) to eliminate the voids 

caused by surface asperities on faying surfaces. Long duration at high temperatures leads 

to various defect mechanisms [1]. To reduce bonding pressures and temperatures, 

stainless steel diffusion brazing is employed involving the use of Ni-P and Ni-B 

interlayers. At bonding temperature, these interlayers transform into liquid phases which 

rapidly diffuse into the base metal resulting in strong, near-parent-metal joints. However, 

the addition of alloying elements along the bondline can lead to the formation of 

intermetallics along grain boundaries adjacent to the bondline and weaker joints. Tiwari 

et al. reported use of the size-dependent melting of nickel nanoparticles (NiNPs) for the 

diffusion brazing of 316L stainless steel.  Strong bonds were formed at significantly 

lower bonding temperatures compared to diffusion bonding [6, 7].  Higher tensile 

strength values were found in comparison to NiP diffusion brazing or diffusion bonding. 

Though this technique was shown to provide good tensile strength, the presence of small 

voids at the interface were found to cause bondline leakage. This was attributed in part to 

the non-uniform film thickness caused partially by the presence of agglomerated particles 

and the lack of automated dispensing. Further, the particles were on average 8 nm in 

diameter which is at the start of melting temperature suppression.  In this paper, one 

objective is to reduce the particle size below 8 nm in an effort to further drive down the 

melting temperature of the nanoparticles and improve transport during the transient liquid 

phase. 

  Several reports have been made on the synthesis of NiNP such as polyol [8, 9], 

alcohol reduction [10], microemulsion [11, 12], thermal decomposition [13], microwave 

[14, 15], sonochemical [16] and gas phase condensation [17]. Wet-chemical synthesis in 

the presence of hydrazine or NaBH4 reducing agents has proven to be successful in 

providing well-dispersed particles that remain in suspension, which is important for 
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deposition. Wu et al. [8] synthesized NiNPs having an average size of ~ 9.2 nm in the 

presence of ethylene glycol (solvent) and hydrazine (reducing agent). In a modified 

process, Couto et al. [9] used NaBH4 as a reducing agent, polyvinylpyrolidone as a 

capping agent resulting in a particle size of ~ 3.8 nm.  

  In this work, efforts were made to synthesize a nanoparticle suspension (ink) for 

automated dispensing to provide better control over nanoparticle size and interlayer film 

thickness.  The resulting films are incorporated into hermetic test coupons which are 

diffusion brazed in a vacuum hot press and characterized for hermeticity. 

5.3. Materials and Methods 

  Nickel chloride hexahydrate (NiCl2.6H2O), hydrazine monohydrate (N2H4.H2O or 

N2H5OH), sodium borohydride (NaBH4), polyvinylpyrolidone (PVP-40K), and ethylene 

glycol, were procured from Alfa-Aesar, USA and used as is without any further 

purification. Two batches of NiNPs (~50 nm and ~ 8nm) were obtained from Sigma-

Aldrich, USA. Reagent grade ethanol and DI water were used in the experiments. 

 5.3.1. Case I: Commercial NiNPs 

  As-received NiNPs were mixed with PVP (capping agent), ethanol (carrier fluid) 

and ethylene glycol (solvent and humectant) in required proportions. To get a stable 

suspension (ink), various deagglomeration and mixing strategies were evaluated as 

shown in Table 5.1. In each, NiNPs were deagglomerated using mortar and pestle and 

sonication.  Inks were formulated for deposition onto stainless steel (316L) test coupons. 

Deposition methods investigated in this study include thermal inkjet printing and needle 

dispensing.  Due to viscosity limitations for thermal inkjet printing, the ink was modified 

according to Table 5.2.  Table 5.3 summarizes all the deposition strategies used in this 

study. Parameters used for inkjet printing (Figure 5.1) were: 

• Back pressure in the nozzle reservoir – 1000 Pa 

• Voltage – 29 V 

• Drops per nozzle – 1 

• Die temperature – 60ºC 
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• Number of open nozzles – 5 out of 10 (every alternative is open to be able to 

deposit continuously). 

