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Transient liquid-phase diffusion brazing is used in precision, hermetic 

joining applications as a replacement for diffusion bonding to reduce cycle times, 

reduce bonding pressure and improve yields.  Studies showed that the interlayer 

used in diffusion brazing can be detrimental due to the use of melting point 

depressants (MPDs). The goal of this study was to investigate the role of 

nanoparticles and their size distribution in reducing bonding temperature of 

stainless steel surfaces for Microfluidic applications, as nanoparticles have 

inherently lower melting point and higher diffusivity than that of their bulk 

counterpart. 

The conventional interlayer has been replaced by a nickel nanoparticle 

(NiNP) film without any MPDs for diffusion brazing of stainless steel 316L 

laminae.  Brazing was carried out in a uni-axial vacuum hot press at temperatures 

750°C, 800°C, 900°C and 1000°C; at a bonding pressure of 10 MPa; at a heating 



rate of 10°C/min and dwell times of 1 and 2 hrs at each temperature. Comparison 

among the conventionally diffusion bonded, diffusion brazed and NiNP diffusion 

brazed samples is made with regard to microstructural evolution, diffusional profile 

and bond strength.  Taken together, the results show that NiNP-assisted diffusion 

brazed samples have continuous bond line with low void fraction and high shear 

strength compared to conventionally diffusion bonded and brazed samples. Also, 

comparing within the NiNP diffusion brazed group, the samples brazed at 900°C 

have the best results.  Effect of particle size on diffusion brazing of stainless steel 

316 was also studied with the help of two different sets of nanoparticles (N1: 

average particle size of 46.7±6.2  nm and N2: average particle size 8.8±0.9 nm.  

Results showed that the sample brazed with 8.8 nm particles indicated better results 

with a more homogeneous bondline structure.  The findings of this work have 

positive implications for the economics of NP-assisted diffusion brazing.   
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1.1. Introduction 

 In recent years, there has been a growing interest in the field of 

microfluidics.  As shown in Figure 1.1, microfluidic devices are primarily classified 

into two groups: analytical microfluidic devices, referred to as Micro Total Analysis 

Systems (μ-TAS), and arrayed microfluidic devices, referred to as Microchannel 

Process Technology (MPT).  While analytical devices are used to produce 

information relying on nano- and pico-liters of fluids, arrayed microfluidic devices 

are designed to process bulk quantities of fluids through the use of microchannel 

arrays.  MPT uses microchannel arrays to facilitate accelerated heat and mass 

transfer within thermal and chemical operations due to higher surface area to 

volume ratios [1,2,3,4].   

 MPT has a unique set of manufacturing requirements.  The characteristic 

dimensions of internal microchannels are in the range of 10 to 500 μm [5]. 

Compared to conventional μ-TAS devices, MPT devices are large with embedded 

microchannel arrays making it difficult to use conventional silicon and glass 

fabrication architectures for achieving precision due to poor economics.  Estimates 

for shape variation across microchannel heat exchanger arrays must be better than 

10% to avoid significant loss in microchannel heat exchanger effectiveness [6]. 

Further, chemical, thermal and mechanical service requirements for many MPT 

applications require non-polymeric approaches to fabrication.  Research into 
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arrayed microchannel manufacturing (AMM) methods is ongoing to economically 

scale up microchannel arrays in engineering materials without deleterious effects.  

 

1.1.1. Microlamination 

Microchannel lamination, or microlamination, is the major 

fabrication technique used for fabricating MPT devices [7,8].  Thin layers of 

engineering material, called laminae, are patterned and then bonded together 

to produce a monolithic device with embedded microchannel arrays.  

 

1.1.1.1. Processing Steps 

  In general, microlamination architectures involves three 

major steps: 1) laminae patterning, 2) laminae registration, and 3) 

laminae bonding.  Figure 1.2 shows an exploded view of a typical 

microchannel array design, which can be used for bulk heat and mass 

transfer applications [4].  Laminae patterning can be done by using 

photochemical machining, laser micromachining, and wire electro 

discharge machining (EDM) among many others processes [6].  

Laminae registration can be done using pins, edge registration, or 

thermally-enhanced edge registration (TEER) [9].  Laminae bonding has 

been implemented by adhesive bonding, solder reflow, or laser welding 

but usually involves diffusion bonding or diffusion brazing [6].  
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Typically, diffusion bonding and diffusion brazing processes are carried 

out in a vacuum hot press, which provides compressive force at elevated 

temperature.   

 

1.1.1.2. Material Systems 

The wide spectrum of service (operating) environments for MPT 

devices requires the use of traditional engineering materials having good 

thermal, mechanical, chemical and physical properties.  The most 

commonly used materials are stainless steel, copper, aluminum alloys, 

titanium and nickel superalloys.  For high-temperature applications, 

ceramics have been explored in microlamination architectures [10].  The 

microlamination of aluminide foils has been investigated by Paul et al. 

[11] for application to high-temperature microchannel heat exchangers. 

 

1.1.1.3. Bonding Processes 

As mentioned above, several bonding techniques are available 

for fabricating MPT devices.  Diffusion bonding and brazing are the two 

most prominent techniques used worldwide [6,12,13,14].  Diffusion 

bonding is a solid state joining process with or without a filler material.  

Diffusion brazing involves the melting and diffusing of a filler material 

into the parent material forming a strong joint.  Both joining processes 
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are usually carried out in a protective atmosphere or in a vacuum to 

prevent oxidation of the metal shims during bonding.   

It is well known that at elevated temperatures, the yield strength 

of metals decreases [15,16]. Concurrent application of both high 

temperature and pressure can accelerate the bonding process by 

plastically deforming surface asperities, leading to more intimate surface 

contact, while simultaneously accelerating the atomic mobility across 

faying surfaces. Consequently, the principal parameters for diffusion 

bonding are temperature, pressure and time.  

Diffusion brazing and bonding take place at temperatures below 

the melting temperature (Tm) of the parent material, typically at (0.5-

0.7)Tm.  The applied pressure is such that no macro-deformation of the 

workpiece happens.  Typical pressure ranges are 5-10 MPa for carbon 

steels, 7-12 MPa for stainless steels and 3-7 MPa for aluminum alloys 

[15,17].   The bonding time varies depending on the applied temperature 

and pressure from several minutes to several hours depending on the 

type of materials and the existence of an interlayer among other 

variables [18]. 

To form a hermetic joint, it is necessary to bring the two surfaces 

into sufficient atomic contact.  No matter how well machined a surface 

is, on a microscopic level the surface is still rough. Typically, a cold 
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rolled metal sheet has an average centerline surface roughness (Ra) of 

approximately 0.5 µm (roughly 2 µm peak-to-valley).  As mentioned, 

application of a certain pressure at the bonding temperature is required 

to bring the surfaces into close contact through plastic deformation of 

surface asperities.  Experiments have shown that lowering the surface 

roughness (Ra) of intermetallic samples results in higher bond strengths 

[19].  

The quality of a bond joint can be evaluated by using a number 

of techniques. These include metallography, ultrasonic inspection and 

the use of mechanical testing procedures such as tensile, impact and lap 

shear tests [18].  

 

1.1.3. Dissertation Chapters 

 This work provides a fundamental basis for understanding the effect 

of nickel nanoparticle (NiNP) films on the diffusion brazing of stainless 

steel surfaces.  The dissertation is divided into six chapters and this section 

describes briefly the contents of each.  

Chapter 2 provides a proof of concept that NiNPs can successfully 

be used to diffusion braze stainless steel surfaces.  Nickel nanoparticles are 

drip coated onto the faying surfaces of stainless steel 316 shimstock and 
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diffusion brazing is carried out at 800°C for 1 hr under 10 MPa of pressure 

in a vacuum hot press.  Post-bonding characterization includes scanning 

electron microscopy (SEM), X-Ray Diffraction (XRD), wavelength 

dispersive spectroscopy (WDS) and lap shear tests for evaluating bond 

structure, compositional analysis, diffusion profile and bond strength, 

respectively.   

Chapter 3 compares a NiNP-assisted diffusion brazing process to 

existing diffusion bonding and brazing techniques for MPT devices.  The 

primary focus is to bond stainless steel 316L laminae in a stack using a 

NiNP interlayer and to compare the bondline with diffusion-bonded samples 

and diffusion-brazed samples using a conventional nickel-phosphorous 

interlayer (NiP) for microstructural evolution, diffusion profile and bond 

strength. Bonding is carried out in a uniaxial vacuum hot press at 1000°C 

with a heating rate 10°C/minute, a dwell time of 2 hours and a bonding 

pressure of 10 MPa.  All samples are characterized using SEM, WDS and 

single lap shear tests.  Metallography was used to assess void fraction 

following a standard statistical procedure. 

Chapter 4 focuses on longitudinal comparison of NiNP-assisted 

diffusion brazing technique at various temperatures and dwell times.  

Stainless steel 316 (SS 316) samples are bonded at 750°C, 800°C, 900°C 

and 1000°C for 1 and 2 hrs each.  A comparative study is carried out using 
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bond structure, diffusion profile and joint strength measurement.  ANOVA 

is performed using shear strength and void fraction data to understand the 

effect of time and temperature on the brazing process. 

Finally, the effect of particle size and particle size distribution on 

NiNP diffusion brazing is studied in Chapter 5.  Two nanopowders having 

average particle sizes of 8.8 nm and 46.7 nm are used.  TEM and dynamic 

light scattering techniques (DLS) are used to determine the average particle 

size and the particle size distribution.  Nanoparticle suspensions are drip 

coated onto SS 316 faying surfaces.  Nanoparticle films are characterized by 

SEM.  Bonding is carried out in a uni-axial vacuum hot press at 900°C and 

1000°C for 1 hr.  Post-bonding characterization includes metallography 

followed by SEM and WDS of cross-sections and lap shear tests.  

Key findings of the research are summarized in Chapter 6.   
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Figure 1.1. Classification of Microfluidic Devices.  Adapted from 

Paul 2006 [6] and Pluess 2004 [20]. 
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Figure 1.2. A microlamination architecture showing MECS device design [4]. 
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2.1 Abstract 

In this research, a novel method for the diffusion brazing of stainless steel 

316 is demonstrated using an interlayer of nickel nanoparticles (NiNPs).  The 

diffusion brazing was carried out at 800°C for 1 hr under 10 MPa of pressure within 

a vacuum hot press.  Post-bonding characterizations included scanning electron 

microscopy, wavelength dispersive spectroscopy and lap shear tests for evaluating 

microstructural growth, diffusion profile and bond strength, respectively.  

Metallographic results show that the bondline is continuous without secondary 

phases having a void fraction of 6.4±2%. Bond shear strength measurements 

confirm the joint strength is comparable to conventional diffusion brazing 

processes. 

 

2.2. Introduction 

Diffusion brazing is a precise, transient-liquid phase process for rapidly 

joining a wide variety of metals and alloys. The process is dependent on a number 

of parameters: bonding temperature, applied pressure, dwell time, interlayer 

conditions, environmental conditions and method of heat application [1,2]. 

Diffusion brazing typically involves holding two or more components under a 

certain load at an elevated temperature usually in a protective atmosphere or 
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vacuum. Temperatures used must be below those which would cause macro-

deformation of the parent material (0.8Tm).  

