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Micro Energy and Chemical Systems (MECS) devices enable at least two

areas of benefit due to the accelerated heat and mass transfer that can be

accomplished in microchannels. First, MECS devices enable process

intensification; the ability to reduce the volume of space needed to implement

systems of thermal and chemical unit operations. Second, MECS devices permit

new capabilities for material synthesis and process control not possible at larger

scales. Recent interest in high temperature MECS applications, such as catalytic

combustion, fuel reforming, and waste heat recovery, has given rise to the need for

materials that support high temperature microreactors. This dissertation

investigates new microlamination methods for producing economical, intermetallic

microchannel arrays that can resist high temperatures and have a high aspect ratio.

The first part of the research shows the capability of fabricating two fluid

microchannel array design from Ni3Al and FeAl foils, produced using existing



aluminide foils. FeA1 foil is found to be superior from an economical vantage.

However, NiA1 is a much better choice for high temperature catalytic reactions.

Therefore, the second part of this dissertation investigates the effects of foil and

processing conditions, primarily surface rougimess and Ni plating, on diffusion

bonding of reactively synthesized NiA1 foils. Carbon inclusion is minimized in the

matrix and better surface roughness obtained by using pyrolytic boron nitride

platens of smoother texture. Void free bonds and better homogenization are

accomplished by virtue of smoother surface roughness and thinner nickel layer. It

is expected that economical NiA1 foils could be produced using powder roll

compaction techniques. The roughness wavelength and perhaps the amplitude of

foils made in this manner would need to have less than 20% variation with

excellent bonding results anticipated at around 5% variation.
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DEVELOPMENT OF MICROCHANNEL ARRAYS IN ALUMINIDES

CHAPTER 1

INTRODUCTION

1.1.. Microfluicjje Devices

Micro Energy and Chemical Systems (MECS) are multiple length-scale

(multi-scale) fluidic devices, which rely on highly-paralleled, embedded

microchannels for the distributed processing of bulk mass and energy. Through

the accelerated heat and mass transfer that can be accomplished in

microchannels, MECS devices enable at least two areas of benefit. First,

MECS devices enable process intensification; the ability to reduce the volume

of space needed to implement systems of thermal and chemical unit operations.

These spatially-intensified devices permit the distributed processing of mass

and energy including applications such as on-board fuel reforming for

automotive fuel cells, man-portable heat pumps and tissue-based toxicity

sensing. Second, MECS devices permit new capabilities for material synthesis

and process control not possible at larger scales. Examples of improved
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capabilities at the micro-scale include more uniform mixing, much higher

operating pressures and better temperature control including rapid quenching.

MECS devices differ from other microfluidic applications involving

biological or chemical assaying. MECS devices are used to process bulk

amounts of fluid compared with micro total analysis systems (iTAS) which

analyze small samples. Consequently, MECS devices are much larger than

1iTAS devices. The overall size of MECS devices can range between a few

millimeters for portable power systems to almost one meter for distributed fuel

reformers. They are typically based on arrays of microchannels in order to

handle much larger volumes of fluid and also typically have more demanding

chemical and thermal property requirements. Critical microchannel features

tend to vary between 25 and 250 Mm.

1.2. Applications

Various potential applications of MECS technologies have been

identified. Past and current development efforts have targeted broad ranging

applications including high flux heat exchangers, microscale combustion

systems, compact chemical reactors (Drost, Call, Cuta, and Wegneg, 1997),

compact gas/liquid contactors, compact biological reactors, thermal

management systems, hydrogen production for portable and distributed power

generation, portable and distributed heat actuated cooling systems, distributed

chemical reactors for environmental restoration (Ameel, Warrington, Wegneg,
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and Drost, 1997), in-situ resource processing for space applications

(TeGrotenhuis, Wegeng, Vanderwiel, Whyatt, Viswanath, and Schielke, 2000),

CO2 remediation and sequestration systems (VanderWiel, Zilka-Marco, Wang,

Tonkovich, and Wegneg, 2000), and biological sensors for chemical and

biological warfare applications (Marshall, 2002). Current technologies under

development include distributed and portable heat pumps to be used in

automobile engines; microreactors for molecular manufacturing; microreactors

for the production of biodiesels; and portable kidney dialysis systems.

MECS are typically fabricated by microlamination involving the

patterning, registration and bonding of thin layers (laminae) of metal, ceramics,

and! or polymers (Paul and Peterson 1999). Lamina patterning may employ

laser micromachining, wet etching, electrochemical machining, embossing etc.

Laminae registration entails stacking a number of laminae together to ensure

proper alignment and dimensional accuracy. Laminae bonding may include

solid state diffusion bonding, diffusion soldering and brazing, polyimide sheet

adhesive, microprojection welding etc.

Recent interest in high temperature MECS applications, such as

catalytic combustion, fuel reforming, and waste heat recovery, has given rise to

the need for materials to support high temperature microreactors (Knitter,

Bauer, Linner-Kramer, and Hanjosten, 1999). Because of their high-

temperature corrosion resistance, ceramics have been an obvious choice in the

fabrication of such devices. Ceramic laminae are formed in the unfired state by
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consolidating ceramic powder into the desired shape with a binder materiaL

However, binder removal in unsupported ceramic laminae can cause warpage

or low fractional densities.

1.3. Objectives

The objective of this dissertation is to investigate new microlamination

methods for producing economical, intermetallic microchannel arrays that can

resist high temperatures with high aspect ratio. Key objectives are to show

improved bonding conditions (less time, temperature and pressure) along with

better bond quality (better homogeneity and fewer voids). The first part of this

research explores the possibility of fabricating two fluid microchannel array

designs out of Ni3A1 and FeAl foils produced using existing aluminide foil

technology. The second part investigates the effects of surface roughness and

Ni plating on heterogeneous diffusion bonding of reactively synthesized NiAI

foils.

1.4. Literature Review

A brief literature review of ceramic processing techniques for

fabrication of microfluidic devices, and diffusion bonding efforts in

intermetallics is presented in this section.
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1.4.1. Ceramic Processing

Advantages of using a green ceramic tape include easy patterning, no

need for oxide removal, since it is essentially in an oxide form, and bonding in

a non-vacuum environment unlike metallic laminae that require vacuum or

inert atmosphere. The downside of using ceramic tape includes sagging of the

green tape into the adjacent channels in case of high aspect ratio

microchannels. Sometimes, a sacrificial material, such as glass, has been

employed to mitigate the sagging problem (Matson, Martin, Bennett, Stewart,

and Bonham 1999). However, glass removal can be problematic. Matson et al.

(1999) fabricated ceramic microchannel array devices out of commercially

available green ceramic tape: Ferro type A6-C-l0. The material is comprised

of ceramic/glass composite with organic binder to improve flexibility in the

thin sheet form. After patterning a 250 JIm thick green ceramic tape with CO2

laser, the ceramic laminae were preconditioned by baking at 500 C for 30

minutes. The patterned shims were stacked together and bonded by uniaxially

pressing the stack at 2000 psi and 700 C for 10 minutes. Next, the binder was

removed in soaking cycles at an elevated temperature, followed by sintering at

875° C for 30 minutes.

Wilcox et al. (2002) listed various techniques to avoid sagging in

ceramic microfluidic devices. An insertion of fugitive materials, by placing a

patterned insert within the green sheets, withstands the high pressure required

for the lamination conditions in ceramic devices. These materials volatilize at
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high temperature, resulting in the desired geometry or microchannel. Secondly,

an interlayer of polymer between the successive layers of ceramic accelerates

the bonding between the layers by decreasing the required pressure of bonding

up to 5 times. The decrease in the lamination pressure minimizes the distortion

in the ceramic structure. The polymer PEOX has good adhesive properties and

volatilizes during the sintering process. Thirdly, pressure sensitive adhesives

(PSA) have been utilized for neas room temperature and zero pressure

lamination of the ceramic layers.