Similarly, deposition parameters used in needle dispensing using a syringe pump (Figure 

5.2) were: 

• Speed of dispensing robot (Techcon TS3030) – 75 steps/sec (1 step=1.8 mm) 

• Syringe pump flow rate – 0.25 ml/min (~50 nm NiNPs) and 0.4 ml/min (~8 nm 

NiNPs) 

Prior to deposition, the 316L stainless steel test coupons were cleaned using a 

standard AMD (Acetone, Methanol and DI water) procedure and flushed with dry 

nitrogen. Next, the test coupon was placed on a hot plate at 220ºC and patterned with 

NiNP ink. 

 

Table 5.1. Different methods used in preparing NiNP inks. 

Sample Mortar and Pestle Mix and Ultrasonicate Dispersion 

1 NiNPs PVP + Ethanol + Ethylene glycol Poor 

2 NiNPs + PVP Ethanol + Ethylene glycol Good 

3 NiNPs + PVP + Ethanol Ethylene glycol Good 

 

Table 5.2. Final proportions (in grams) of various ingredients in ink preparation. 

Sample Avg. NiNP 
diameter 

NiNP 
(wt%) 

PVP 

(wt%) 
Ethanol 
(wt%) 

Ethylene 
glycol (wt%) 

1 50 nm 8 8 24 60 

2 8 nm 6 6 66 22 
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Table 5.3. Various deposition methods used to deposit NiNPs 

Method Parameters Mechanism Problems Film 

1 Techcon TS3030 dispenser (xy table + screw extruder) 

 
Head speed, air 
pressure and 
viscosity 

Screw 
dispensing 

! Viscosity of NiNP inks was too 
low 

Failed 

2 Inkjet printing (Hewlett-Packard Thermal Inkjet Picojet System) 

 

Pressure, 
temperature, 
nozzles used, 
frequency and 
pulse energy 

Thermal 
inkjetting 

! Clogging of nozzles due to 
evaporation 

! High kinetic energy of jet results 
in ink splashing 

Good 

3 Hybrid 1 (Thermal Inkjet + Techcon xy table + hot plate) 

 

Pressure, pulse 
energy, nozzles 
used, temperature 
(inkjet and hot 
plate) 

Printing via 
inkjet on heated 
test coupon 
results in dry 
film 

! Heat from hotplate evaporates 
fluid adjacent to inkjet nozzle 
resulting in clogging 

! Vibrations from dispenser result 
in quick settling of particles in 
inkjet.  Required manual control 
of heat speed. 

Failed 

4 Hybrid 2 (Syringe pump + Techcon xy table + hot plate) 

 
Head speed, flow 
rate, length of the 
tubing, needle size 

Pneumatic 
mechanism 

! Pressure buildup in the needle at 
high flow rates 

Good 

5 Hybrid 3 (Syringe pump + Techcon xy table + screw extruder + hot plate) 

 
Head speed, flow 
rate, length of the 
tubing, needle size 

Pneumatic 
mechanism - Excellent 
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 5.3.2. Case II: In-house Synthesis of NiNP 

  A 5 ml solution of 0.1M NiCl2.6H2O in water was added to a 50 ml glass vial. To 

this, 200 mg of PVP-40K and 1.25 ml of water were added and maintained at 80ºC under 

continuous stirring using a hot plate.  At this temperature, once the PVP completely 

dissolved in the solution, 1 ml of N2H5OH, 2.5 ml of 0.5M NaOH and 4 mg of NaBH4 

were added in sequence. The solution was maintained (~45 s) at the process temperature 

under strong magnetic stirring in a capped glass vial until the color of the solution 

changed to strong black. 

  Acetone was added to the black colloid to precipitate the PVP capped NiNPs and 

centrifuged at 12,000 rpm for 10 min using a Thermo Scientific Sorvall ST 16 centrifuge.  

Resultant particles were washed several times with ethanol, dried at room temperature in 

a vacuum oven and dispersed in iso-propanol to get a NiNP ink. 