 Various theoretical models [3,4,5] have been developed to provide an 

understanding of the mechanisms involved in forming a diffusion braze. Tuah-Poku 

et al. [6] modeled the process considering four stages: dissolution of interlayer, 

widening and homogenization of the interlayer, isothermal solidification and 

homogenization of the bond region. To reduce the melting temperature of the filler 

material, the thin interlayer is typically electroplated with a melting point 

depressant (MPD) such as boron, silicon or phosphorous. Upon completion of the 

bonding cycle, the MPDs can combine with the parent material to form 

undesirable, brittle intermetallic phases [7,8]. These phases are known to reduce the 

strength and ductility of brazed joints. A post-braze heat treatment cycle is 

generally required, at somewhat lower temperatures, to drive the brittle phases 

(borides, silicides, phosphides) into the parent matrix. The heat treatment cycle 

may extend from a few hours up to 24 hours or more requiring extra costs, labor 

and resources. Electroplated nickel-phosphorous (NiP) interlayers have been used 

to diffusion braze stainless steels and nickel superalloys.  Kokawa et al. [9] 

demonstrated the melting and diffusion of a NiP interlayer into a Ni superalloy by 

holding at 927°C for 2.5 hrs.  No intermetallic phases were reported.  MacDonald 

and Eager [10] reported that the melting and homogenization of a NiP interlayer 

between pure Ni and a titanium alloy at 1200°C over 16 hrs.  NiP diffusion brazing 
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techniques have been widely used for joining stainless steels to a variety of other 

materials such as Ti alloys [11,12,13] and low alloy steels [14].   

More recently, nanopowders and nanoparticle-reinforced solders have 

begun to be reported in various precision joining applications including high speed 

integrated circuits and microsystems packaging. The advantage of using 

nanoparticles is the high surface energy which has been found to significantly 

reduce the melting point of bulk metals [15,16,17]. Nanoparticle-based brazing 

materials hold the promise of eliminating the use of temperature-suppressing alloys 

and, thereby, reducing the potential for brittle, intermetallic phases along the bond 

line. Mohankumar et al. [18] has studied the effect of single walled carbon 

nanotubes on microstructural characteristics, phase formation and mechanical 

behavior of conventional solders. He found that the addition of nanotubes improved 

the strength and hardness of composite solders. Philip [19] has reported the use of 

nanopowders as filler materials for repair purposes in nickel and cobalt-based 

superalloys.   

In this paper, a nickel nanoparticle-assisted technique for diffusion brazing 

stainless steel is reported.  An interlayer of nickel nanoparticles (NiNPs) is used to 

facilitate the diffusion brazing of stainless steel 316 coupons without the 

precipitation of undesirable secondary phases. The novel process is characterised 
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by an analysis of the microstructural evolution and bond strength of experimental 

coupons. 

 

2.3. Experimental Approach 

Stainless steel 316 shims of 1 mm thickness were cut into 25 mm x 25 mm 

test coupons. After machining, the coupons were deburred and degreased following 

standard procedures. Coupons were dried.  A solution was prepared for applying 

the nanoparticle film as follows:  100 mg of Ni nanopowder (Sigma-Aldrich 99.9 

% metal base) was mixed with 1 ml of a commercial binder Nicrobraz 680 (Wall 

Colmonoy Corporation) and diluted with DI water to make 10 ml of coating 

solution.  The stainless steel substrate was drip coated using a digital dispenser. 

After drip coating, the sample was dried at 200°C for 30 min on a hot plate under a 

fume hood to remove organic substances. Coupons were then stacked and placed in 

a vacuum hot press for brazing. The brazing parameters are given in Table 1.1.   

Table 2.1. Diffusion brazing parameters 

Temperature Pressure Time Ramp rate Vacuum 

800°C 10 MPa 1 hr 10°C/min 3 x 10-5 torr 
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Nickel nanopowder was characterized for particle size using a tunneling 

electron microscope (TEM). Figure 2.1 shows particle sizes in the range of 10 nm 

to 90 nm. The thickness of the coated and dried film was found to be approximately 

5.8±1.8 µm using contact profilometry.  Conventional metallographic techniques 

were used to characterize the bonded coupons.  Void fraction along the bond line 

was calculated by dividing the length of the bond line occupied by voids by the 

total length of the bond line within optical images. The average void fraction was 

found to be 6.4±2.0 %.  

 

2.4. Results and Discussion 

Scanning electron microscopy (SEM) and wavelength dispersive X-ray 

spectrometry (WDS) were used to determine the microstructural evolution and 

elemental diffusion profile along the bond line.  Figure 2.2a shows the SEM image 

of the bond line. From the micrograph, it is clear that the nanoparticles have melted 

and diffused into the stainless steel matrix.  Prior studies investigating the melting 

temperature behavior of pure metallic nanoparticles show this level of melting 

point suppression at much smaller particle sizes [15,16,17].  Efforts are being made 

to investigate whether alloying or particle size distribution may affect this melting 

phenomenon.  Regardless, the bonding process was found to be repeatable yielding 
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a thin, continuous bond line of about 20 µm (Fig. 2b) at a bonding temperature of 

800°C. Bhanumurthy et al. [20] reported a diffusion zone of about 15 µm using 

similar processing parameters for a conventional NiP interlayer.  The presence of 

Fe (~42-49.5wt.%) and Ni (~12.7-41.4wt.%) at the interface indicates substantial 

diffusion of the two elements across the interface. X-ray diffraction (XRD) analysis 

was carried out on the bond line to investigate the formation of intermetallics 

phases. Figure 2.3 shows a standard Fe-Ni binary phase diagram [21].  At 40-60% 

Ni, there is a chance of formation of Fe3Ni and FeNi during cooling cycle.  To 

confirm the formation of any undesirable compounds, XRD analysis was 

performed at the bond line.  Figure 2.4 shows the XRD plot. Results suggest that 

there are no intermetallic phases present along the bond line unlike conventional 

diffusion brazing processes using electroplated NiP interlayer [22].  This confirms 

that there are no intermetallic or secondary phase precipitations along the bondline.  

Bond strength of the coupons was evaluated using a universal tensile tester 

(INSTRON 5567) with a maximum load capacity of 30 kN at a crosshead speed of 

10 mm/sec at room temperature.  Single lap shear test specimens were machined as 

per ASTM specification E8M-96 with a gauge length and width of 20 and 5 mm, 

respectively. The coating process was repeated as previously described. Eight 

samples were tested to check the reproducibility of the results. It was observed that 

the failure takes place at the SS-NiNPs interface. The resultant shear stress-strain 

plot is shown in Figure 2.5a. The maximum shear stress at the fracture point is 
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96.04±12.17 MPa with a strain of 7.9±0.7% which compares favorably to the 

literature. Kundu et al. [8] reported the shear strength of a SS-Ni interface brazed at 

800°C to be 80±5 MPa with a strain of 4±1 % using a conventional diffusion 

brazing process. The fractured surface of the bond joint is shown in Figure 2.5b. It 

is obvious from the image that the fracture is ductile (cup and cone) [23]. 

 

2.5. Conclusions 

A novel method has been demonstrated involving the use of a Ni 

nanoparticle film as an interlayer for the diffusion brazing of stainless steel 316 

laminae.  The NiNPs interlayer has been shown to lower the bonding temperature 

for transient liquid-phase diffusion brazing effectively without using any melting 

temperature depressants (MPDs). The new process helps to achieve better bond 

strength at lower temperature than conventional diffusion brazing processes.  Bond 

lines were found to be free of any undesired brittle intermetallic phases without 

post-bonding heat treatment. 
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Figure 2.1. TEM image of the nickel nanoparticles (NiNPs). 
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Figure 2.3. Fe-Ni binary phase diagram [21]. 
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Figure 2.4. XRD plot of the sample bonded at 800°C, 1 hr. 
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Figure 2.5. (a) Shear stress-strain plot and (b) fractured surface 
of the sample bonded at 800°C, 1 hr.  
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3.1. Abstract 

Transient liquid-phase diffusion brazing is used in precision, hermetic 

joining applications as a replacement for diffusion bonding to reduce cycle times, 

reduce bonding pressure and improve yields.  In the present study, stainless steel 

316L laminae are diffusion brazed with an interlayer of nickel nanoparticles and 

compared to samples joined by conventional diffusion bonding and electroplated 

nickel-phosphorous diffusion brazing.  Comparison is made with regard to 

microstructural evolution, diffusional profile and bond strength.  All bondings were 

carried out in a uni-axial vacuum hot press at 1000°C with a heating rate of 

10°C/minute, a dwell time of 2 hours and a bonding pressure of 10 MPa.  Bond 

strength measurements show that the sample brazed with a nickel-nanoparticle 

(NiNP) interlayer has the lowest void fraction at 4.8±0.9% and highest shear 

strength at 141.26±7.01 MPa.  Wavelength dispersive spectroscopic analysis of 

sample cross-sections shows substantial diffusion of Ni and Fe across the nickel-

nanoparticles bond line.  Scanning electron micrographs show no secondary phases 

along the nickel-nanoparticles bond line.   
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3.2. Introduction 

Diffusion bonding is an autogenous, solid state joining process that can be 

used to join a wide spectrum of similar and dissimilar metals and alloys where 

precise, high-strength bonds are required [1].  Diffusion bonding has been used to 

package stainless steel arrayed microchannel devices, including microreactors and 

heat exchangers [2,3,4].  Problems with diffusion bonding in these applications 

include high temperatures and pressures and long cycle times required to eliminate 

voids along bond lines caused by surface asperities on faying surfaces.   

To circumvent these problems, diffusion brazing processes can be used in 

which a thin intermediate layer (interlayer) melts during the heating cycle yielding 

a transient liquid phase which rapidly diffuses into the parent material producing a 

strong joint.  The process requires intimate contact between faying surfaces held 

under compression at an elevated temperature in a protective atmosphere or 

vacuum.  Loads must be below those which would cause yielding of the parent 

material(s) at temperatures of 0.5 to 0.8 of the melting temperature.  Several 

theoretical models [5,6] have been developed to explain the mechanisms involved 

in diffusion brazing.  The sequence of the bonding mechanism involves dissolution 

of the interlayer, widening and homogenization of the interlayer, isothermal 

solidification, and homogenization of the bond region.  Advantages of diffusion 

brazing over diffusion bonding are shorter cycle times, better yields and lower 
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bonding pressures which can be important for the processing of microscale 

geometries.  

The diffusion brazing technique has been widely used for joining stainless 

steels to a variety of materials such as Ti alloys [7,8,9] Al alloy [10], Cu alloy [11] 

and low alloy steels [12].  Typically, in conventional diffusion brazing processes, a 

thin interlayer is electroplated containing a melting point depressant (MPD) such as 

boron, silicon or phosphorous to reduce the melting temperature of the interlayer. 