Recently, a new nano-ceramic material known as HAS-CERCANAM

has been developed at Ceramatec Inc. The material has a high surface area (80-

100 m2Ig) and a nanopore network that remains stable at temperatures as high

as 10000 C. Its unique properties allow the incorporation of microchannels,

with the help of sacrificial inserts, into the monolithic material using a simple

step. This procedure eliminates the need for slow, dry or wet etching required

in conventional ceramics such as silicon carbide. The material is cast in molds

after mixing the ingredients and reagents to facilitate reaction bonding,

followed by undisclosed proprietary techniques. The sacrificial inserts or

microfeatures can be incorporated prior to the casting step. Next, the green part

is fired at 200° C or 800° C to give the material the desired strength (Akash et

al., 2004).

Although, some issues regarding the warpage and fractional densities

are being resolved, ceramic processing requires special bonding and sintering
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techniques. In comparison with solid intermetallic foils, ceramic processing

requires more steps, thus posing a potential for higher production costs.

1.4.2. Intermetallic Foils

Intermetallics are another group of materials whose physical properties

are comparable to those of ceramics. By definition, intermetallics are metaffic

compounds which have crystal structures different from the constituent metals,

usually having high covalency (Sauthoff, 1995). Aluminide intermetallics

exhibit good physical properties, e.g., large high temperature modulus,

excellent high temperature corrosion resistance, low to moderate thermal

conductivities, and in some cases, low densities and inexpensive elemental

constituents. Room temperature processing of these materials is generally

difficult due to their brittleness. Aluminide intermetallics have been shaped

both through conventional metallurgy processes such as casting and forging, as

well as powder metallurgy processes such as hot isostatic pressing and

extrusion (German and lacocca, 1996). Powder extrusion entails gas

atomization of intermetallic powders followed by hot extrusion of green cross-

sections and densification within a sintering furnace at an elevated

temperature, resulting in fine-grained microstructures (Ray, 1990; Wright and

Knibloe, 1990; German and lacocca, 1996). Stoloff and Alman (1991)

demonstrated reactive hot isostatic pressing and reactive sintering of mixed

elemental powders as a means for forming shaped aluminide compounds and
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composites. Microporosity was an issue which was somewhat counteracted by

hot isostatic pressing.

Hot rolling of aluminides is difficult owing to the limited ductility in

these systems (Sikka, 1996). Two routes have successfully been taken to

fabricate intermetallic foils. These include cold rolling of single crystal Ni3A1

to yield an Ni3A1 foil, and powder processing of FeA1 sheets by roll

compaction.

Demura et al. (2000) fabricated thin ductile foils of Ni3A1 single crystal

ranging from 53 to 300 pm in thickness by cold rolling. Rods of boron-free

binary stoichiometric Ni3AI were grown in a furnace. The crystal growth was

kept constant by controlling the power of the lamps to achieve high single

crystallinity. The grown rods, 12 mm in diameter and 150 mm in length, were

sectioned into thin sheets along the direction of the growth by means of electric

discharge machining. The sheets, initially 1 or 2 mm thick, were polished and

cold-rolled to a thickness of 300 jm by using four-high mills with a work roll

diameter of 110 mm. Further roffing was achieved by using 75 mm diameter

cemented carbide rolls. Both rolling operations were conducted without using

any intermediate annealing or lubricant.

Deevi (2000) fabricated 200 tm thick iron aluminide sheets (Fe-40 at%

Al) via the powder metallurgy route. FeA1 powder was obtained through water

atomization using a molten alloy of FeA1, containing 24-26% Al, 0.005% of

Boron, 0.05% of C, 0.42% of Mo, and 0.1% of Zr by weight, as the feedstock.
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Green sheets of 660 tm FeA1 were obtained by roll compaction from a blended

mixture of the atomized powder and binder. Debindering of the FeAl green

sheets was carried out at a 3506000 C temperature range in a nitrogen

atmosphere for 8 hours. Sintering was conducted at 1260° C. Successive

annealing and cold rolling were conducted in three stages at 1150° C, 1260° C

and again 11500 C. The sheets were passed through the roller leveler to obtain

uniform flatness. Finally, the sheets were annealed at 700° C in vacuum for 2

hours.

NiA1 is not commercially available in the form of a foil though it is of

particular interest as it has the highest melting temperature among commercial

aluminides. As such, an alternative route is to synthesize NiA1 foils out of thin

elemental foils by means of a self-propagating, high temperature synthesis

reaction (Rawers, Hansen, Alman, and Hawk, 1994).

1.4.3. Intermetallic Bonding

Owing to tenacious surface oxide films, aluminides are difficult to join.

Due to this fact, a limited amount of literature is available on the weldability of

aluminides and the characterization of aluminide joints. Santella and David

(1985) studied the heat affected zone cracking in the electron beam, laser and

gas tungsten arc welding of ductile aluminides of at% Ni- 10% Fe-20% Al-

0.25%-B (IC-25) and Ni-l0% Fe-20% Al-0.l0% B (1C103). Annealed sheet

stocks of the material were characterized after autogenous welds by electron

beam welding, laser welding, and gas tungsten arc welding. A rapid decrease
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in ductility was observed for both alloys between 6000 and 800° C, which did

not recover upon cooling. Cracking was observed in both the fusion zone and

heat affected zone. It was determined that cracking was a function of the

welding parameters, where high input conditions at low speeds produced fewer

cracks. In a subsequent study Santella, David, and Horton (1986) observed that

increasing the 10 at% Fe in the alloys decreased the heat affected zone

cracking and the composition of boron also had a significant effect on the

cracking phenomenon. Samples containing 200 ppm of boron retained high

temperature ductility better than samples containing 500 ppm, and produced

fewer cracks.

Li and Chaki (1993, 1995) studied the autogenous gas tungsten arc

welding of Ni3A1 alloy plates. The plates were cut from the cast ingot of the

alloy and had an at% composition as Ni73.o8A115.82Crg.33Mo168Zr052B005.

Cracks were observed in the heat affected zone described as liquation cracks

around the dendritic boundaries and eutectic cells. Microcracks were observed

in the fusion zone around the eutectic cells. Enrichment of the alloy with

zirconium formed eutectic alloys with Nickel and the dendritic boundaries

melted at 1150° C. Further annealing at 1100° C in Argon for 23 hours reduced

the melting temperature to 1125° C and increased the liquation cracking in the

heat affected zone.

Moore and Kalinowski (1993) used the diffusion brazing process to

join NiA1 bars. Aluminum was evaporated from the specimen by annealing it
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at about 1550° C for 1 to 3 minutes, leaving a nickel rich layer. The specimen

was brazed at about the same temperature for 15 minutes under nominal

pressure, followed by hot isostatic pressure of 138 MPa at 13400 C for 4 hours

in a vacuum environment. The specimen was further annealed at 1530° C for 6

hours to homogenize the matrix. Metallographic studies of butt joints did not

show a discernable difference between the parent material and the brazed

joints.

Banovic, DuPont, Tortorelli, and Marder (1999, 2001) while cladding

carbon steel substrates with FeA1, employing the gas tungsten arc and gas

metal arc welding process, observed that FeA1 cladding was directly related to

the aluminum composition within the deposit. FeA1 with less than lOwt %

aluminum was readily weldable, whereas higher concentration of aluminum

produced poor welds and cracks in the interface.