  X-ray diffraction patterns were obtained in a Bruker D8 Discover instrument 

using CuK! radiation, with 40 kV and 40 mA at a scan step of 0.02° (2!).  The size, 

morphology and dispersion characteristics of the NiNP ink were determined using a 

Phillips CM12 STEM operated at 120 keV. Sample preparation was done by dispersing a 

drop (5 µl) of final suspension onto a Cu grid having a coating of formvar stabilized with 

carbon and maintained at room temperature. Lattice spacing was obtained by doing high 

resolution TEM (FEI Titan) operated at 300 keV. 

  The nanoparticle suspension was deposited using an automated dispenser 

(Asymtek D583, valve: DJ 9000 dispense jet, software: Fm XP) onto a Si wafer sitting on 

a flexible heater maintained at 70ºC as shown in Figure 5.3. Dispensing parameters 

(Table 5.4) were characterized with the help of two different patterns as shown in Figure 

5.4a,b (top). Deposited patterns were characterized for film width and thickness using an 

optical profiler (Zescope). Finally, the NiNP suspension was deposited onto 316L 

stainless steel coupons as shown in Figure 5.5a to a thickness of approximately 3 "m. 
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 5.3.3. Diffusion Brazing 

  Coupons with deposited films were baked at 70°C in a vacuum oven to remove 

any residual solvent. Coupons with dried NiNP films were then stacked together within a 

vacuum hot press (VHP) and diffusion brazed. Diffusion brazing was performed with a 

heating rate of 7ºC/min to 900°C (commercial powders) and 800ºC (in-house prepared 

NiNPs) and held under 2 MPa of pressure for 30 min. Two sets of hermetic test articles 

were bonded for bondline analysis and leak testing.  For leak testing, interconnects were 

affixed to the hermetic test articles using a polymeric resin and binder. The design of the 

test articles and the experimental setup used for leak testing is given in Figure 5.5. 

 

Table 5.4. Dispensing parameters used for pattern 1 and pattern 2. 

Mode Line 
No. 

Dispense 
gap (mm) 

Speed 
(mm/s) 

Shot 
interval (s) 

Shot 
interval 

(!m) 

Time based 
dispensing 

1 0.75 1.778 0.1 - 
2 1.25 1.778 0.1 - 
3 1.77 1.778 0.1 - 
4 2.54 1.778 0.1 - 
5 4 1.778 0.1 - 

Position based 
dispensing 

6 0.75 3 - 177 
7 1.25 3 - 177 
8 1.77 3 - 177 
9 2.54 3 - 177 
10 4 3 - 177 

!
  A brazed test article was cross-sectioned using a diamond cutting saw and 

mounted for metallographic analysis.  The cross section was mirror polished using 600 

grit emery paper, 6 µm & 1 µm diamond suspensions and, finally, 0.05 µm colloidal 

silica followed by etching with aqua regia (1:3 ratio of HNO3 to HCl) to reveal the Ni 

diffusion into the base metal. 

 

 



!

!

94 

5.4. Results and Discussion 

 5.4.1. Case I: Ink Development From Commercial NiNPs 

  To examine the particle size of the procured NiNPs, transmission electron 

microscopy was performed on both batches of powder.  The average particle sizes were 

found to be ~50 nm and ~ 8 nm (Figure 5.6).  To date, no NiNP inks have been reported 

in the technical literature. Based on prior work with other metallic nanoparticle inks, PVP 

was selected as the surface capping agent and ethanol and ethylene glycol were selected 

as organic solvents. In the case of thermal inkjet printing, ethanol was found to evaporate 

near the nozzle causing particle agglomeration and clogging of the nozzles.  The presence 

of small amounts of ethylene glycol, a humectant, helped to prevent clogging.  In 

addition, ethanol and ethylene glycol were found to provide good solubility for PVP.  