Electroplated nickel-phosphorous (NiP) interlayers have been used to diffusion 

braze stainless steels and nickel superalloys.  Kokawa et al. [13] demonstrated the 

melting and diffusion of an NiP interlayer into a Ni superalloy by holding at 927°C 

for 2.5 hrs.  No intermetallic phases were reported.  However, in many 

applications, MPDs can combine with the parent material to form undesirable, 

flakey brittle intermetallic phases [14,15].  These phases can reduce the strength 

and ductility of the bond joint. A long post-braze heat treatment cycle, extending 

from a few hours up to 24 hours, at somewhat lower temperature is generally 

required to break down the brittle phases (borides, silicides, phosphides) into fine 

discrete blocky phases and further drive them into the parent matrix. These heat 

treatment cycles require extra labor and resources and are generally undesirable in 

industry.  
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Various filler materials have been developed in past decades as candidates 

for brazing stainless steel components. Sumitomo Special Metals Company Ltd. 

[16] has developed a brazing filler material comprising of Mn, Ni and Cu, which 

has equivalent melting point as that of copper filler material and has excellent 

corrosion and oxidation resistance.  McGurty et al. [17] claimed to develop a new 

filler alloy for stainless steel brazing consisting of Ni, Cr and Ge having better flow 

characteristics at high temperature than the conventional brazing fillers. Another 

brazing filler material comprising of Ti, Ni and Cu was developed by Ryan et al. 

[18] to join titanium alloys with stainless steel elements.  More recently, 

nanopowders and nanoparticle-reinforced solders have begun to be reported in 

various precision joining applications including high speed integrated circuits and 

microsystems packaging. Mohankumar et al. [19] has studied the effect of single 

walled carbon nanotubes on microstructural characteristics, phase formation and 

mechanical behavior of conventional solders. He found out that the addition of 

nanotubes improved the strength and hardness of composite solders. Philip et al. 

[20] has reported the use of nanopowders as filler materials for repair purposes in 

nickel and cobalt-based superalloys. However, all of these filler materials are alloys 

and therefore offer the possibility of forming deleterious secondary phases. 

In this paper, a novel Ni nanoparticle-assisted technique for brazing 

stainless steel is reported.  An interlayer of Ni nanoparticles (NiNPs) is used to 

facilitate the diffusion brazing of 316 stainless steel coupons without the use of any 
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MPDs. The microstructural evolution and bond strength of experimental coupons 

were investigated and compared with conventional diffusion bonding and brazing 

techniques to assess the validity of the process. 

 

3.3. Experimental Approach 

The objective of this study was to investigate the microstructural evolution 

and bond strength of stainless steel 316 laminae brazed with a Ni nanoparticle 

(NiNPs) interlayer and to compare the results with diffusion-bonded and 

electroplated nickel-phosphorous (NiP) diffusion-brazed samples. Two different 

test article designs were used for examining bond line microstructure and bond 

strength. For bond line microstructure (sample type A), 25 x 25 mm square test 

articles were used. For bond strength (sample type B), a single lap shear joint was 

designed according to the ASTM specification E8M-96 with a gauge length and 

width of 20 and 5 mm, respectively.  Fabrication of the test articles involved 

machining, deburring, registration and diffusion bonding/brazing. For all the test 

coupons, stainless steel 316 shimstock of 1 mm thickness was used.   

All samples were prepared for bonding/brazing by cleaning with acetone, 

methanol and deionized water (AMD) in sequence.  For diffusion bonding samples, 

both type A and B samples were ready for bonding after cleaning. For NiP 
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diffusion brazing samples, an electroplated NiP coating was deposited (Asko 

Processing Inc.) prior to the brazing cycle. For NiNPs diffusion brazing, NiNPs 

(Sigma-Aldrich 99.9 % metal base) were mixed with a commercial binder, 

Nicrobraz 680 (Wall Colmonoy Corporation), and diluted with DI water for drip 

coating. The composition of the solution is as follows: 500 mg Ni NPs, 1 ml binder 

and DI water to a final volume of 10 ml. After mixing the solution in an 

ultrasonicator for 30 min, the NiNPs suspension was drip coated on the faying 

surfaces of the test samples. The peak to valley roughness (Rq) of the cold-rolled 

shim was found to be approximately 2 µm.  Therefore, a minimum thickness of 4 

µm was desired.  The thickness of NiP and NiNPs coatings were measured with a 

contact profilometer (model) and found to be 4.6±0.6 µm and 5.8±1 µm, 

respectively.  The NiNPs were characterized using high resolution scanning 

electron microscopy for particle size and morphology. The NiNPs were mixed with 

water, coated on a stainless steel surface for imaging, dried at 200°C for 30 min on 

a hot plate and imaged using an SEM.  

After coating, shims were dried at room temperature and stacked together 

within graphite fixtures (Figure 3.1).  Fixtures and samples were placed in a 

vacuum hot press (HP 30-4560, Thermal Technology Inc.) for bonding.  After the 

bonding process, the samples were furnace cooled in the vacuum.  Bonding 

parameters are shown in Table 3.1.   
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   Table 3.1. Bonding parameters 

Temperature (°C) 1000 

Pressure (MPa) 10 (uniaxial) 

Ramp rate (°C/min) 10 

Dwell Time (min) 120 

Atmosphere (Vacuum) 3 x 10-5 torr 

 

Bonded assemblies were cross-sectioned using a low speed diamond cutting 

wheel and polished using standard metallographic procedures. Bond lines were 

analyzed qualitatively as well as quantitatively. Void fraction along the bond line 

was calculated by dividing the length of the bond line taken up by air spaces (the 

voids) into the total length of the bond line. Void fraction was measured using 

optical images.  The stainless steel was etched using an aqua-regia solution (3 parts 

HCl and 1 part HNO3 by volume) to reveal the grain structure along the bond line. 

A high resolution scanning electron microscope (Zeiss Ultra-55 SEM) was used to 

image the microstructure and determine the finer structural details within the 

diffusion zone. The elemental composition across the bond line was determined 

using a wavelength dispersive X-ray spectrometer (CAMECA SX-100). Standard 

statistical analyses were used to analyze the data. 
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For bond strength measurement, a single lap shear test was done was 

performed on type B samples using an Instron universal tensile tester (INSTRON 

5567) with a maximum load capacity of 30 kN at a crosshead speed of 10 mm/sec 

at room temperature.  The coating process was repeated as previously described. 

The overlapped zone was positioned at the center of the gauge length. Eight 

samples were tested at each parameter to check the reproducibility of the results. 

The standard stress-strain curves were plotted to analyze the acquired data.   

 

3.4. Results and Discussion 

 Scanning electron microscopic images shown in Figure 3.2 show that the 

nickel nanoparticles sizes are from 10 to 90 nm. The low magnification picture 

confirms that the coating is continuous and the particles are uniformly distributed. 

The high magnification picture shows that the coating is still in particle form. As 

the coated film was dried at 200°C for 30 min, it suggests that the nanoparticles’ 

high surface-to-volume ratio can be utilized at the bonding temperature providing 

high diffusion rate.  SEM images of the bond lines of the samples are shown in 

Figure 3.3 [21]. The sample bonded without any interlayer showed discontinuous 

bond line with void fraction as high as 29.8±4.0 %. The void fractions data is 

plotted in Figure 3.4. The sample diffusion brazed with NiP does have a better 
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bond line but with a secondary phase, which was assumed to be a NiP rich 

intermetallic phase. The void fraction in this case was 11.3±2.0%. The diffusion 

brazed sample with nickel nanoparticles interlayer showed promising results with 

a continuous bond line without any microcracks or secondary phases. The void 

fraction analysis showed that the NiNPs-brazed sample has a better bond line with 

lower void fraction (4.8±0.9%) compared to the conventionally diffusion bonded 

sample or with NiP-brazed sample.  

Figure 3.5 shows the comparative WDS results across the bond lines of all 

three samples. There is no fluctuation in Ni or Fe concentration along the bond 

line in diffusion bonded sample. The concentrations of Fe and Ni at the bond line 

in NiP-brazed sample are approximately 46-47.3 wt.% and 34.5-41.6 wt.%, 

respectively.  In case of NiNPs-brazed sample, the presence of Fe (~48.0-49.6 

wt.%) and Ni (~29.7-33.4 wt.%) at the interface indicates substantial diffusion of 

the two elements across the interface. There was about 5 % P near the bond line in 

NiP-brazed sample, which suggests the present of phosphorus concentrated phases 

at grain boundaries near the bond line.  The diffusional distance of Ni into Fe 

confirmed from the result is approximately 30 µm.   

The bond shear strength was measured using a single lap shear test set up. It 

was observed that the failure takes place in the SS-NiNPs interface. The resultant 

shear stress values for all three samples are plotted in Figure 3.6. The maximum 
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shear strength measured before the bond failure for diffusion bonded, NiP-brazed 

and NiNPs-brazed samples are 121.6±12 MPa, 114.7±11 MPa and 141.26±7.01 

MPa, respectively. The low shear strength of the diffusion bonded samples was 

attributed to the high void fraction, which causes the crack initiation at lower stress 

values.  This can also be seen from the fractographic image (Figure 3.7a).  There 

are large voids present in the middle of small cup and cone structures.  In case of 

NiP brazed sample, it is obvious from the WDS results that the diffusion of Ni into 

parent material was not as significant as the NiNPs brazed sample. Also, the 

secondary precipitates on bond line were suspected to be brittle intermetallic 

phases.  These caused the shear strength of NiP brazed sample to go lower than the 

other two samples.  The fractured surfaces of the bond joints are shown in Figure 

3.7. It is obvious from the images that the fracture mechanism for diffusion bonded 

and NiNPs-brazed samples are ductile (cup and cone) and for NiP-brazed is brittle 

(river markings). In Figure 3.7b, the river markings are clearly visible caused by 

the crack moving through the crystal along a number of parallel planes which form 

a series of connecting plateaus and connecting ledges.  These are indications of 

energy absorption by local deformation [22].  Figure 3.7a and 3.7b clearly show 

cup and cone structure, but the former has a number of large voids. In latter image, 

the structures are more uniformly distributes and presence of bigger cup and cone 

structure depicts the large strains before fracture. This, in turn, says that the NiNPs 

sample has higher ductility than the other two counterparts. 

River markings 
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3.5. Conclusions 

A novel diffusion brazing method has been demonstrated involving the use 

of a Ni nanoparticle film as an interlayer for the diffusion brazing of stainless steel 

316 laminae.  The technique does not require the use of electroplated films with 

melting temperature depressants.  Results show that the shear strength of bonds 

made under identical conditions are roughly 25% higher for NiNPs-assisted 

diffusion brazing than for either conventional NiP diffusion brazing or diffusion 

bonding.  Results also show that the NiNPs approach yielded a continuous bond 

line having greatly improved void fractions over conventional diffusion bonded and 

diffusion brazed approaches.  Void fractions on NiNPs bond lines were decreased 

by more than half over those on NiP bond lines and by more than one sixth over 

those on diffusion bonding bond lines. The NiNPs approach to diffusion brazing 

yielded ductile fracture patterns compared with brittle fracture patterns for 

conventional diffusion brazing.  Diffusion profiles show good penetration for 

NiNPs-assisted diffusion brazing samples. 
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Figure 3.1. (a) Sample type A and (b) sample type B with graphite fixtures. 
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Figure 3.2. SEM images of the nickel nanoparticles film on SS 

substrate at (a) low and (b) high magnifications. 
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Figure 3.3. SEM images of bond line for etched samples (a) diffusion 
bonded, (b) NiP diffusion brazed, and (c) NiNPs diffusion brazed. 
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Figure 3.4. Void fractions of diffusion bonded, NiP-brazed, and 

NiNPs-brazed samples. 
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Figure 3.5. Comparison of different element concentration 
in diffusion bonded, NiP-brazed, and NiNPs-brazed 
samples. 