Dunford and Wisbey (1993) noted that titanium readily absorbs its own

surface oxide layer above 750° C thus its alloys are easily bonded above this

temperature in an inert or vacuum environment. They reported that Ti3Al based

alloys can be bonded at 900° C to 1100° C. Diffusion bonding of TiA1 was

deemed more difficult than that of Ti3A1 based alloys, since aluminum

modified titanium oxides are formed in the former which may restrict the grain

boundary migration along the interface.

Clemens, Lorich, Eberhardt, Glatz, Knable, and Kestler (1999)

presented the results of solid-state diffusion bonding of y-TiA1 based alloys.
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About 1 mm thick y-TiA1 sheets were diffusion bonded at 10000 C under 40

MPa for 1 to 8 hours. Metallographic studies showed a good bond interface

without any voids.

Wallis, Ubhi, Bacos, Josso, Lindqvist, Lundstrom, and Wisbey (2004)

joined y-TiA1 sheets using a Ti-Cu-Ni braze alloy at the interface. Brazing was

conducted at 1040° C for 10 minutes. Bonding temperatures of 1000° C under

various pressures of 0.003 MPa, 0.8 MPa and 3 MPa with a dwell time of 30

minutes were employed. Shear tests revealed a shearing strength of 220 to 230

MPa for the various bonding pressures.

Nakao, Shinozaki, and Hamada (1991) diffusion bonded TiAl bars at

1273 to 1473 K under a varying pressure of 10 to 30 MPa with a varying

bonding time of 16 minutes to 64 minutes. Diffusion bonding diagrams were

drawn to show the bonding conditions for void free joints. Tensile strength of

225 MPa was obtained for the joints at room temperature.

All of these prior attempts to join intermetallics were carried out in the

bulk. Very few efforts have been made to embed micro-scale geometries

within a bulk intermetallic sample. Kanlayasiri and Paul (2004) researched

reactive diffusion bonding parameters to microlaminate a leak-free, parallel

flow microchannel array using reactively diffused NiAl foils. Non-

homogeneous bonds were achieved using a 7 jim thick Ni foil interlayer.

Bonding conditions were extreme, resulting in fin warpage and long bonding

cycles.



1.5. Overview of Research

This research deals with issues related to the development of high

temperature microchannel arrays from aluminide foils. Due to their high

strength to weight ratio and excellent resistance to corrosion at high

temperatures, aluminide intermetallics are a good candidate for making high

temperature devices. Furthermore, a functional aspect ratio of 28:1 has been

successfully fabricated in NiAl foils (Kanlayasiri, 2003). The research is

conducted on three intermetallic aluminide foils: single crystal Ni3A1 foil, an

ordered intermetallic phase in the nickel aluminide system; FeA1, an ordered

phase in the iron-aluminide system; and NiAl synthesized from commercially

pure Ni and Al, the other ordered intermetallic phase in the nickel aluminide

system.

In the first part of this study, the potential for making high temperature

microchannel devices is demonstrated through the use of pre-fabricated single

crystal Ni3Al foil. A two-fluid counter flow microchannel array is fabricated

from cold rolled, single crystal Ni3A1 foil. A leak-proof device is successfully

fabricated. Metallographic studies of the cross-section of the bonded foils do

not show any bond line or voids at the bonding interface. However, cost is a

major issue in mass production of high temperature devices from single crystal

Ni3A1 foils.

The second part of this research investigates the potential for

fabricating two-fluid counter flow microchannel array from more economical

13
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FeA1 foil, made from a powder roll compaction method. Metallographic

studies of the array show void free, sound bond interfaces. However, a marked

deformation is observed in the microchannel geometry. This deformation and

warpage could be the effect of the applied bonding pressure at an elevated

temperature and may be eliminated by optimizing the bonding conditions.

The third part of this research deals with the diffusion bonding of

synthesized NiA1 foils from commercially pure Ni and Al foils. One

motivation for this research is to explore the possibility for other types of

aluminide foils, for instance NiA1, to be produced by following the same route

as the FeAl foil. In particular, the research investigates the effect of foil

surface roughness on bond quality in the diffusion bonding process. An

isostatic diffusion bonding model is synthesized from the literature and

employed to understand the effect of different bonding parameters in the

diffusion bonding process. The prediction of the theoretical model is found to

be consistent with experimental results. An improvement in the bond quality

and the homogeneity of the bonded laminae, over previous research by

Kanlayasiri (2003), is demonstrated by decreasing the surface roughness of the

mating surfaces through the use of smoother pyrolytic boron nitride platens. A

significant reduction in carbon contamination is also achieved by using PBN

platens instead of graphite platens to hold the laminae. A thin nickel layer is

deposited on NiA1 laminae as a diffusion aid, by means of electroplating, to

expedite the diffusion bonding process. General observations are made on foil
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surface requirements for future NiA1 foils produced by powder roll compaction

methods.
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CHAPTER 2

DEVELOPMENT OF Ni3A1 MICROCHANNEL ARRAYS FOR HIGH-
TEMPERATURE MICROREACTORS AND MICRO-SCALE HEAT

EXCHANGERS

2.1. Introduction

Micro Energy and Chemical Systems (MECS) are multi-scale fluidic

systems that rely on embedded microchannels for their function. The overall

size of MECS devices places them in the mesoscopic regime, i.e., in a size

range between macro objects such as automobile engines and laboratory

vacuum pumps, and the intricate MEMS-based sensors that reside on a silicon

chip. Thus MECS, although having nano and micro-scale features, are large by

MEMS standards, straddling the size range between the macro- and micro-

worlds.

It is expected that these miniature devices can be produced in high

volumes at low cost following the lead of IC devices and MEMS sensors.

However, IC and MEMS manufacturing rely heavily on silicon-based

processing where submicron features are routinely implemented in production.

The microfluidic components in MECS generally do not require the extremely

small feature sizes available by silicon micromachining (although
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nanotechnology could be employed in the deposition of engineered catalysts

on microreactor walls). Furthermore, for many MECS applications, silicon is

not the favored base material (Peterson, 1998 and 1999). It has a much higher

thermal conductivity than is desired for many energy-based applications and

the material, although strong, is brittle, expensive, and cannot always be

tailored to specific environmental conditions. In contrast, the functionality of

MECS typically requires that they have the thermal, chemical, and physical

properties of more traditional engineering materials such as metals or ceramics.

One subclass of MECS devices, which is attracting a growing amount

of research interest, is high-temperature microreactors and micro-scale heat

exchangers. Because of the environments in which these devices are used, they

require materials with high melting temperatures and high-temperature

corrosion resistance. A microchannel catalytic combustor/ reactor and a

gasoline vaporizer have been produced at Pacific Northwest National

Laboratories (Matson, Martin, Stewart, Tonkovich, White, Zilka, and Roberts,

1999). The material used in this application was type 316 stainless steel with

microchannel widths on the order of 250 tm. Researchers in Germany created

a microchannel heat exchanger that is used in a miniaturized reactor for the

synthesis of HCN (Hessel, Ehrfeld, Golbig, Hoffmann, Lowe, and Storz,

1999). The microchannels were fabricated in stainless steel and were on the

order of 60 pm wide.



21

As these devices were fabricated in stainless steel, the maximum

operating temperature of these devices is in the range of 550-600°C.