  It was expected that successful capping of the NiNPs with PVP would involve the 

formation of an electric double layer at the particle solvent interface providing stability in 

solution. However, it was found that the sequence of constituent addition affected 

capping effectiveness and suspension stability.  Various mixing and deagglomeration 

strategies were explored as detailed in Table 5.1. It was observed that grinding of as-

received NiNPs using a mortar and pestle followed by the addition of PVP, ethanol and 

ethylene glycol resulted in poor suspension stability.  To improve the stability of the 

suspension, the NiNPs and the dry PVP were ground together with a small amount of 

ethanol and the remaining solvents were added before ultrasonication.  Figure 5.7 shows 

the stability behaviour of NiNP inks at different time intervals. It was observed that inks 

prepared with the ~ 8 nm NiNPs were stable even after 90 min whereas for the ~ 50 nm 

NiNP ink, settling was evident after 45 min. This was attributed to the larger particle size 

resulting in greater gravitational forces. 

  For the deposition of inks, various methods were used as summarized in Table 5.3. 

This table also shows some of the key parameters that influence deposition and potential 

problems associated with each method.  Method 2 (inkjetting) and method 5 (needle 
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dispensing with syringe pump and screw extruder) were found to deposit the required 

pattern uninterruptedly. 

 5.4.1.1. Method 2: Inkjetting 

  Diffusion brazed test articles were tested for leaks using the experimental setup 

shown in Figure 5.5b. Leak test results of test articles prepared using method 2 are given 

below: 

• For ~ 50 nm NiNPs ink – one pin hole leak was found at 0.21 MPa (30 psi). 

• For ~ 8 nm NiNPs ink – one pin hole leak was found at 0.31 MPa (45 psi).  

Interestingly, all leaks were found at the interface between the top plate and middle plate.   

  To further investigate, a cross section of the test article diffusion brazed with ~ 8 

nm NiNPs was analyzed by SEM.  The respective micrographs are shown in Figure 5.8. 

Discontinuities along the bond line are clearly visible. These discontinuities were 

partially attributed to the nonuniformity of the film caused by the high kinetic energy of 

the ink jet coming out of the printer head. Another probable reason was incomplete 

melting of the particles. In past studies, unagglomerated films of these NiNPs have been 

found to melt well below 900ºC. It is possible that the inkjetting process led to 

agglomeration of the NiNPs leading to higher melting temperature for portions of the 

film. Finally, the fixuring used within the VHP to diffusion braze samples was analyzed 

and found to have poor parallelism. Therefore, poor pressure distribution across the 

surface of the samples may also have led to leakage. Before diffusion brazing the next set 

of test coupons, fixtures were machined and tested using Fuji films to ensure parallelism. 

 5.4.1.2. Method 5: Needle Dispensing using Syringe Pump and Screw 
 Extruder  
  Leak test results of test articles produced using method 5 and diffusion brazed at 

900ºC are given below: 

• For ~ 50 nm NiNPs ink, a very fin pin hole started at 30 psi and increased to 3 pin 

holes at 0.41 MPa (60 psi). 

• For ~ 8 nm NiNPs ink, no leakage was observed up to a tested pressure of 0.48 

MPa (70 psi). 
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The probable reason for the leakage in the case of ~ 50 nm NiNP film was attributed to 

the wide size range (10 to 100 nm) of particles in the ink. Micrographs of the bond line 

cross section for the ~8 nm NiNP film are shown in Figure 5.9. Though the film is more 

continuous, nonuniformities are present which may be caused by film dispensing.   

 5.4.2. Case II: In-house Synthesis of NiNP 

  At a reaction temperature of 80ºC, nickel nanoparticle formation was preceded by 

several color changes in the solution. In the first step, hydrazine was added to the Ni2+ 

solution leading to a color change from green to purple indicating formation of several 

nickel hydrazine complexes [18].  In the second stage, NaOH was added resulted in a 

change to dark grey indicating the formation of nickel hydroxides. Finally, addition of 

NaBH4 resulted in the formation of a dark black (NiNP) suspension in less than one 

minute.  The consolidated reaction mechanism is as follow: 

2Ni2+ + 4OH- + N2H2 ! 2Ni + N2 " + 4H2O        (1) 

  Addition of NaBH4 resulted in formation of Ni seeds, which enhanced the kinetics 

of the reaction 1.  A [BH4
-]:[OH-] ratio greater than 8 should be maintained to preserve 

the reactivity of NaBH4  and avoid a hydrolysis reaction [19]. In an experiment without 

the addition of NaBH4, NiNP formation was completed in less than 15 min.  