0

10

20

30

40

50

60

70

80

10 20 30 40 50 60

Diffusion distance, µm

E
le

m
en

t,
  

w
t 

%

Ni_Brazed_NiP
Fe_Brazed_NiP
P_Brazed_NiP
Ni_Brazed_NiNPs
Fe_Brazed_NiNPs



 

49 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Comparison of shear stress of diffusion bonded, NiP-brazed, 
and NiNPs-brazed samples. 
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Figure 3.7. Fractography of (a) diffusion bonded, (b) NiP-
brazed, and (c) NiNPs-brazed samples. 
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4.1. Abstract 

In this study, the effect of temperature and time on nickel nanoparticle 

(NiNP) interlayer-assisted diffusion brazing of stainless steel was investigated. The 

primary focus was to braze stainless steel 316L laminae in a stack using a 

homogeneous NiNP interlayer at different temperatures and to investigate the cross 

sections of brazed samples for microstructure evolution and bond strength.  The 

brazing was carried out in a uni-axial vacuum hot press at temperatures 750°C, 

800°C, 900°C and 1000°C; at a bonding pressure of 10 MPa; at a heating rate of 

10°C/min and dwell times of 1 and 2 hrs at each temperature.  SEM images show 

that the samples brazed above 800°C had a continuous bond line with low void 

fractions.  Samples brazed at 900°C had the maximum shear strength of 

143.02±2.40 MPa.  Wavelength dispersive spectroscopic analysis of sample cross-

sections shows substantial diffusion of Ni and Fe across the bond line.  Analysis of 

variance (ANOVA) demonstrates that time had little effect on bond strength and 

void fractions suggesting the possibility to significantly reduce cycle times using 

this technique.   
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4.2. Introduction 

Diffusion brazing is a transient liquid-phase bonding process for joining a 

wide spectrum of metals, alloys and ceramics. It is a mature technique practiced for 

joining similar and dissimilar metals including steels [1,2,3], Ti-based alloys [4,5], 

Al alloys [6,7,8] and Ni-based superalloys [9,10]. The applications spectrum 

includes petrochemical, chemical, microelectronics, semiconductor, aerospace and 

nuclear industries [11].  The process requires intimate contact between faying 

surfaces held under compression at 0.5 to 0.8 of the melting temperature in a 

protective atmosphere or vacuum.  The process is dependent on a number of 

parameters: temperature, applied pressure, dwell time, application of interlayer and 

method of heat application.     

Several theoretical models [12,13,14] have been developed to explain the 

mechanisms involved in transient liquid phase diffusion brazing.  It is generally 

accepted that the sequence of the bonding mechanism involves dissolution of the 

interlayer, widening and homogenization of the interlayer, isothermal solidification, 

and homogenization of the bond region.  A schematic representation of transient 

liquid phase brazing is shown in Figure 4.1.  Studies suggest that the use of a low 

melting temperature intermediate layer, or interlayer, is a crucial component for a 

hermetic joint. These interlayers contain melting point depressants (MPD) such as 

P, Si and S. For brazing stainless steel surfaces, typically interlayers are 
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electroplated on faying surfaces.  Electroplated interlayers with MPDs can cause 

formation of undesirable secondary phases on brazed bondlines [15,16].  

Interlayers comprised of nanoparticles have been proposed and developed 

over the past two decades as candidates for brazing stainless steel and other alloys 

components. Nanopowders and nanoparticle-reinforced solders have begun to be 

reported in various precision joining applications including high speed integrated 

circuits and microsystems packaging. Mohankumar, et al. [17] has studied the 

effect of single walled carbon nanotubes on microstructural characteristics, phase 

formation and mechanical behavior of conventional solders. He found the addition 

of nanotubes improved the strength and hardness of composite solders. Philip, et al. 

[18] has reported the use of nanopowders as filler materials for repair purposes in 

nickel and cobalt-based superalloys. They demonstrated the use of Ni, Co, Cr, Al 

and other nanopowders as fillers with braze material for repairing purposes. A thin 

layer of sputtered MPD was used to reduce the melting point of the interlayer 

which limited the amount of MPD to much lower levels than previously reported.   

Recent research in nanotechnology has investigated the use of nanoparticles 

as filler material for diffusion brazing to eliminate MPDs from bondlines as well as 

to improve cycle times and reduce process conditions.  It is well known that as the 

size of the particle decreases beyond a certain critical value, the melting 

temperature deviates from the bulk based on the ratio of surface to bulk atoms [19].  
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Tiwari, et al. [20] investigated a novel Ni nanoparticle-assisted technique for 

brazing stainless steel, in which an interlayer of Ni nanoparticles (NiNPs) was used 

to facilitate the diffusion brazing of 316 stainless steel coupons without the use of 

MPDs.  The microstructures and bond strengths of NiNP-assisted diffusion brazed 

samples were found superior to conventionally diffusion bonded and brazed 

samples when using the same parameters.   

Based on a review of the literature, this study aims to investigate the impact 

of parameters associated with using nickel nanoparticle interlayers for the vacuum 

brazing of stainless steel 316.  In particular, the effect of time and temperature on 

the NiNP-assisted diffusion brazing of stainless steel is studied.  Nickel 

nanopowders are drip coated onto stainless steel faying surfaces and brazed at 

different temperatures ranging from 750°C to 1000°C for 1 hr and 2 hrs each.  

 

4.2.1. Background 

There are two motivations for pursuing the use of nanoparticles as 

interlayers in diffusion brazing: low melting temperature and higher 

diffusivity.  As mentioned above, the melting temperatures of metallic, 

organic and semiconductor nanoparticles have been found to be lower than 

that of the bulk material and decreases with decreasing particle size [21,22].  

Models have been constructed to account for the dependence of melting 
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temperature on particle size, and the nanoparticles are assumed as spherical 

in all models [23,24].  Safaei, et al., [25] and Lai, et al., [26] proposed a 

model showing an inverse relationship between the melting point and the 

particle size.  Zhang, et al., [27] and Guisbiers, et al., [28] also showed the 

same trend.   

 Shandiz, et al., [29] proposed a model relating melting point of 

nanoparticles to the particle size. The melting temperature is expected to be 

a linear function of the reciprocal size of nanoparticles,  

   

 

where Tmp and Tmb are the melting temperature of nanoparticle and its bulk 

counterpart, respectively, D is the size of the nanoparticle and A is a 

material constant.  This model was compared with the different pre-existing 

models (bond energy model and liquid drop model) and the results were 

found to be comparable [30].  The authors showed that the Tmp can be 

anywhere between 0.5Tmb to Tmb, depending upon the size of the 

nanoparticles.  These findings were also supported by Nanda [31] based on 

a thermodynamic model suggesting that the melting temperature varies by 

material and that the linear relationship between particle size and melting 
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temperature is oversimplified. Further, Nanda proposed that different facets 

of the same material can exhibit different melting processes based on 

comparisons of different researchers’ experimental data for melting Sn 

nanoparticles showing that the melting temperature can range between 50°C 

and 200°C for 2 nm to 10 nm diameters. Jiang, et al., [32] proved that nano 

Ag powder having 2 nm grain size can form liquid phases at ~200oC, much 

lower than the bulk melting point of 962oC. It was also shown by Puri, et 

al., [33] that the Tm of nano Al decreases drastically from 660oC at 8 nm to 

200oC at 2 nm.  

In addition, nanoparticles can provide high solid state diffusivities.  

Kozaki, et al., [34] used compacted bentonite to show the effect of particle 

size on diffusion rate. He found the smaller particles provide better 

densification through faster diffusion rate. Zhu, et al., [35] provided 

evidence that the sintering of nanoparticles can be achieved in matter of 

nanoseconds. He used 5 nm particles of Cu and Ni and found the sintering 

time in picoseconds. Coble, et al., [36] has shown that the smaller particles 

assist in densification rate using a two particle sintering model.  Stepanov, 

et al., [37] also showed evidence of rapid shrinkage of ultra-dispersed 

powders with a particle size of less than 100 nm. 
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Sintering usually occurs at temperatures in excess of approximately 

0.5 Tm with spherical particles smaller than 1 mm in size.  For 

nanoparticles, the high surface-to-volume ratio ensures that surface forces 

dominate. Sintering lowers the surface energy by lowering the surface area 

with concomitant formation of interparticle bonds [38].  The bond grows by 

various mechanisms: solid state diffusion, liquid phase sintering etc. The 

liquid phase promotes bonding, contributes a capillary force, and usually 

enhances the rate of mass transport.  

 A number of theoretical sintering models (DeHoff [39], Wang, et 

al. [40], Rahaman, et al. [41], Hunghai, et al. [42]) have been developed 

showing the relationship between densification rate and particle size. 

Densification rate is directly proportional to the diffusion rate. The 

theoretical model for sintering powders developed by Hunghai et al. based 

upon Henson’s model greatly simplifies the process and depicts the 

relationship between the final density and particle size. The model assumes 

spherical and monodispersed particles. The model is shown below 
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where, L is length of the sample (m), t is time (sec), γ is surface energy 

(J/m2), Ω is atomic volume (m3), k is Boltzman’s constant = 1.38066 x 10-23 

J/K, T is absolute temperature (K), G is mean particle size (m), Dv is 

volume diffusion coefficient (m2/sec) Db is grain boundary diffusion 

coefficient (m2/sec), δ is width of the inter-particle boundary (m) and Γv, Γb 

are scaling factors representing volume and inter-particle (grain) boundary 

diffusion. The fourth root term was neglected because at high temperature 

sintering, the only mechanism significant is volume diffusion.  

 German [43] postulated that the densification rate is inversely 

proportion to the cube root of particle size. In mathematical form it can be 

shown as 

 

 

where, g is the collection of geometric terms typically near 5, Ω is atomic 

volume (m3), γsv is interfacial energy (J/m2), Dv is volume diffusion co-

efficient (m2/sec), k is Boltzmann’s constant = 1.38066 x 10-23 J/K, T is 

temperature (K), G is particle size (m), and Vs is fractional porosity. This 

model clearly shows that the smaller particles assist in densification rate e.g. 
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decreasing the particle size by 103 (micro to nano) will increase 

densification rate by 109. 

 

4.2.2. Research Objectives 

As mentioned above, nanoparticles provide better solid state 

diffusivities and possess low melting temperature.  The objective of this 

research is to study the effect temperatures and time on nickel 

nanoparticles-assisted diffusion brazing of stainless steel 316.    

 

4.3. Experimental Approach 

4.3.1. Experimental Design 

This study aimed to optimize the parameters for diffusion brazing of 

stainless steel 316 laminae using a Ni nanoparticle (NiNP) interlayer.  