Operation above these temperatures over a sustained period of time would

cause loss of device effectiveness due to creep. However, there exist

numerous applications for microchannel devices at temperatures higher than

this. Additional applications of current interest for high temperature (> 600 C)

microchannels include (Chaumat, Moret, and Gasse, 1995):

Steam superheating for driving turbines

Hydrogen steam reforming

Gasification of coals and heavy oils

Flue gas desulphurization

Chemical, petroleum, petrochemical and metallurgical process waste heat

recovery and process heating

Incineration, especially of hazardous materials

Domestic furnace waste recovery

Jet engine heat recovery

Ceramics have been identified as a possible structural material for these

devices because of their very high melting temperatures, low thermal

conductivity, and corrosion resistance. Some work has been conducted with

the use of multi-layer ceramics to form microchannel conduits (Kim, Yi,

Zhong, Bau, Hu, and Ananthasuresh, 1998). Problems with ceramics include
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warpage due to shrinkage during binder removal, warpage due to sagging, and

low fractional densities.

Wilcox et al. (2002) listed various techniques to avoid sagging in

ceramic microfluidic devices. An insertion of fugitive materials, by placing a

patterned insert or screen printing within the green sheets, sustains the high

pressure required for the lamination conditions in ceramic devices. These

materials volatilize at high temperature, resulting in the desired geometry or

microchannel. Secondly, an interlayer of polymer between the successive

layers of ceramic accelerates the bonding between the layers by decreasing the

required pressure of bonding up to 5 folds. The decrease in the lamination

pressure minimizes the distortion in the ceramic structure. The polymer PEOX

has good adhesive properties and volatilizes during the sintering process.

Thirdly, pressure sensitive adhesives (PSA) have been utilized for near room

temperature and zero pressure lamination of the ceramic layers.

Recently, a new nano-ceramic material known as HAS-CERCANAM

has been developed at Ceramatec Inc. The material has a high surface area (80-

100 m2/g) and a nanopore network that remains stable at temperatures as high

as 10000 C. Its unique properties allow the incorporation of microchannels,

with the help of sacrificial inserts, into the monolithic material using a simple

step. This procedure eliminates the need for slow, dry or wet etching required

in conventional ceramics such as silicon carbide. The material is cast in molds

after mixing the ingredients and reagents to facilitate reaction bonding,
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followed by undisclosed proprietary techniques. The sacrificial inserts or

microfeatures can be incorporated prior to the casting step. Next, the green part

is fired at 200° C or 800° C to give the material the desired strength (Akash et

al., 2004).

Another group of materials with physical, chemical and thermal

properties similar to those of ceramics are aluminide intermetallics (Brandes

and Brook, 1992; Golberg, Demura, and Hirano, 1998). However, like

ceramics, intermetallics generally have poor formability at room temperature

which makes foil formation difficult. Recent intermetallics research has found

mechanisms to overcome these problems. Researchers at the National Institute

for Materials Science (NIMS) in Japan have recently found methods for

producing ductile thin foils of Ni3Al from single crystals (Demura et al. 2001;

Demura et al. 2000). Demura et al. (2001) fabricated thin ductile foils of Ni3 Al

single crystal ranging from 53 to 300 jim in thickness by cold rolling. Rods of

boron-free binary stoichiometric Ni3A1 were grown in a furnace. The crystal

growth was kept constant by controlling the power of the lamps to achieve

high single crystallinity. The grown rods, 12 mm in diameter and 150 mm in

length, were sectioned into thin sheets along the direction of the growth by

means of electric discharge machining. The sheets, initially 1 or 2 mm thick,

were polished and cold-rolled to a thickness of 300 pm by using four-high

mills with a work roll diameter of 110 mm. Further rolling was achieved by



24

using 75 mm diameter cemented carbide rolls. Both rolling operations were

conducted without using any intermediate annealing or lubricant.

As shown in Figure 2.1, these materials possess excellent high-

temperature mechanical properties. Therefore, one approach to aluminide

microchannel array formation would be to pattern these foils in their ductile

state and diffusion bond them together at high temperature. The objective of

this research was to explore some of the issues associated with producing

microchannel arrays from this foil.
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Property N1A1 Ni3AI TiA1 Ti3A1 FeAl Fe3A1
Meltingpoint,K 1955 1663 1733 1873 1523-1673 1813
Density, glcm3 5.86 7.50 3.91 4.2 5.56 6.58
Young's modulus, 106 psi 42.7 25.9 25.5 21.0 37.8 23
Thermal expansion, 1061

Kat873 K
13.2 12.5 12.2 - - 20

Specific heat, J/g. K 0.64 0.61 - -

Thermal conductivity,
W/m.K

76 28.9 22 15 - 10.9

400 600 800 1000

Temperature I K

Figure 2.1. Temperature dependence of yield strength of Ni3A1 single crystal
<100> tensile direction compared with those of 316 stainless steel (Demura et
al., 2001)

Table 2.1. Comparison of physical and mechanical properties of some aluminide
intermetallics.



2.2. Device Design and Fabrication

2.2.1. Materials

The equilibrium binary phase diagram for the Nickel-Aluminum

system is shown in Figure 2.2 (Massalski, 1990). In particular, the NiAl and

Ni3Al phases are of interest for engineering applications. Table 2.1 compares

some physical, mechanical and thermal properties of various aluminide

intermetallics (Stoloff and Silcika, 1996; ASM Metal Handbook 1990). The

nickel-aluminides tend to have the highest melting temperature while the

titanium-aluminides have the lowest density and the iron-aluminides have

perhaps the best high-temperature corrosion resistance. This data illustrates

the excellent high temperature properties of nickel-aluminides. In particular,

Ni3A1 has excellent high-temperature wear resistance, excellent oxidation

resistance, carburization resistance, nitridation resistance, high temperature

strength, cavitation erosion resistance, and fatigue resistance. Major industrial

applications for Ni3A1 based alloys include furnace fixtures, turbochargers for

diesel engines, hydroturbines, catalytic converter substrates, and

manufacturing tooling (Sikka, 1996).

The Ni3A1 single crystal foil used in this investigation was supplied by

Dr. Toshiyuki Hirano at NIMS in Japan (Demura, Suga, Umezawa, Kishida,

George, and Hirano, 2001). The Al content was confirmed to be close to the

stoichiometric composition (25 at% Al). The Ni3A1 foil provided was about 76
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mm long, 36 mm wide, and 85 p.m thick and had a significant warp due to the

cold rolling process. Deformation of the foil was difficult due to the grain

boundaries to assist dislocation movement.
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Figure 2.2. The phase diagram for the Ni-Al system (Massalski, 1990)

2.2.2. Device Design

To evaluate the Ni3A1 procedure, a counterfiow microchannel design

was implemented as shown in Figure 2.3. The major dimensions of the

laminae were nominally 15 mm by 15 mm. Channel dimensions were 2 mm

wide by 10 mm long in the counterfiow and 700 im wide in the neck between

1009080

Ni

400 10 20 30iaoO,----4. ..' .,..). 90 100
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the channel and the header. One reason for the slight dimensions was that very

little material was available for sample preparation. Laminae were cut from an

85 m thick Ni3A1 single crystal foil supplied by Dr. Toshiyuki Hirano at

NIMS in Japan. All results reported are from the first attempt at this procedure

with a small amount of material. Another reason for the slight dimensions is

that oversized dimensions in the width of the neck of counterfiow

microchannels have been known to cause leakage in two-fluid microchannel

systems. Width dimensions in the neck were sized based on known

manufacturability rules for two-fluid systems in 304 stainless steel (Paul,

Hasan, Thomas, Wilson, and Alman, 2001).
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Figure 2.3. An exploded view illustrating the microlamination procedure used to produce an
Ni3A1 intermetallic counterfiow heat exchanger.