  Figure 5.10 shows the diffraction pattern of the NiNPs obtained in this study. The 

face centered cubic (fcc) structure of the particle is clearly evident from the diffraction 

patterns at (111), (200), (22), (311) and (222) matching the reported literature for pure 

fcc-Ni [8, 20-23].! Evolution of nitrogen gas during the synthesis provided an inert 

atmosphere which protected the NPs from oxidation.  

  Figure 5.11 shows the conventional and high-resolution TEM images of the 

NiNPs.  The presence of the capping agent, PVP, is clearly observed by the contrast 

difference around the particles.  Owing to its high molecular weight, PVP (MW=40000) 

resulted in spherical and isolated particles having an average size of 4.2 ± 0.6 nm.  A 

high-resolution TEM picture of the NiNPs reveals a lattice spacing of 2.03 Å which 

confirms the above-mentioned XRD results.  

  Figures 5.4a,b (bottom) show the layers of NiNPs obtained using the automated 
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needle dispensing system. In preliminary experiments, two different sets of parameters 

were evaluated.  In case of time-based dispensing, where, a drop of ink was dispensed for 

every 0.1 s (parameters shown in Table 5.4), resulted in a uniform film thickness of 0.2 

"m for a single deposition pass.  Where as in position-based dispensing, a drop of ink 

was deposited with an interval of 177"m, resulted in poor film uniformity. This was 

attributed to the fact that the interval between two successive bursts! was too small 

resulting in flooding of fluid on the substrate. In general, increasing dispense gap i.e. gap 

between substrate and dispense jet nozzle, resulted in wider films. 

  During inkjetting, high momentum of the fluid jet and substrate temperature 

resulted in ink splashing on the substrate leading to deposition of particles on either side 

of intended line pattern. This results in non-uniform film. To overcome this, time-based 

dispensing was modified and a second 2 mm wide pattern was developed by dispensing 

five lines with an offset of 0.4 mm from center-to-center of each line. This resulted in a 

film thickness of 0.2 "m was achieved with good uniformity.  

  The final NiNP film (Figure 5.5a) was deposited onto the 316L stainless steel 

coupons to a thickness of ~3 "m with 15 repetitions (15 * 0.2 "m  = 3 "m). Film 

thickness was measured with an optical profiler.  Results are shown in Figure 5.12.  It can 

be observed that the film is uniform with an average thickness of about 2.4 "m. !
  The coupons with deposited films were stacked and diffusion brazed in a vacuum 

hot press at 800ºC under 2 MPa for 30 min.  An SEM micrograph of one of the diffusion-

brazed cross sections is given in Figure 5.13.  From the bondline, it is evident that the 

deposited film incurred phase transformation (solid to liquid) and diffused into the base 

metal during the diffusion brazing cycle resulting in a continuous bondline. Diffusion of 

the Ni melt is clearly demonstrated by the Ni rich regions along the grain boundaries on 

either side of the interface.  The presence of spherical voids at the bondline was attributed 

to gas porosity. !
 One brazed test coupon was investigated for hermiticity.  Leak testing of the 

coupon was carried out as shown in Figure 5.5b. It was observed that the bonded coupon 
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did not show any indication of air bubble formation at the maximum pressure tested of 

0.48 MPa (70 psi).  

5.5. Conclusions 

  A diffusion brazing method was developed using automated dispensing of NiNP 

inks to form interlayers capable of producing microchannel test articles with hermetic 

seals up to 0.48 MPa (70 psi).  Using commercial NiNPs of different sizes (~ 8 nm and ~ 

50 nm), inks were formed that were stable up to 90 minutes.  Inkjetting resulted in non-

uniform film thickness due to ink splashing and manual head control.  Automated needle 

dispensing of the ~8 nm NiNPs followed by diffusion brazing at 900ºC resulted in a 

hermetic seal up to a maximum test pressure of 0.48 MPa (70 psi).  In-house prepared 

NiNPs were synthesized in an aqueous solvent having a particle size of 4.2 ± 0.6 nm.  