Based on literature and factorial design, a total of eight experiments were 

proposed. The parameters of all the experiments are shown in Table 4.1.  
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Table 4.1. Brazing parameters 

Sample 1a 1b 2a 2b 3a 3b 4a 4b 

Temperature 750°C 800°C 900°C 1000°C 

Time (min) 60 120 60 120 60 120 60 120 

Pressure 10 MPa 

Atmosphere Vacuum (>10-5 torr) 

Ramp rate 10°C/min 

  

4.3.2. Sample Preparation 

Two different test article designs were used for evaluating bond line 

microstructure and bond strength.  For bond line microstructure (sample 

type A), 25 x 25 mm square test articles were used. For bond strength 

(sample type B), a single lap shear joint was designed according to the 

ASTM specification E8M-96 with a gauge length and width of 20 and 5 

mm, respectively.  Fabrication of the test articles involved machining, 

deburring, registration and brazing. For all the test coupons, stainless steel 

316 shimstock of 1 mm thickness was used.  

NiNPs (Sigma-Aldrich 99.9% metal base) were mixed with a binder 

(Nicrobraz 680, Wall Colmonoy Corporation) and diluted with DI water for 



 
 
 

 

 

65 

drip coating. The composition of the solution is as follows: 500 mg Ni NPs, 

1 ml binder and DI water to a final volume of 10 ml.  After mixing the 

solution in an ultrasonic bath for 30 min, the NiNPs suspension was drip 

coated on the faying surfaces of the test samples.  A minimum coating 

thickness of 4 µm was selected for intimate contact of faying surfaces due 

to an approximately 2 µm peak to valley roughness (Rmax) of the cold-rolled 

shim. 

The NiNPs were characterized using transmission electron 

microscope (TEM) for particle size and morphology.  NiNPs were mixed 

with water, coated on a stainless steel surface, dried at 200°C for 30 min on 

a hot plate and imaged using a high resolution scanning electron 

microscopy (SEM).  The thickness of NiNP coatings was measured with the 

help of high resolution SEM images and was found out to be 5.8±1.1 µm.  

After coating, stainless steel laminae were dried at room temperature and 

stacked together within graphite fixtures (Figure 4.2).  Fixtures and samples 

were placed in a vacuum hot press (HP 30-4560, Thermal Technology Inc.) 

for brazing.  Based on conventional diffusion brazing of stainless steel 

literature, 8 different temperature-time sets were chosen using design of 

experiments as shown in Table 1.  After the brazing process, the samples 

were furnace cooled in vacuum.  The brazing cycle is shown in Figure 4.3. 
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4.3.3. Characterization Techniques 

Brazed assemblies were cross-sectioned using a low speed diamond 

cutting wheel and polished using standard metallographic procedures. Bond 

lines were analyzed qualitatively as well as quantitatively. Void fraction 

along the bond line was calculated by dividing the length of the bond line 

taken up by air spaces (the voids) by the total length of the bond line. Voids 

were was measured using optical images.  The stainless steel was etched 

using an aqua-regia solution (3 parts HCl and 1 part HNO3 by volume) to 

reveal the grain structure along the bond line. A high resolution scanning 

electron microscope (Zeiss Ultra-55 SEM) was used to image the 

microstructure and determine the finer structural details within the diffusion 

zone. The elemental composition across the bond line was determined using 

a wavelength dispersive X-ray spectrometer (CAMECA SX-100). Standard 

statistical analyses were used to analyze the data.  For bond strength 

measurement, type B samples were used.  The coating process was repeated 

as previously described and samples were brazed with same set of 

parameters.  An Instron universal tensile tester (INSTRON 5567) was used 

with a maximum load capacity of 30 kN at a crosshead speed of 10 mm/sec 

at room temperature. The overlapped zone was positioned at the center of 

the gauge length. Eight samples were tested at each parameter to check the 

reproducibility of the results. The standard stress-strain curves were plotted 
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to analyze the acquired data.  The fractured surfaces were analyzed using 

SEM. Two way ANOVA was performed to determine the significance of 

time and temperature on void fraction and shear strength. 

 

4.4. Results and Discussions 

 

 4.4.1. Nanoparticles Film Characterization 

Figure 4.4 shows the TEM image of the nickel nanoparticles. It is 

obvious from the image that the particles are spherical and approximately 

10 nm to 90 nm.  Figure 4.5 shows the images of nickel nanoparticles film 

at low and high magnifications, respectively. The film is continuous without 

cracks and particles are uniformly distributed. Close examination of the film 

at high magnification (Figure 4.5b) reveals that the film is still in particle 

form (unagglomerated).  

 

4.4.2. Bondline Characterization 

SEM images of the bond lines of the samples are shown in Figure 

4.6. The samples brazed at 750°C for 1 hr and 2 hrs show discontinuous 
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bond lines with void fractions as high as 16.3±4.1 % and 15.8±4.0 %, 

respectively.  A comparison of the images of samples bonded for 1 hr and 2 

hrs at all temperatures shows there is no significant difference in bond lines. 

The samples brazed at 800°C and above have continuous bond line with 

low void fractions.  The void geometry at 750°C suggests that the diffusion 

is limited to solid state.  From Figure 4.6a and 4.6b, it is envisaged that 

there was no liquid formation and the width of bond lines of samples 

bonded at 750°C is about 20 µm.  As liquid state diffusion is faster and also 

causes capillary effect to reduce porosity, it creates rounded pores.  This 

suggests that there may be little diffusion of Ni into Fe or vice-versa and 

only in solid state at 750°C.  The void fraction data is plotted in Figure 4.7.  

As the temperature increases beyond 750°C, the bond line widens and 

reaches to about 30-35 µm at 1000°C.   

Samples bonded at 800°C, 900°C, and 1000°C show round 

porosities on the bond line suggesting melting behavior.  Based on the 

established size-dependent models [25,31,32,39], melting of 10 – 90 nm 

NiNPs at 800°C is not feasible.  Puri, et al., [33] have mentioned that 

beyond 10 nm there is a significant reduction in melting point of 

nanoparticles due to an increased proportion of surface atoms.  To support 

the SEM results, a set of heating experiments were performed at all 4 

temperatures. 
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4.4.3. Heating Experiments and Melting Behavior 

A set of heating experiments was conducted with nickel 

nanoparticles in vacuum hot press without any pressure at all four 

temperatures, namely 750°C, 800°C, 900°C, and 1000°C. Approximately 

50 mg of nickel nanoparticles was heated under vacuum for 1 hr at 

10°C/min.  Figure 4.8 shows the particles before and after the experiment.  

At 900 and 1000°C, particles have clearly undergone phase change. This 

experiment appears to suggest that the particles are melting at 900°C and 

beyond compared to the bulk melting point of 1455°C.  

An explanation is provided with the help of liquid skin melting and 

liquid phase sintering theories.  Nanda [31] suggested that there are 

different melting mechanisms for nanoparticles depending on the material 

systems. One of the mechanisms, called liquid skin melting (LSM), 

considers the formation of a liquid layer over the solid core at a low 

temperature that grows until the particle transforms completely to liquid 

phase at the NP melting temperature (Figure 4.9).  Even in the absence of 

complete melting at the bonding temperature, surface melting is enough to 

introduce faster diffusion of Ni across the bond line and to soften particles 

making them more deformable under bonding pressures leading to a more 

continuous bondline.  Peters et al. [44] suggested that liquid skin melting 
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happens even 10-15% lower temperatures than the suggested size dependent 

melting temperatures. 

The nickel nanoparticles used in this experiment were found to have 

a wide particle size distribution ranging from below 10 nm to 90 nm.  Based 

on literature, smaller particles (below 10 nm) start melting first and begin to 

coalesce with surface melt covering bigger particles assisted by capillary 

action. According to classical sintering theory [43], rearrangement starts 

after melt formation. Primary rearrangement involves individual particles 

and liquid spreading to create cluster of wetted particles with closer 

packing. Secondary rearrangement involves particle disintegration into 

fragments producing smaller particles depending on the liquid penetration 

of grain boundaries. This suggests that the pressure fields during bonding 

may further help in melting of nanoparticles at lower temperature.  

 

 

4.4.4. Diffusion Profile 

Figure 4.10 shows the comparative WDS results across the bond 

lines of all eight samples. The Ni concentrations at 750 and 800°C do not 

support significant diffusion of the elements across interface.  Samples 

brazed at 900°C and 1000°C for both 1 hr and 2 hrs appear to support 
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greater diffusion rates.  There is not much difference in the samples brazed 

for 1 hr and 2 hrs.  Based on the discussion above, it is proposed that at a 

certain point beyond 800°C, the NiNPs begin to melt and the rate of 

diffusion of Ni into bulk Fe increases producing wider and more uniform 

bondline.  As observed above, the diffusional distance of Ni into Fe is 

approximately 30 µm.    

  

4.4.5. Shear Strength and Fractography 

The shear strength of the brazed joints as a function of bonding 

temperature and time are shown in Figure 4.11.  The shear strength is the 

lowest at a bonding temperature of 750°C for both 1 and 2 hr samples.  Low 

processing temperature leads to a minimum thermal excitation lower 

diffusion of Ni and Fe at the interface causing high void fraction.  

Increasing the bonding temperature above 750°C increases shear strength 

and ductility of the sample.  Beyond 800°C, high surface-to-volume ratios 

facilitate surface melting and promote faster diffusion rates. A maximum 

strength of 143.02±2.40 MPa with a ductility of 21.27±1.30 % is achieved 

at 900°C due to increasing contact area between the mating surfaces that 

improves and also promotes inter-diffusion which in turn increases the 
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width of the Ni–Fe interface.  With a further rise in bonding temperature to 

1000°C, no improvement in strength and ductility was observed.  

The brazed joints all failed in the SS–Ni interface. The fractured 

surfaces of the bond joints are shown in Figure 4.12. It is obvious from the 

images that the fracture mechanism for brazed samples were ductile (cup 

and cone) [45].   Although, the samples brazed at 750°C show ductile 

failure, shear strength is lower because of higher void fraction (Figure 4.12a 

and 4.12b).  Samples brazed at 800°C and beyond having higher shear 

strength show uniform cup and cone structure and lower void fractions. 

Going from 800°C to 900°C shows significantly larger cup and cone 

structures due to larger strain values.  Though, there are some voids visible 

on 1000°C bondline, which are attributed to the non-uniform film coating.  

Wide particle size distribution (PSD) may have contributed to the non-

uniformity of the coated films.  Also, smaller particles melt faster than the 

large particles. So, large particles may slow down the diffusion process 

leaving behind pores.  Therefore, it is conceived that the wide PSD could be 

one of the reasons for left-over voids, even at higher temperatures.  Effect 

of particle size and PSD are studied in next chapter.  There is no distinction 

seen between the 900°C and 1000°C fractured surfaces.  
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4.4.6. ANOVA 

A two-way ANOVA was performed to understand the effect of time 

and temperature on void fractions and shear strengths of the samples brazed 

at different parameters. Table 2a and 2b show the results for void fraction 

and shear strength, respectively. For both properties, the p-value for 

temperature was found to be significant (less than 0.05).  For time, p-values 

suggest it is an insignificant parameter for both void fraction and shear 

strength.  This implies that the cycle times for brazing stainless steel 

surfaces can be reduced significantly by using nickel nanoparticles. 