A microlamination procedure was used to implement the counterfiow

design. This procedure involved laminae patterning, registration, and bonding.

At the stait of the experiment, very little was known about the machinability

and weldability of the foils. Considering the small amount of foil, a

conservative approach was taken. The blanks were cleaned using acetone,

methanol, and deionized water. An ESI 4420 Laser Micromachining System

with a 266 nm UV laser rail was used to pattern the blanks. Optical

microscopy of the foils, shown in Figure 2.4, after patterning revealed no

cracking in the regions immediately adjacent to the cut but did show some

ejecta along the edges.



Figure 2.4. Micrographs of laser-machined Ni3A1 foil

Laminae registration was accomplished using a thermally-enhanced

edge registration (TEER) technique to minimize misalignment while avoiding

buckling which is induced during high-temperature bonding (Thomas and

Paul, 2002). Diffusion bonding of the laminae was achieved in a vacuum hot

press at elevated temperature and pressure. The sample was fixtured between

two graphite platens with 900 psi pressure and heated at a rate of 10°C per

minute to a temperature of 900° C in atmospheric gases at 3x10 torn The

sample was held at this temperature for 4 hours to ensure that the intermetallic

foils would bond. Temperature profile for the Ni3A1 diffusion bonding cycle is

shown in Figure 2.5.
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Figure 2.5. Temperature profile of Ni3AT diffusion bonding cycle

2.3. Results

The device was found to be brittle after diffusion bonding of the

laminae. A leak test was performed on the device to assure soundness of the

approach. As stated before, two-fluid systems are known to have particular

leakage problems and, therefore, are a good check of the process capability.

The test was performed to determine if leakage existed between the

counterfiow channels. Leakage testing involved hooking pressurized air to one

of the inlets and blocking its outlet. The other inlet and outlet were left open

and the device and test fixture were submerged under water.

A micrograph of the fabricated Ni3A1 device is shown in Figure 2.6.

The device was tested for leakage under more than one atmosphere of gauge
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pressure without any sign of bubbles. No leakage was observed between the

channels as well as along the edges of the device.

Figure 2.6. Micrograph of the fabricated NiAl counterfiow heat exchanger

Micrographs of the cross-section of two Ni3A1 laminae are shown in Figures

2.7. and 2.8. No bond line or voids are visible at the interface indicating a

sound bond.
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Figure 2.8. Scanning electron micrograph of diffusion bonded Ni3AL laminae
(500X)

2.4. Conclusion

The work presented here demonstrates a fabrication technique used to

make a two-fluid microchannel device from an Ni3A1 single crystal foil. This

method has the advantage of eliminating volumetric shrinkage due to binder

removal when compared to ceramic micro-scale devices. The microlamination

procedure using Ni3AI single-crystal foil was found to be leak-proof It was

determined that laser micromachining can be used as a patterning technique

without causing thermal cracking in the foiL Metallographic study of the bond

quality showed no voids at that bond interface. However, cost is a major issue

in mass production of high temperature devices from single crystal Ni3A1 foils.
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CHAPTER 3

FABRICATION OF ALUMINIDE MICROCHANNEL ARRAYS USING
FeA1 FOILS SYNTHESIZED BY A POWDER ROLLING AND

ANNEALING APPROACH

3.1. Introduction

For their excellent corrosion resistance, iron aluminides have drawn the

attention of researchers for several decades. They offer outstanding oxidation

and sulfidation resistance at a relatively low material cost than many stainless

steels. Their high tensile strength, comparable to many stainless steels, lower

density and higher strength to weight ratio, than many stainless steels, make

them a good candidate as a structural material (Sikka, Viswanathan, and

McKamey, 1993). Table 3.1 compares some physical, mechanical and thermal

properties for various aluminide intermetallics (Stoloff and Sikka, 1996; ASM

Metal Handbook 1990) with 3 16L stainless steel.
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Table 3.1. Comparison of physical and mechanical properties of some aluminide
intermetaffics.

Thermal conductivity of Fe3A1 is low and electric resistivity is high as

compared to other structural alloys. Thermal expansion is similar to 300-series

steels up to a temperature of 800° C; above this temperature the expansion of

Fe3A1 is higher than the steels. Increasing aluminum concentration in Fe3A1

based alloys results in an increase in the coefficient of thermal expansion

(McKamey, 1996). Fe3A1 also exhibits an outstanding high magnetic

permeability (Sauthoff, 1995). The magnetic properties in iron aluminides also

depend on the aluminum content, where magnetization decreases with

increasing aluminum content (McKamey, 1996). FeA1 based alloys exhibit

excellent corrosion and oxidation resistance in harsh environments and a high

strength-to-weight ratio when compared to common structural materials such

as stainless steel (Jordan et al., 1999). The two shortcomings of iron

aluminides included low ductility at room temperature and a sharp drop in

strength above 600° C. Later research shows that a controlled composition and

microstructure can improve the ductility 10-15 % in iron aluminides (Sikka,

1993). FeAl-based alloys are hot workable between a temperature range of

Property NiA1 Ni3AI TiA1 Ti3A1 FeA1 Fe3AI
316L

SS
Meltingpoint,K 1955 1663 1733 1873 1523-1673 1813 1302
Density, g/cm3 5.86 7.50 3.91 4.2 5.56 6.58 8.1
Young's modulus, 106 .si 42.7 25.9 25.5 21.0 37.8 23 29
Thermal expansion, l0I

K at 873 K
13.2 12.5 12.2 - - 20 16.2

Specific heat, J/g. K 0.64 0.61 - - 0.5
Thermal conductivity,

W/m.K
76 28.9 22 15 - 10.9 16
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900° to 11000 C and can be warm finished at temperatures as low a s 650° C.

However, they are not cold workable (Sikka et al., 1993).

The commercial application of iron aluminides generally involves

corrosive, high temperature environments. Applications include heating

elements, automotive gas turbine engines, coal gasification systems, dies for

superplastic formation of titanium-based alloys, catalytic converters, etc.

(Sikkaetal., 1993).

The equilibrium binary phase diagram for the Iron-Aluminum system is

shown in Figure 3.1 (Massalski, 1990). Although iron and aluminum form

many intermetallic phases, the ordered phases of FeAl and Fe3Al are of interest

because of their properties.

FeA1-based alloys may also be applied towards the fabrication of

recuperators for microturbines. Recuperators are compact heat exchangers that

boost the efficiency of microturbines. Recuperators are used to preheat

incoming air to the combustor. The application requires high temperature

durability including high strength and corrosion resistance. Although, the

recuperator technology for microturbines is well established, the maximum

operating temperature is limited to 600°-650° C because of the stainless steel

construction (Pint et al, 2001). The inlet pressure for the recuperator gas is

about 450 kPa for a 100 kW microturbine (Lagerstrom, 2003). One way to

improve the recuperator efficiency is to increase the turbine rotor inlet

temperature, which will also increase the temperature requirements of the
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recuperator. Because of its good corrosion resistance, low density, high

melting point and high strength as compared to the stainless steel, FeAl is a

good candidate for the fabrication of recuperators for mircoturbines.

a

0

Fe

Figure 3.1. Iron-Aluminum binary phase diagram. (Massaiski, 1990)

A literature review of research conducted on the bonding of iron

aluminides is presented here. David et al. (1999) undertook electron beam

welding and gas tungsten arc welding of several Fe3A1 based alloys with 27 to

30 at% Al content. The alloys had varying content of Cr, Nb, Mn, B, TiB2

which were not disclosed due to proprietary reasons. Hot cracking was

Al



42

observed in case of gas tungsten arc welding. In case of electron beam welding

cracks were observed at higher welding speeds whereas good welds were

obtained at slower speeds. Few attempts have been made to diffusion bond

Fe3Al to other dissimilar materials. Juan, Yajiang, and Huiqiang (2001 and

2002) diffusion welded Fe3Al intermetallic compound and Q235 carbon steel.