Use of PVP-40K as capping agent resulted in a stable suspension of nanoparticles for 

deposition.  Automated dispensing of this NiNP ink led to a uniform interlayer film 

which fully melted during diffusion brazing at 800ºC resulting in a hermetic seal at the 

maximum pressure tested of 0.48 MPa (70 psi). Owing to smaller particle size, better size 

distribution and dispersion characteristics, in-house synthesized NiNP ink resulted in 

lowering of brazing temperature by 100ºC compared to commercially available NiNP yet 

yielded a similar performance. 
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Figure 5.1. Inkjet printer used in the current study (method 2) to deposit NiNPs. 
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Figure 5.2. Experimental setup (method 5) used to deposit NiNP inks using syringe 
pump, dispenser and hot plate. 
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Figure 5.3. Experimental setup showing (a) automated dispensing system, (b) magnified 
view of the nozzle and valve, (c) image captured at 4000 fps during the starting of shot 
and (d) at the end of shot. 

Figure 5.4. Schematic (top) and optical micrograph of deposited NiNPs for (a) pattern 1 
and (2) pattern 2.  
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Figure 5.5. (a) test article used for evaluating NiNP-assisted diffusion brazing; and (b) 
setup used for leak testing. 

Figure 5.6. TEM images of the nickel nanoparticles (NiNPs) with average diameters of 
(a) 8 nm and (b) 50 nm. 

Figure 5.7. Stability of NiNP inks/dispersions at (a) 0 min; (b) after 45 min; and (c) 90 min 
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Figure 5.8.  SEM micrographs of bondline from vacuum diffusion brazing of two 316L 
SS shims with ~8 nm 

Figure 5.9. SEM micrographs of bondline from bonding two 316L SS shims with ~8 nm 
NiNPs deposited using needle dispensing and diffusion brazed at 900°C. 
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Figure 5.10.  X-ray diffraction patterns of NiNPs synthesized in aqueous medium at 80ºC 

Figure 5.11. (a) TEM and (b) high resolution TEM image of NiNPs synthesized in 
aqueous medium at 80ºC in presence of PVP-40K capping agent. 
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Figure 5.12. 3D view and depth profile of NiNPs dispensed on stainless steel substrate. 

Figure 5.13. SEM micrographs of bondline from bonding two 316L SS shims with in-
house prepared  ~4.2 nm NiNPs, deposited via automated dispensing and diffusion 
brazed at 900°C. 
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Chapter 6 

 

 

Summary 
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Chapter 6: Summary 

 
 

 For the proof of concept, a 3003 aluminum alloy was successfully diffusion 

brazed using a Ag nanoparticle (NP) interlayer without the use of fluxes.  Findings 

suggest that during the heating cycle, the AgNPs provide higher diffusivities allowing for 

Ag atoms to transcend the native aluminum oxides and diffuse into the bulk Al forming a 

Ag-Al eutectic alloy. DSC results reveal that ~5 nm AgNPs do exhibit phase change 

below the eutectic temperature of Al-Ag but 50 nm AgNPs do not. The heating rate 

significantly influences the thermal behavior and phase change phenomenon of ~5 nm 

AgNPs and the Al-5 nm AgNP system.  At 25°C/min heating rates, ~5nm AgNP behavior 

seems to lower the temperature for liquid formation in 3003 Al. In the case of ~5 nm 

AgNPs, EDS confirmed the formation of a homogeneous eutectic layer at higher heating 

rates caused by melting, whereas complete and uniform diffusion of the interlayer was 

found at slower heating rates. The highest shear strength obtained for the AgNP-brazed 

aluminum was found at 570°C with failure in the parent metal. Use of the ~5nm AgNP 

interlayer resulted in a reduction in brazing temperature from 570 to 550 °C with a 

nominal decrease in shear strength. Fractures surfaces were shown to have a combination 

of brittle and ductile failure at intergranular and intragranular regions, respectively. By 

incorporating a 1 !m thick sputter-coated Cu film, the shear strength of the Al samples 

brazed at 570ºC with 5nm AgNPs was increased from 45 MPa to 55 MPa.  From this first 

study, it was understood that the size dependent properties of nanoparticle aid diffusion 

brazing at lower temperatures.  