Table 4.2a. ANOVA result for void fraction data 

 

 

 

Table 4.2b. ANOVA result for shear strength data 

 

 

Source Sum of Squares DF Mean Squares P-Value

Main Effects

A (Temperature) 180.375 3 60.125 0.0002

B (Time) 1.125 1 1.125 0.0577

A-B (Interaction)

residuel 0.375 3 0.125

Total 181.875 7

Source Sum of Squares DF Mean Squares P-Value

Main Effects

A (Temperature) 2927.07 3 975.689 0.005

B (Time) 37.15 1 37.145 0.463

A-B (Interaction)

residuel 59.15 3 19.716

Total 3023.36 7
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4.5. Conclusions 

An investigation was conducted into the use of nickel nanoparticle (NiNP) 

interlayer for diffusion brazing stainless steel 316.  Maximum bond strengths of 

143.02±2.40 MPa and 141.08±3.10 found for samples that were bonded above 

800°C.  The temperature for brazing was found to be significant while the bonding 

time was not.  Metallographic and fractorgraphic analysis reveal a large decrease in 

void fraction above 800°C.  WDS analysis reveals superior diffusion above 800°C 

causing an increase in bondline width (diffusional distance across bondline).  Heat 

treatment experiments with powders suggest phase change above 800°C which is 

unusual for powder sizes greater than 10 nm.  It is suggested that surface melting 

and bonding pressure assisted in rearrangement of powders leading to bond joints 

with low void density.  ANOVA results indicate that the brazing cycle times can be 

reduced significantly by using nickel nanoparticle (NiNP) interlayer.  These results 

suggest that NiNP-assisted diffusion brazing of stainless steel can be performed at 

temperatures well below the melting temperatures of bulk Ni with brazing times 

below one hour making the process more affordable and more energy efficient.   
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Figure 4.1. Different stages of TLP brazing. The arrow indicates  
the direction of movement of the solid-liquid interface [15]. 
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Figure 4.2. (a) Sample type A and (b) sample type B with graphite fixtures. 
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Figure 4.3. Brazing cycles. 
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Figure 4.4. TEM image of nickel nanoparticles (NiNPs). 
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Figure 4.5. SEM images of the nickel nanoparticles film on SS 
substrate at (a) low and (b) high magnifications. 
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 Figure 4.6. SEM images of NiNP diffusion brazed samples: (a) 750°C, 1hr; (b) 
750°C, 2 hrs; (c) 800°C, 1hr; (d) 800°C, 2 hrs; (e) 900°C, 1hr; (f) 900°C, 2 hrs;  
(g) 1000°C, 1hr; and (h) 1000°C, 2 hrs. 
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Figure 4.7. Void fraction data for NiNPs diffusion brazed samples. 
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Figure 4.8. NiNPs (a) as received and after heating to (b)750°C, (c) 800°C, 
(d) 900°C and (e) 1000°C for 1 hr in vacuum.  
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Figure 4.9. Liquid skin melting (LSM) concept proposed by Nanda [43]. 

Solid 

Liquid 

Solid core with 
liquid layer 

Solid core with 
thicker liquid layer 

T1 

T2 

Tcm 



 
 
 

 

 

85 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

5 10 15 20 25 30 35 40 45

Diffusion distance, µm

E
le

m
en

t.
 w

t.
%

Fe_750°C Ni_750°C Fe_800°C Ni_800°C

Fe_900°C Ni_900°C Fe_1000°C Ni_1000°C

0

20

40

60

80

5 10 15 20 25 30 35 40 45

Diffusion distance, µm

E
le

m
en

t.
 w

t.
%

Fe_750°C Ni_750°C Fe_800°C Ni_800°C

Fe_900°C Ni_900°C Fe_1000°C Ni_1000°C

Figure 4.10. WDS results showing diffusion profile of NiNPs brazed  
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Figure 4.11. Shear strength data for NiNP diffusion brazed samples. 
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Figure 4.12. Fractographs of NiNP diffusion brazed samples: (a) 750°C, 1hr; 
(b) 750°C, 2 hrs; (c) 800°C, 1hr; (d) 800°C, 2 hrs; (e) 900°C, 1hr; (f) 900°C, 
2 hrs; (g) 1000°C, 1hr; and (h) 1000°C, 2 hrs. 
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5.1. Abstract 

 This study aims to investigate the effect of average particle size and particle 

size distribution (PSD) on the nickel nanoparticle diffusion brazing of stainless 

steel 316 surfaces.  Two nanopowders with average particle sizes of 8.8±0.9 nm 

and 46.7±6.2 nm were characterized using transmission electron microscopy 

(TEM) and dynamic light scattering (DLS) techniques.  The stainless steel 316 test 

coupons were diffusion brazed in a uni-axial vacuum hot press at temperatures of 

800°C and 1000°C, at a pressure of 10 MPa, at a ramp rate of 10°C/min and for a 

bonding time of 1 hr.  The bondlines were evaluated using optical microscope 

(OM), scanning electron microscope (SEM), wavelength dispersive spectroscopy 

(WDS) and a single lap shear test.  Evaluation showed that the sample brazed with 

8.8 nm particles indicated better results with a more homogeneous bondline 

structure.  This suggests that the upper limit of the particle size distribution is the 

critical factor for governing bondline voids and bonding strength within Ni 

nanoparticle diffusion brazing and suppression of this upper limit may lead to 

further reductions in diffusion brazing temperatures. 
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5.2. Introduction 

Nanoscale metallic powders have experienced rapid development in recent 

years because of surface-dominated properties which differ from those of bulk 

materials. Metallic nanoparticles have found novel applications in electronics, 

catalysis, ceramics and structural components among others [1,2,3].  It is a well 

established fact both experimentally and theoretically that the melting temperature 

of nanoparticles is dependent on particles size [4,5,6,7,8].  This phenomenon was 

first reported by Pawlow in 1909.  He developed a thermodynamic model, which 

suggested the melting point of nanoparticles is inversely related with particle size 

[9].  Subsequently, several researchers investigated the phenomenon and different 

theories evolved relating melting point depression and the size of nanoparticles.  

Melting temperature of nanoparticles (Tmp) depend on the particle size (D) as 

follows [10,11,12,13]: 

 

 

where, Tmb is the melting temperature of the bulk metal and A is a material 

constant.  Nanda [14] compared different researchers’ experimental data for 

melting Sn nanoparticles showing that the melting temperature can vary between 

50°C and 200°C for 2 nm to 10 nm diameters.  Jiang, et al., [15] proved that nano 
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Ag powder having a particle size of 2 nm can melt approximately at 200˚C, much 

lower than the bulk melting temperature of 962˚C.  Puri, et al., [16] showed that the 

melting temperature of nano Al decreases drastically from 660˚C at 8 nm to 200˚C 

at 2 nm.  Elsewhere, Coombes [17] showed that the melting temperature of Pb can 

be reduced to 0.6Tm by reducing the particle size to 5 nm.   

 Prior studies have shown that metallic nanoparticles can be used as filler 

materials in brazing and soldering processes to improve strength and properties of 

joints [18,19,20,21].  Tiwari and Paul [22] experimentally showed that a 

distribution of 10-90 nm diameter nickel nanoparticles appeared to start melting 

between 750 and 800˚C during the vacuum diffusion brazing of stainless steel 316, 

which is well below the melting point of bulk nickel (1455˚C).  These results seem 

to contradict conventional size-dependent models of nanoparticle melting behavior. 

 Some researchers have proposed that the melting behavior of nanoparticles 

involves the formation of a liquid skin on the highly curved surfaces of 

nanocrystals prior to melting [23].   According to liquid skin melting (LSM) theory, 

skin melting happens at temperatures below the melting temperature of the bulk 

nanoparticle and is non-linear [24].  Peters et al. experimentally showed that the 

liquid skin on 50 nm Pb nanocrystals grows at roughly 0.1 nm per 1% temperature 

change as the temperature approaches the melting temperature suggested by size 

dependent melting models [25].  Despite these efforts, structural evidence of skin 
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or surface melting phenomenon of nanoparticles is still suspect despite several 

experimental studies [26,27,28].   

 Classical transient liquid phase sintering theory [29] suggests that the 

rearrangement of particles starts after melt formation requiring two stages.  Primary 

rearrangement involves individual particles and liquid spreading to create clusters 

of wetted particles with closer packing.  Secondary rearrangement involves particle 

disintegration into fragments, producing smaller particles depending on the liquid 

penetration of grain boundaries.  This suggests that the pressure fields during 

bonding may further help in the melting of nanoparticles at a lower temperature.   

 Liquid skin melting theory and transient liquid phase sintering theory 

provide a concept for how melting behavior can be experienced below the melting 

temperature suggested by size dependent models.  This paper investigates the effect 

of two different Ni nanoparticle size distributions on the diffusion brazing of 

stainless steel 316.  The primary objective of this paper is to understand the effect 

of particle size and size distribution on nickel nanoparticle-assisted diffusion 

brazing of stainless steel surfaces.  Knowledge of this behavior will help in 

estimating the particle size required to achieve a hermetic joining at a particular 

temperature via melt formation.  Stainless steel 316 laminae were vacuum diffusion 

brazed with two different nanoparticle distributions (N1: 46.7±6.2 nm average 

particle size with wide PSD and N2: 8.8±0.9 nm particle size with narrow PSD) at 
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800˚C and 1000˚C.  Bondlines were compared to determine the effect of particle 

size and size distribution.   

 

5.3. Experimental Approach 

 

5.3.1. Particle Size Characterization 

Two nanopowders with different particle sizes and particle size 

distributions (PSDs) were outsourced from vendors.  The wider PSD with 

higher average particle size (sample N1) was acquired from Sigma-Aldrich 

and the narrower PSD with lower average particle size (sample N2) from 

Alfa-Aesar.  Average particle size and PSD were characterized by 

transmission electron microscopy (TEM) and dynamic light scattering 

(DLS).  For TEM, a very dilute solution (10-2 vol%) of particles in ethanol 

was prepared and put in an ultrasonic bath for 15 min. for deagglomeration.  

Solution was then dispensed on a copper grid and dried for imaging.  For 

DLS, a dilute solution (10-2 vol%) was prepared using DI water and poured 

into a 3.5 mL transparent cuvette.  The cuvette was then inserted into a 

sample chamber in the particle size analyzer (90Plus, Brookhaven 

Instruments Corporations).  A LASER of wavelength less than 250 nm was 
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passed through the cuvette and data was collected.  For N1, DLS didn’t 

provide adequate results due to agglomeration, so particle size distribution 

calculation was done manually with the help of TEM image.   

 

5.3.2. Suspension Preparation 

Both NiNPs were mixed with a commercial binder, Nicrobraz 680 

(Wall Colmonoy Corporation), and diluted with DI water for drip coating. 

The composition of the solution is as follows: 500 mg NiNPs, 1 ml binder 

and DI water to a final volume of 10 ml.  After mixing the solution in an 

ultrasonicator for 30 min, the NiNPs suspensions were ready for coating. 

 

5.3.3. Sample Preparation 

 Fabrication of the test articles involved machining, deburring, 

registration and diffusion brazing.  For all test coupons, stainless steel 316 

shimstock of 1 mm thickness was used. For bond line microstructure 

(sample type A), 25 x 25 mm square test articles were used.  For bond 

strength (sample type B), a single lap shear joint was designed according to 

the ASTM specification E8M-96 with a gauge length and width of 20 and 5 

mm, respectively.   The images of sample design are provided in chapter 4.  
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All samples surfaces were cleaned with acetone, methanol and deionized 

water (AMD) in sequence before coating.  After drying the clean substrates, 

NiNPs suspension was drip coated on the faying surfaces.  The deposited 

films were left under fume hood for drying at room temperature.  Then two 

laminae (one coated and another uncoated) were bonded together in a uni-

axial vacuum hot press (HP 30-4560, Thermal Technology Inc.).  The bonding 

parameters and sample details are provided in Table 5.1.  All the samples 

were bonded under high vacuum (>10-5) and a ramp rate of 10°C/min.  The 

bonded laminae were removed from vacuum hot press after cooling and 

prepared for post-bonding characterizations. 