The bonding parameters were a target temperature of 10800 C, holding time of

60 minutes, under a pressure of 9.8 MPa in a vacuum of 5 X 106 Torr. SEM

analysis showed no obvious brittle phases, voids or cracks at the bond interface

between Fe3Al and Q235 carbon steel.

Wang, Li, and Liu (2003) diffusion bonded Fe3Al and 18-8 stainless

steel. The Fe3Al intermetallic sample was prepared by induction melting in the

vacuum and hot-roffing. The sample was machined into a 100 x 20 x 20 mm

strip, whereas steel was a 100 x 20 x 8 mm strip. Diffusion bonding was

carried out at a temperature of 1040° C for 60 minutes under a pressure of 15

MPa in a vacuum environment. A TEM analysis of the bonding interface

revealed that sound bonding was achieved without any cracks and voids on the

bonding interface.

In case of FeAl based alloys, both cold and hot cracking have been

reported at the weld interface when attempted to bond via gas tungsten arc

welding (Maziasz et al., 1992). Addition of 0.24 at% boron, which increased

the room temperature ductility and strength at 600° C, also resulted in hot

cracks in the fusion zone.
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Banovic, DuPont, Tortorelli, and Marder (1999, 2001) while cladding

carbon steel substrates with FeA1, employing the gas tungsten arc and gas

metal arc welding process, observed that FeA1 cladding was directly related to

the aluminum composition within the deposit. FeA1 with less than lOwt %

aluminum was readily weldable, whereas higher concentration of aluminum

produced poor welds and cracks in the interface. As evident from literature

review, while several attempts have been made to join FeA1 by means of

conventional welding methods, no known efforts have been made to study the

diffusion bonding of FeA1 foils.

As described earlier, low room temperature ductility and poor high

temperature creep strength are major issues restricting the application of iron

aluminides. In recent years, powder processing of PeAl sheets by roll

compaction has been developed to overcome these shortcomings Deevi (2000)

fabricated 200 pm thick iron aluminide sheets (Fe-40 at% Al) via the powder

metallurgy route. FeA1 powder was obtained through water atomization using a

molten alloy of FeAT, containing 24-26% Al, 0.005% of Boron, 0.05% of C,

0.42% of Mo, and 0.1% of Zr by weight, as the feedstock. Green sheets of 660

jtm FeAl were obtained by roll compaction from a blended mixture of the

atomized powder and binder. Debindering of the FeA1 green sheets was carried

out at a 350-600° C temperature range in a nitrogen atmosphere for 8 hours.

Sintering was conducted at 1260° C. Successive annealing and cold rolling

were conducted in three stages at 1150° C, 1260° C and again 1150° C. The
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sheets were passed through the roller leveler to obtain uniform flatness.

Finally, the sheets were annealed at 7000 C in vacuum for 2 hours.

Foil obtained through this process has a tensile strength greater than

stainless steel whereas the yield strength is comparable to stainless steel at

800° C. The ductility is improved from 2.2 % to 5% at room temperature.

There is also a significant improvement in the creep strength (Deevi, Sastry,

and Sikka, 2001). These improvements enable the possibility of fabricating

high temperature microfluidic devices with FeA1 foil through the

microlamination route. A review of available literature reveals no known

diffusion bonding studies of FeAl foils.

The objective of this study is to explore the range of diffusion bonding

parameters, i.e., temperature, pressure, and dwell time needed for powder-

rolled and annealed FeAl foil with application to microchannel arrays. The

value of this research is in its ability to demonstrate:

Diffusion bonding in FeA1 foils.

The application of FeA1 foils to produce a microchannel device,

which in turn paves the way to explore the possibility that:

Other types of aluminide foils, for instance NiA1, can be

produced by following the same route as FeA1.

Aluminides, because of their low density, are ideal materials

for MECS applications and a good replacement for stainless

steel.



3.2. Experimental Approach

The FeA1 foil used in this investigation has been supplied by Dr. Clive

Scorey at Ametek Inc. The foil is confirmed to be 24 wt % Al which translates

to about 40 at% Al. The foil is about 203 jtm thick. To fabricate an FeA1

microchannel array, a counter flow microchannel design was implemented as

shown in Figure 3.2. The major dimensions of the laminae were nominally 15

mm by 15 mm. Channel dimensions were 1.5 mm wide by 9.75 mm long in the

counterfiow and 750 im wide in the neck between the channel and the header.

Width dimensions in the neck were sized based on known manufacturability

rules for two-fluid systems in 304 stainless steel (Paul, Hasan, Thomas,

Wilson, and Alman, 2001).
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Figure 3.2. An exploded view illustrating the microlamination procedure used to produce an
FeA1 intermetallic counterfiow heat exchanger.

A microlamination procedure was used to implement the counterfiow

design. This procedure involved laminae patterning, registration, and bonding.

The blanks were cleaned using acetone, methanol, and deionized water in an

ultrasound cleaner for 5 minutes each. An ESI 4420 Laser Micromachining

System with a 355 nm UV laser rail was used to pattern the blanks The

average power of 5.8 watts, with a repetition rate of 30 KHz, a beam diameter

of 30 pm, and a velocity of 20 mm/sec were used in four steps of 0 tm, 60 m,

120 l.xm, and 180 m, with 27 passes each. Laminae registration was

accomplished using a thermally-enhanced edge registration (TEER) technique

to minimize misalignment while avoiding buckling which is induced during

high-temperature bonding (Thomas and Paul, 2002). Diffusion bonding of the

Channel

o Fin

1? Channel
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laminae was achieved in a vacuum hot press at elevated temperature and

pressure. The sample was fixtured between two graphite platens with 9.8 MPa

and heated at a rate of 10°C per minute to a temperature of 1050° C in

atmospheric gases at 3x10 torr. The sample was held at this temperature for 2

hours to ensure that the intermetallic foils would bond. The temperature

profile of diffusion bonding is shown in Figure 3.3.

Figure 3.3. Temperature profile of FeAT diffusion bonding

3.3. Results

Two microchannel array devices were fabricated at 1050° C under 9.8

MPa for 2 hours. Prior to bonding, the laminae were flattened under a pressure

of 36 MPa at room temperature for 5 minutes.
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Micrographs of a cross section of the other device are shown in Figures

3.4 and 3.5. Bond lines are not visible between the laminae and there are no

voids at the bonding interfaces, indicating a sound bond. However, a marked

warpage of channels is obvious due to excessive bonding pressure. In future

research, this warpage may be minimized through streamlining of the bonding

pressure.