The majority of the MPT devices are prototyped using 316L stainless steel.  

Consequently, the NiNP-assisted diffusion brazing of 316L stainless steel was 

investigated. The key attributes of NiNP to exhibit size-dependent melting properties for 

low temperature diffusion brazing were: average particle size of < 10nm, narrow particle 

size distribution, ability to get suspended, and high purity. For better nanoparticle size 

control, NiNPs were synthesized in-house via different methods.  In the first synthesis 
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approach, a polyol process for synthesizing NiNPs using hydrazine as a reducing agent 

was modified for continuous synthesis.  NiNPs were successfully synthesized in a 

continuous manner with a 10 s residence time to obtain a particle size of 5.3 ± 1.0 nm 

with improved spherical morphology compared to batch synthesis. Regarding reaction 

mechanisms, hydrazine forms two different complexes with Ni before it converts to 

nickel oxide hydroxide and finally to fcc-Ni. The concentration of NaOH was shown to 

have a higher influence on NiNP characteristics and reaction times than temperature.  For 

batch synthesis, nickel nanoparticles of 5.4 ± 0.9 nm were formed with very good 

crystallinity (XRD) at 120˚C using 0.5 M NaOH. Increasing the bath temperature in 

continuous mode resulted in smaller particles of 5.3 ± 1.0 nm with good spherecity. At 

room temperature, saturation magnetization, remanent magnetization and coercivity of 

NiNP with ethylene glycol functional groups were found to be 5.1emu/g, 1.1 emu/g and 

62 Oe. 

 In the second synthesis method, efforts were made to make the process safer.  

Propylene glycol and sodium hypophosphite were selected as the solvent and reducing 

agent, respectively. In addition, microwave (MW) irradiation was chosen as a source of 

heating to make the process less energy intensive. Rapid and volumetric heating by MW 

irradiation resulted in nearly uniform fcc-NiNPs. By varying the molar ratio of 

[Ni+2]:[NaPH2O2]:[NaOH], pure and crystalline NiNP of 3.9 ± 0.8 to 7.2 ± 1.5 nm was 

obtained. Higher NaOH concentration changed the morphology of NiNPs from isolated 

spherical particles to agglomerated nano flowers (72 ± 14 nm). However, HRTEM 

analysis showed that each nanoflower consisted of several primary nanoparticles. The 

open molecular structure of PVP and CTAB allowed these molecules to serve as capping 

agents providing good nanoparticle dispersion in inks. 

 Finally, a hermetic joint was produced in SS 316L using both commercial and in-

house synthesized NiNP inks.  Different deposition techniques were used to continuously 

deposit the NiNPs.  An interlayer patterning method was developed utilizing an 

automated needle dispensing of NiNP inks.  Hermetic test articles capable of multi-

atmosphere hermetic bonds were produced using these interlayer deposition methods in 
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concert with diffusion bonding methods.  For inks using commercial NiNPs, key findings 

included that 8 nm NiNP-based inks were stable even after 90 min.  Inkjetting resulted in 

non-uniform film thickness due to ink splashing and manual head control. Needle 

dispensing of ~8 nm NiNPs and diffusion brazing at 900ºC resulted in hermetic seal up to 

70 psi (max. tested pressure).  For inks produced using in-house synthesized NiNPs, 

NiNPs had a particle size of 4.2 ± 0.6 nm in aqueous solutions. Use of PVP-40K as 

capping resulted in stable suspensions for deposition. Automated dispensing of in-house 

prepared NiNPs ink was demonstrated yielding a uniform film. Owing to the small 

particle size of less than 5 nm, diffusion brazing at 800ºC resulted in hermetic seals up to 

the maximum tested pressure of 70 psi. Owing to smaller particle size (4.2 nm), better 

size distribution (standard deviation of 0.6 nm) and dispersion characteristics, in-house 

synthesized NiNP ink resulted in lowering of brazing temperature by 100ºC compared to 

commercially available NiNP yet yielded a similar performance. 

 

 