 Table 5.1. Bonding parameters 

Sample Temperature Pressure Time 

800°C 
N1-brazed 

1000°C 
10 MPa 1 hr 

800°C 
N2-brazed 

1000°C 
10 MPa 1 hr 

 

5.3.4. Characterization 

 The thickness of NiNPs coatings were measured using a SEM 

image.  The surface was coated after taping both ends of stainless steel 

substrate.  After drying at room temperature, the tape was removed and an 
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edge of coating is revealed for imaging.  The edge of coating was captured 

by tilting the camera by 16 degrees.  By using trigonometric method, 

thickness of the coating was calculated.   

 Bonded assemblies were cross-sectioned using a low speed diamond 

cutting wheel and polished using standard metallographic procedures. Bond 

lines were analyzed qualitatively as well as quantitatively. Void fraction 

along the bondline was measured using optical images. It was calculated by 

dividing the length of the bondline taken up by air spaces (the voids) with 

the total length of the bondline.  The cross sections were etched using an 

aqua-regia solution (3 parts HCl and 1 part HNO3 by volume) to reveal the 

grain structure along the bondline. A high resolution scanning electron 

microscope (SEM) (Zeiss Ultra-55 SEM) was used to image the 

microstructure and determine the finer structural details in diffusion zone.  

The elemental composition across the bond line was determined using a 

wavelength dispersive X-ray spectrometer (CAMECA SX-100). Standard 

statistical analyses were used to analyze the data. 

For bond strength measurement, a single lap shear test was 

performed on type B samples using an Instron universal tensile tester 

(INSTRON 5567) with a maximum load capacity of 30 kN at a crosshead 

speed of 10 mm/sec at room temperature.  The overlapped zone was 
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positioned at the center of the gauge length. Eight samples were tested at 

each parameter to check the reproducibility of the results.  

 

5.4. Results and discussion 

 

 5.4.1. Nanoparticles Characterization 

 Figure 5.1 shows the TEM images for both nanopowders.  Because 

of the agglomeration issue, N1 could not be analysed using DLS, so particle 

size distribution calculations were done manually using TEM images.  

Average particle sizes for N1 and N2 are 46.7±6.2 nm and 8.8±0.9 nm, 

respectively.  Results of particle size distribution analysis are shown in 

Table 5.2. 

  Table 5.2. Particle size distributions 

Particle Size (nm) 
Sample 

D10 D50 D90 

N1 9.1±4.8 46.7±6.2 93.8±6.9 

N2 6.7±0.9 8.8±0.9 11.2±0.8 
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 5.4.2. Film Characterization 

  Thickness of coated nanoparticles films were measured using SEM 

 image.  SEM image of a representative film is shown in Figure 5.2.  As the 

 camera was tilted at 16˚ for imaging the edge of the film, the exact 

 thickness of the film was measured using trigonometric method.  The 

 calculated thickness is 6.15 µm (= 5.9/Cos(16) µm). 

 

 5.4.3. Postbonding Characterization 

 Figure 5.3 shows high resolution SEM images of bondline of all the 

samples.  Samples brazed at 800˚C using N1 nanopowder shows 

discontinuous bondline with a void fraction as high as 6.27±0.50%, whereas 

sample brazed with N2 nanopowder has continuous and smooth bondline 

with a void fraction value of 1.28±0.20 %.  Samples brazed at 1000˚C using 

both N1 and N2 powders show continuous and homogeneous bondlines 

with void fractions values of 4.36±0.30 % and 0, respectively.  Well-

rounded gas porosities along the bondline confirm phase change.  Void 

fraction data is plotted in Figure 5.4.   

 WDS results showing diffusion profiles for all samples are plotted in 

Figure 5.4.  Samples bonded at 1000˚C display better diffusion of Ni and Fe 
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into one another than the samples bonded at 800˚C.  Diffusion distance 

across the bondline is approximately 20 µm and 30 µm for samples brazed 

at 800˚C and 1000˚C, respectively.  Samples bonded at 800˚C with N2 

powder shows a little better diffusion than the sample brazed with N1 

powder.   

 Comparative shear strength results for all samples are shown in 

Figure 5.5.  The maximum shear strength is found to be 144.3±1.0 MPa for 

the sample brazed at 1000˚C with N1 nanopowder.  Sample brazed at 

1000˚C with N2 nanopowder has shear strength of 141.26±1.0.MPa.  The 

two samples brazed at 800˚C with N1 and N2 nanopowders have shear 

strengths of 126.45±1.9 MPa and 138.42±2 MPa, respectively.  The use of 

the smaller and narrower PSD clearly shows a significant improvement in 

the bondline strength at 800˚C.  It is expected that this is due to the superior 

bondline of the N2 samples at 800˚C. 

 SEM images and diffusion profiles for both samples at 1000˚C show 

no significant difference.  Homogeneity of bondline and presence of round 

gas porosities indicate liquid melt formation at bonding temperature.  As Ni 

diffuses faster into bulk Fe than the Fe into Ni, this creates porosities at 

bondline.  Also, these porosities can be attributed to oxide formation on the 

surface of the nanopowders.  Comparing the same for samples bonded at 
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800˚C shows higher diffusion of Ni in Fe and vice-versa using N2 

nanoparticles, which result in continuous and wider bondline with less void 

fraction. These results suggest the start of melt formation at 800˚C. 

However, pore geometries on the bondline of the sample bonded at 800˚C 

using N1 nanoparticles show little evidence of melt formation [30].  It 

appears that the larger particles are not melting completely at 800˚C leaving 

behind voids that are not eliminated by solid state diffusion. 

 According to LSM theory, even if smaller particles start to melt at a 

particular temperature, large particles do not have sufficient energy or time 

to melt.  Increasing of the temperature will increase the liquid skin depth 

providing better diffusion.  With enough time and energy, even the large 

particles will melt or rearrange which is evident form the bondline structure 

at 1000˚C.  Based on these results, it is expected that the factor that limits 

the bonding temperature in NiNP diffusion brazing is the upper limit of the 

particle size distribution, not the particle size distribution itself.  This 

finding is important for the economics of NP-assisted diffusion brazing.  It 

suggests that monodispersed nanoparticles are not needed.  It is expected 

that suitable nanoparticle-assisted diffusion brazing is possible even with 

samples having relatively wide particle size distributions.  These results also 

support the notion that the diffusion brazing temperature can be suppressed 

by driving the maximum particle size down. 
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5.5. Conclusions 

The effect of particle size and particle size distribution (PSD) on the Ni 

nanoparticle-assisted diffusion brazing of stainless steel 316 was studied.  The 

results show that smaller and narrower PSD (8.8 nm) provides better diffusion and 

shear strengths at lower temperatures (800°C) and a highest shear strength of 

144.3±1.0 MPa at 1000˚C.  The improved diffusivity is attributed to the phase 

change which is enabled by using smaller nanoparticles with a narrow PSD.  It is 

suggested that the melting behavior is controlled by the maximum particle present 

within the PSD i.e. the limiting factor for phase change at a particular temperature 

is not the PSD.  It is expected that strong, hermetic joints can be achieved using 

nanopowders with wide PSDs if all the particles are below a certain critical limit 

for a given bonding temperature.  This finding has positive implications for the 

economics of NP-assisted diffusion brazing.   
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Figure 5.1. TEM images of nickel nanoparticles (NiNPs) 

having average particle size (a) 46.70 nm and (b) 8.8 nm. 
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Figure 5.2. SEM images of nickel nanoparticles (NiNPs) film 

deposited on stainless steel substrate. 
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Figure 5.3. SEM images of samples brazed with (a) 46.7 nm NiNPs at 800°C, (b) 8.8 

nm NiNPs at 800°C, (c) 46.7 nm NiNPs at 1000°C, and (d) 8.8 nm NiNPs at 1000°C. 
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Figure 5.4. Void fraction data of samples brazed with 46.7 nm and 8.8 

nm NiNPs at 800°C and 1000°C. 
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Figure 5.5. Diffusion profiles of the samples brazed at (a) 800°C with 46.7 

nm and 8.8 nm NiNPs; and (b) 1000°C with 46.7 nm and 8.8 nm NiNPs.  
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Figure 5.6. Shear strength plot of samples brazed with 46.7 nm 

and 8.8 nm NiNPs at 800°C and 1000°C. 
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CHAPTER 6 

 

Summary 
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A novel method has been demonstrated involving the use of a nickel 

nanoparticle (NiNP) film as an interlayer for diffusion brazing of stainless steel 316 

laminae.  The NiNP interlayer has been shown to lower the bonding temperature 

for transient liquid-phase diffusion brazing effectively without using any melting 

temperature depressants (MPDs).  The new process helps to achieve better bond 

strength at lower temperature than conventional diffusion brazing processes.  Bond 

lines were found to be free of any undesired brittle intermetallic phases without 

post-bonding heat treatment. 

After successfully brazing the stainless steel 316, the new NiNPs brazing 

technique was compared with conventional electroplated nickel-phosphorous (NiP) 

diffusion brazing or diffusion bonding techniques.  Results show that the NiNPs 

approach yielded a continuous bond line having greatly improved void fractions 

over conventional diffusion bonded and diffusion brazed approaches.  Void 

fractions on NiNPs bond lines were decreased by more than half over those on NiP 

bond lines and by more than one sixth over those on diffusion bonding bond lines.  

Results also show that the shear strength of bonds made under identical conditions 

is roughly 25% higher for NiNPs-assisted diffusion brazing than for conventional 

processes.  The NiNPs approach to diffusion brazing yielded ductile fracture 

patterns compared with brittle fracture patterns for conventional diffusion brazing.  

Diffusion profiles show good penetration for NiNPs-assisted diffusion brazing 

samples. 
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 After comparing the new technique with conventional processes, a 

longitudinal study was carried out.  Effects of temperature and time on bondline 

structure void fraction, diffusion profile and shear strength were studied for samples 

brazed at 750˚C, 800˚C, 900˚C and 1000˚C for 1 and 2 hrs each.  Maximum bond 

strengths of 143.02±2.40 MPa and 141.08±3.10 found for samples that were bonded 

above 800°C (900˚C and 1000˚C).  Metallographic and fractorgraphic analysis 

reveal a large decrease in void fraction above 800°C.  WDS analysis reveals 

superior diffusion above 800°C causing an increase in bondline width (diffusional 

distance across bondline).  Heat treatment experiments with powders suggest phase 

change above 800°C which is unusual for powder sizes greater than 10 nm.  It is 

suggested that surface melting and bonding pressure assisted in rearrangement of 

powders leading to bond joints with low void density.  ANOVA results indicate that 

the brazing cycle times can be reduced significantly by using nickel nanoparticle 

(NiNP) interlayer.  These results suggest that NiNP-assisted diffusion brazing of 

stainless steel can be performed at temperatures well below the melting 

temperatures of bulk Ni with brazing times below one hour making the process 

more affordable and more energy efficient.   