Figure 3.4. Scanning electron micrograph of a cross-section of diffusion
bonded FeA1 device (98X)
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Figure 3.5. Scanning electron micrograph of a cross-section of diffusion
bonded FeA1 device (42X)

3.4. Conclusion

The work presented here demonstrates the potential of employing FeA1

foils to fabricate mircochannel arrays. Two FeAl microchannel array devices

were successfully fabricated. Metallographic studies of one of the devices

showed a sound bond. Warpage in the channels was observed which can be

minimized by optimizing the bonding pressure. This deformation and warpage

could be the effect of the applied bonding pressure at an elevated temperature

and may be eliminated by optimizing the bonding conditions. Another issue

with this foil was its surface flatness at room temperature. The foils were
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flattened under an excessive pressure for a short duration, at room temperature,

which may have introduced some stresses in the foil.
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CHAPTER 4

EFFECT OF SURFACE ROUGHNESS AND NICKEL FILM
THICKNESS ON DIFFUSION BONDING OF NICKEL ALUMINIDE

FOILS

4.1. Introduction

Aluminide intermetallics exhibit good physical properties, e.g., large

high temperature modulus, excellent high temperature corrosion resistance,

low to moderate thermal conductivities, and in some cases, low densities and

inexpensive elemental constituents. Room temperature processing of these

materials is generally difficult due to their brittleness.

Table 4.1 compares some physical, mechanical and thermal properties

for various aluminide intermetallics (Stoloff and Sikka, 1996; ASM Metal

Handbook 1990). The nickel-aluminides tend to have the highest melting

temperature while the titanium-aluminides have the lowest density and the

iron-aluminides have perhaps the best high-temperature corrosion resistance.

The thermal conductivity of NiA1 as compared to other aluminides is on the

higher side which could be important for some heat exchanger applications.

The coefficient of thermal expansion is lower which may be important for

dimensional stability inside of microchannels. For nickel-aluminides, the
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physical, mechanical and thermal properties and corrosion resistance of NiA1

are most desirable for the majority of high-temperature MECS applications.

Table 4.1. Comparison of physical and mechanical properties of some aluminide
intermetaffics.

The equilibrium binary phase diagram for the Nickel-Aluminum

system is shown in Figure 4.1 (Massalski, 1990). The stoichiometric NiA1

phase is perhaps most desirable because of its high temperature resistance and

good corrosion resistance. Although the melting temperature of NiA1 is not

much higher than that of Ni, the high temperature mechanical properties of

N1A1 are much better. NiA1 has a substantially lower density and a higher

Young's modulus than Ni. This could be important to reduce weight for

portable applications. In addition NiAl has excellent oxidation and sulfidation

resistance at high temperatures which is critical for high temperature reactions.

Property NiA1 Ni3A1 TiA1 Ti3A1 FeAt Fe3A1
Meltingpoint,K 1955 1663 1733 1873 1523-1673 1813
Density, gicm3 5.86 7.50 3.91 4.2 5.56 6.58

Young's modulus, 106 psi 42.7 25.9 25.5 21.0 37.8 23
Thermal expansion, 10'I

K at 873 K
13.2 12.5 12.2 - - 20

Specific heat, J/g . K 0.64 0.61 - -

Thermal conductivity,
W/m.K

76 28.9 22 15 - 10.9
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Figure 4.1. The phase diagram for the Ni-Al system (Massaiski, 1990)

One potential application of NiA1 is portable microreactors for

hydrocarbon steam reforming Apart from reducing the size of the reformer,

employing NiA1 microchannels instead of stainless steel allows the operation

at higher temperatures. This in turn improves the reaction kinetics which

requires fewer microchannels for the same hydrogen production rate.

Microchannels cause higher heat and mass transfer as well as minimize coke

formation because of low residence time. These microreactors can be utilized

in automotive fuel cells and environmentally safe systems for the destruction

of hazardous chlorinated hydrocarbons (Ehrfeld, Hessel, and Lowe, 2000;
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Ortego, Richardson, and Twigg, 1997). Janikowski, Gombert, Soelberg,

Harrup, and Jovanovic (2002) evaluated a technique to destroy hazardous

compounds that may be discharged during the process. Palladium was

deposited as a layer of catalyst on NiA1, FeAI, and TiA1 coupons. Water and

halocarbon such as Cd2 were pumped into the system at a predetermined rate.

After the initiation of the reaction the contents were ramped up to 7500 C and

were held at that temperature for one week. Only the NiA1 system was found to

withstand these conditions. The other coupons underwent corrosive

degradation.

Diffusion bonding is one approach to fabricate NiAl microchannel

arrays. Past research has shown that extreme temperature and pressure

conditions are necessary for diffusion bonding which can cause significant

deformation. Wattanutchariya (2002) showed that 20% deformation to a

typical microchannel cross-section could cause as much as a 50% increase in

the number of channels needed, resulting in a 50% increase in the size of

devices that are designed for portability. Kanlayasiri (2003) showed the Ni-

assisted reactive diffusion bonding resulted in a significant improvement in the

flatness of the fins over previous research, however, the bond lines were

characterized as inhomogeneous with many voids. In addition to the warpage

and poor quality bond lines, problems with this approach included the

difficulty of handling 7.5 tm Ni foil as a diffusion aid mechanism to assist in

diffusion bonding. The objective of this study is to explore the effects of
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surface conditions and Ni film thickness on the quality of NiAl diffusion bond.

A reduction in the bonding time, pressure, and temperature will facilitate better

geometric accuracy and will also help in decreasing production cost.

4.2. Diffusion Bonding

Diffusion bonding or diffusion welding has been described as joining

of two similar or dissimilar surfaces at an elevated temperature in which the

primary source of strength of joints is regarded as the diffusion of the atoms

across the joining interface and secondary source as the plastic deformation of

the faying surfaces. (Kazakov, 1985; Kalpakjian and Schmid, 2001). Schwartz

(1979) suggests an optimal temperature range of 60% to 80% of the melting

temperature for most of the bonded metals to realize a good diffusion bond.

Kearns (1980) divided the diffusion bonding progression into three

stages. The first stage entails the plastic deformation of the mating surfaces,

formation of grain boundaries and voids along the mating surfaces, and

initiation of surface diffusion. In the second stage, grain boundary diffusion

takes over, closing the voids at the grain boundaries. In the third stage, volume

diffusion of the atoms into the remaining voids at the interface takes place.

These three stages could overlap in a diffusion bonding process. Diffusion

bonding of dissimilar materials may entail chemical reactions at the bond

interface followed by the diffusion of chemical species and is therefore termed

as reactive diffusion (Philibert, 1991).
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Self-propagating, high-temperature synthesis (SHS), also termed in the

literature as reaction synthesis and combustion synthesis, relies on a reaction

between elemental constituent to form ceramic or intermetallic compounds

(Rawers, Hansen, Alman, and Hawk, 1994). Due to the high thermal stability

of the forming compound as the driving force, heat is liberated when the

reaction begins, and the reaction becomes self sustaining and self propagating

(Alman, 1994). Alman, Dogan, Hawk, and Rawers, 1995 explain that the SHS

reactions in aluminides are initiated at around the melting temperature of

aluminum. The reaction lasts for a few seconds and is accompanied by the

formation of liquid transient phase. The advantages of SHS foil lamination

technique include lower processing time, temperature and pressure to produce

well-bonded composites and ease of processing.

There are four important processing parameters that control the

diffusion bonding process; temperature, pressure, time of contact, and the

surface conditions. The ambient environment can be regarded as a fifth

parameter for the process. A detailed account of the first three parameters has

been collated by Kanlayasiri (2003) in a state of the art study on nickel

aluminide diffusion bonding. They are summarized from Kazakov (1985) as

follows: The bonding temperature should be anywhere between 50 to 70% of

the melting point of the most fusible metal in the composition. Elevated

temperature not only aids the interdiffusion of atoms across the interface of the
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weld but also assists the crushing of surface asperities during surface

deformation.