 Finally, the effect of particle size and particle size distribution (PSD) on 

diffusion brazing of stainless steel 316 was studied.  The results show that smaller 

particle size (8.8 nm) with narrow PSD provides better diffusion at lower 

temperature (800°C) and highest shear strength of 144.3±1.0 MPa at 1000˚C.  The 
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improved diffusivity is attributed to the phase change using smaller nanoparticles 

with narrow PSD.  Melting behavior is controlled by the largest particle present in 

the batch but not the particle size distribution i.e. the limiting factor for phase 

change at a particular temperature is the largest particle present but not PSD.  A 

hermetic joint can be achieved using wide PSD if all the particles are below the 

critical limit of melting temperature.  The implication of finding could be reduced 

cost of microreactor-assisted nanoparticles deposition and bonding process.  
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Appendix A 

 

Void Fraction Calculation 

Void fraction is the ratio of the volume taken up by air spaces (the voids) to 

the total volume of a material.  This is typically expressed as a fraction 0 - 1 or as a 

percentage between 0 – 100.  This is a very useful quantitative metallographic 

measure to determine the bond quality. This is measured on the bond lines that 

were visible on the microstructures and the voids were marked out on a tracing 

paper. For better visualization, sometimes the metallic samples can be etched to 

reveal bondline structure.  The calculation of void fraction is illustrated by an 

example: Total length of the voids/Length of the bond line: 115/1335 = 8.6 %.  

 Images used for void fraction calculations for samples brazed with 46.7 nm 

(N1) and 8.8 nm (N2) nanoparticles.  Four representative sample images are 

provided below.  There were five images, for a particular parameter, were selected 

and on each image void fraction was measured at five different fields of view. 
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N2, 1000˚C 

N1, 1000˚C 

N1, 800˚C 

N2, 800˚C 
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Appendix B 

 

DLS Result for N2 Nanoparticles 
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Appendix C 

 

Statistical Analysis (ANOVA) 

 

 Experimentation is a vital part of a scientific research.  A well designed 

experiment is important because the results and conclusions drawn from the 

experiment depend largely on the method of data collection.  A simple guideline 

for designing an experiment is provided in details by Montgomery1 as follows: 

§ Recognition and statement of a problem 

§ Selection of a response variable 

§ Choice of factors, levels and ranges 

§ Choice of experimental design 

§ Performing the experiment 

§ Statistical analysis of the data 

§ Conclusions and recommendations. 

 

 The objective of experiment performed was to determine a set of parameters 

(time and temperature) to bond stainless steel surfaces with the help of NiNPs 

interlayer. The factors chosen, levels and response variables are shown in Table 

                                                             

1 D.C. Montgomery, (2001), Design and Analysis of Experiments, John Wiley & 

Sons Inc; 5 Rev Ed. 
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8.1.  There are different techniques of experimentations are practiced by engineers 

and scientists. Some of them are listed below 

1. Best-guess approach: This approach is generally used where a great deal of 

details already available and experimenters have technical and theoretical 

knowledge.  Though, this approach doesn’t have reliability and time 

consuming (because of trial and error approach).  

 Table C1. Parameters of factorial experiment 

Factors (A and B) Levels  Response variable 

Temperature (A, °C) 
750, 800, 900, 1000 
(i = 1,2,3,4) 

Time (B, min) 
60, 120 
(j = 1,2) 

Mean of void 
fraction or shear 
strength 

 

2. One-factor-at-a-time approach: This method consists of selecting a starting 

point, or base-line set of levels, for each factor, then successively varying 

each factor over its range with the other factors held constant. The major 

disadvantage of this approach is that the method fails to consider any 

interaction between the factors. 

3. Factorial design approach: The best way to deal with several factors if 

factorial experiment. This is an experimental strategy in which factors are 

varied together, instead of one at a time. This method provides the 

flexibility in analyzing the data with different kind of statistical methods 
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like effects model, regression model or mean model. The results can 

provide a complete analysis of all the variables and individual effects as 

well as the interaction effects on the response variable.  

For the experimental analysis of our system, a general two-factor 

factorial design was used. There were 8 experiments had to be run. After 

analysis of first set of data, replication of experiments will be done for 

repeatability of the process.  After designing the experiment, the data was 

analyzed using ANOVA (analysis of variance) for determining the effect of 

each factor and also interaction factor. The analysis using void fraction (y) 

as a response variable is shown below. 

Consider a factorial design having two factors temperature, A and 

time, B. There are a levels of factor A and b levels of factor B. Each of 

these is arranged in a factorial design such as each of the replicate of the 

experiment contains all ab treatment combination. Let yijk be the observed 

response when factor A is at ith level (i = 1,2,3….b) and factor B is at the jth 

level (j = 1,2…..b) for the kth replicate (k = 1,2,3……..n).  A two-factor 

factorial design is shown in Table 8.2. The order in which the abn 

observations are taken is selected at random so that the design is completely 

random.  

Table C2. A two-factor factorial design of the experiment 
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     Factor B --------------> 

y111, y112….y11n y121, y122….y1bn 

y211, y212…..y21n y221, y222……y2bn 

  

ya11, ya12…….ya1n ya21, ya22…….yabn 

 

A model is formulated to describe the observations in the factorial design. 

The model is shown below 

 yijk =  µ + αi + βj + (αβ)ij  + εijk 

where,   µ = overall mean effect 

  αi = effect of the ith level of row factor 

  βj = effect of the jth level of column factor 

  (αβ)ij  = interaction effect 

  εijk = random error component 

  i = 1,2,3…….a  (a = 4) 

  j = 1,2…….b  (a = 2) 

 k = 1,2,3…….n (a = 5) 

Now, in this factorial, both row and column factors are of equal interest. A 

testing hypothesis was formulated to determine the effects of different variables on 

the response variable.   

Considering the row equality treatment effects (temperature) 

F
actor A

 -------->
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   Ho: α1 = α2 = …………… αa = 0 

   H1: at least one αa ≠ 0 

Similarly equality of column treatment effects (time) 

   Ho: β1 = β2 = …………… βb = 0 

   H1: at least one βb ≠ 0 

Also, we are interested in determining whether time and temperature interacts. So, 

the next test hypothesis would be 

    Ho: (αβ)ij = 0  for all ij 

   H1: at least one (αβ)ij ≠ 0 

 

The data was analyzed in the software and results are shown below for one 

response variable i.e. void fractions. Similarly, all other variables were anayzed and 

the effects were determined.  The ANOVA table shown below decomposes the 

variability of y into contributions due to various factors individually and also the 

combined effect of the interactions.  The p-values test the statistical significance of 

each of the factors.  Since the p-value for temperature is less than 0.05, this factor 

has a statistically significant effect on void fractions at the 95.0% confidence level. 

The p-value for time is greater the 0.05, this signifies that the response variable is 

independent of time. As far as the interaction factor is concerned, there were no 

data available indicating any interaction effect.  Figure 8.2 shows the residual plot 

and confirms that there are no anomalies in the data. 
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Table C3. ANOVA table for the experiment 

Source Sum of Squares Df Mean Square F-Ratio P-Value 

MAIN EFFECTS      

 A (temperature) 180.375 3 60.125 481.00 0.0002 

 B (time) 1.125 1 1.125 9.00 0.0577 

A.B (interaction)      

RESIDUAL 0.375 3 0.125   

TOTAL (CORRECTED) 181.875 7    

All F-ratios are based on the residual mean square error. 
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Figure 8.1. Graphical ANOVA for the response variable, void               

fractions. 

Figure 8.2. Normal probability plot for residuals. 
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Appendix D 

Nanoparticle Melting Model 

Shandizi et al. proposed a model relating melting point of nanoparticles to 

the particle size. The melting temperature is expected to be a linear function of the 

reciprocal size of nanoparticles,  

     

 

where, Tmp and Tmb are the melting temperature of nanoparticle and its bulk 

material, respectively, D is the size of nanoparticle and A is a material constant. For 

melting temperature determination, the total number of atoms and the number of 

surface atoms should be calculated. The surface of the nanoparticle is composed of 

various crystalline planes with different atomic arrangements. The number of 

surface atoms is equal to the ratio of total surface area to the surface area associated 

with each atom in the surface. For determination of surface atoms (ns), surface 

packing factor Ps was introduced. ns is defined as  
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where r is the atomic radius, and Ps is the surface packing factor and defined as the 

ratio of area of the plane occupied by the surface atom to the total area of the plane. 

 For calculation of the total number of atoms in the nanoparticle, the outer 

surface was considered to be composed of many crystalline planes. The surface 

crystalline plane is defined as the plane which divides the surface atoms into two 

equal parts for close packing (fcc). Now, the volume of nanoparticle occupied with 

atoms can be written as  

   

 

where, Va is the volume of an atom, Vp is the volume of the nanoparticle, ni is the 

number of  interior atoms, ns is the number of surface atoms and PL is the packing 

factor of the lattice. PL is defined as the ratio of the volume of the unit cell occupied 

by atoms to the total volume of the unit cell. Now, by dividing Eq. (3) by Va and 

putting Va and VP in terms of radii, we get  
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Now, the total number of atoms nt = ni + ns, combining Eq 2 and 4, we get, 

   

 

The required energy to separate atoms of the nanoparticle into discrete atoms is 

equal to  

   

 

where βS is the coordination number in the surface and βL is that in the lattice, ε is 

the energy of each bond and Ep is the cohesive energy of the nanoparticles. We 

know that, βS < βL. a parameter q is introduced such that  

         with 0<q<1s Lqβ β=  

So, Eq 6 becomes 

   

 

For a large particle, tending towards the bulk, the number of surface atoms is 

negligible compared to that of interior atoms, so ns/nt → 0. Therefore the cohesive 

energy of the bulk material is given by 
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The relation between the melting temperature (Tmb) and the cohesive energy (E0) of 

the bulk material can be defined asii,iii  

   

 

where k is the Boltzman’s constant. Applying the same equation to the 

nanoparticles 

    

 

 

Now, taking ratio of Eq9 and 10, we obtain, 

   

 

 

Combining Eqs 2,5,6, 8, and 11, the result obtained is as follows 

 

  

 

 

This equation shows the general relationship between the size and melting point of 

the nanoparticles. It was assumed in the model that the surface of the nanoparticle 

is composed of close-packed crystalline planes, since these planes have minimum 

surface energy. Hence, for large particles, tending towards the bulk, q = 0.5. So, Eq 

12 becomes 

…………………… (9) 
 

0

0.032
mbT E

k
=

…………………… (10) 
 0.032

mp pT E
k

=

…………………… (11) 
 

0

mp p

mb

T E

T E
=

…………………… (12) 

 

1
8

2

4

L s
mp

mb
L s

r
P q P

T D
rT P P
D

 
+ − 

 =
+



 

138 

 

 

 

 

The relationship between the size of nanoparticles and the melting point is 

linear.  The melting point decreases as the size reduces. The authors showed that 

the Tmp can be anywhere between 0.5Tmb to Tmb, depending upon the size of the 

nanopartcles.  
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