The bonding pressure should be enough to ensure deformation of

surface asperities and to fill the voids in the weld zone. It should ensure an

intimate and tight contact between the two mating surfaces being bonded. The

bonding pressure also breaks the oxide layer on the surfaces to aid diffusion

and coalescence.

The time of contact or holding time at elevated temperature and

pressure should be sufficient so that the intimate contact between the mating

surfaces is formed and the diffusion process takes place completely. The

holding time should be kept at a minimum for physical and economic

considerations. In the case of bonding dissimilar materials, excessive holding

time may leave voids in the bonding interface and may also change the

composition of the material.

The ambient environment of the diffusion bonding sample is usually

vacuum, which is kept around to l0 Pa. Sometimes, a high purity inert

gas like argon or helium is used as the atmosphere for diffusion bonding,

although very high purity gases are expensive and so usually inert gases are not

as effective at protecting bond joints during processing.

The fourth bonding parameter, the surface condition is presented in

some detail below. Kearns (1980) characterizes surface conditions into surface

roughness, oxidized layer on the mating surfaces, contaminants such as oil,
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grease, dirt or any other randomly distributed solid or liquid impurities, and

absorbed gas and/or moisture. Surface finish is usually described by three

important terms namely roughness, waviness, and lay. Roughness can result

from machining or other manufacturing operations and is comprised of finely

spaced surface irregularities. Roughness is a closely-spaced digression from

the surface's ideal form. Waviness has greater spacing between the

irregularities as compared to the roughness and is usually caused by vibration,

warping, or spindle deflection in machining or other processing. Lay is used to

specify the surface pattern produced during a machining process, it is

comprised of parallel ridges and valleys having a common direction (Farago,

1982).

4.3. Surface Roughness

Surface roughness is commonly specified as either arithmetic average

(center line average roughness) or root mean square average roughness. The

arithmetical average, denoted in ISO 4287 as Ra, is the average deviation of the

surface from a mean line or centerline. The arithmetical average deviation

from the mean line is

Ra fy dl

where

Ra = arithmetical average deviation from the mean line



Figure 4.2. Short section of hypothetical profile, divided into increments
(Dallas, 1976)

The root mean square average roughness, denoted in ISO 4287 by Rq, is

calculated by taking a series of measurements of deviations from the center

line and taking their root mean square. It is defined mathematically as:

Rq=
1+

fY2dlJ
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y = ordinate of curve of profile

I length over which average is taken

An approximate of the average roughness may be obtained by adding

the y increments, as shown in Figure 4.2 (Dallas, 1976), without regard to sign

and dividing the sum by the number of increments taken:
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An approximation of the root mean square average roughness may be

obtained by adding the square of the y increments shown in Figure 4.2,

dividing the sum by the number of increments taken, and extracting the square

root:

1//2

Rq is more sensitive to occasional high and low peaks, and gives more

weight to higher peaks. Other important specifications include maximum peak

to valley roughness height and ten point height. Maximum peak to valley

roughness is denoted in ISO 4287 as R and is the distance between two lines

parallel to the center line that contacts the extreme upper and lower points on

the profile within the sampling length. (Dallas, 1976; ISO 4287, 1997)

Roughness sampling length is the distance between the successive data

points being recorded in a scan whereas the evaluation length is basically the

length of the scan being taken to measure the surface roughness. Table 4.2,

taken from ISO 4288, specifies the roughness sampling lengths and roughness

evaluation lengths for a given center line average roughness (ISO 4288, 1996).

Rq i=1

n
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Table 4.2. Roughness sampling and evaluation lengths for different ranges of Ra

Compared with the surface roughness, waviness requires a longer

evaluation length. There is no standard for how long is long enough or how to

break the waviness into separate sample lengths as is done for roughness.

Waviness is usually evaluated for one sample length equal to the longest trace

possible on a particular part with a particular instrument.

Surface roughness can be measured by a number of contact and non-

contact methods. Surface texture measurement with a stylus type instrument is

most widely used. Surface profile measuring system or a profilometer is a

stylus type instrument widely used in industry and fits into the first category.

The essential components of a surface profile measuring system include

precision scan head, precision sample stage, video camera, video monitor, and

Ra

tm

Roughness sampling
length

mm

Roughness evaluation
length

mm

(0.006) <Ra 0.02

O.02<RaO.l

O.1<Ra2

2<Ra<l0

10<Ra<80

0.08

0.25

0.8

2.5

8

0.4

1.25

4

12.5

40
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a computer console. Measurements are made electromechanically by moving

the sample beneath a diamond tipped stylus according to user programmed

scan length and speed. The stylus is coupled to a LVDT (Linear Variable

Differential Transformer). As the stage moves the sample, the stylus ride over

the sample surface. Surface variations cause the stylus to move vertically.

Electrical signals corresponding to the stylus movement are produced as the

position of the LVDT changes. An analog signal proportional to the position

change is produced by the LVDT, which in turn is converted to a digital format

by a digital converter. The digitized signal from the scan thus obtained is

displayed on the video monitor and can be stored in a computer. The

advantage of this kind of system is the cost as compared to the non-contact

method. Since it is a contact measuring technique, it may give erroneous

readings if the stylus is not in an optimal condition. Furthermore, the diameter

of the tip of the stylus puts a limit on the accurate measurement of the valleys.

Regardless of the size of the tip, the stylus can scan over the peaks, but if the

tip is bigger than the valleys it will not be able to discern them (Farago, 1982;

Veeco, 2000).

Interferometry is a powerftil non-contact technique that can be used for

surface roughness measurements. The technique involves illuminating the

surface of a sample and measuring the reflected intensity. The system may be

used as a simple reflectometer, in which case interfaces between materials with

different refractive indices can be detected by the resultant step change in the
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reflectivity signal. The essential components of an interferometry system

include an interferometer that integrates a laser source, signal detector, and a

CCD camera with an associated illuminator. Measurement of surface

roughness by light inference has several advantages over the contact method. It

gives us a much better resolution than a surface profilometer. As it is a non-

contact method it can be used on softer materials which are hard to scan with a

profilometer. It is more accurate than any of the contact methods and does not

require frequent recalibration. Its limitations include its adaptability to external

surfaces that can be accessible by the microscope, and the sample should be

comprised of relatively smoother surface. Other non-contact methods include

scanning electron microscopy, transmission electron microscopy, and atomic

force microscopy (Farago, 1982).

4.4. Effect of Surface Roughness on Diffusion Bonding

A literature review of the role of surface roughness on the solid state

diffusion bonding process for different material systems is presented in this

section. Pilling (1988) postulated a model to predict the time required to

achieve full interfacial contact between the mating surfaces under isostatic

conditions. The model was verified for Ti-6Al-4V material system under

different bonding conditions. It was concluded that the bonding times were

insensitive to temperature and pressure within the superplastic temperature

range. However, the time required to attain full interfacial contact between the
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mating surfaces seemed to depend substantially on the magnitude of both short

wavelength roughness and long wavelength waviness of the mating surfaces.

The 4 different surface conditions used in the study were 2.1 pm and 0.6 pm;

2.5 pm and 1.3 pm; 4.5 pm and 22 pm; and 100 pm and 20 pm for the

wavelength and amplitude of the roughness respectively.

Islam and Ridley (1998) studied the effects of varying temperature,

pressure, time, and surface finish on the diffusion bonding of microduplex

stainless steel Avesta 2205. Bond quality was characterized by employing light

microscopy, compressive lap shear testing, and SEM fractography, whereas,

surface roughness was measured by using an atomic force microscope. The 2

levels of roughness were 0.2 pm amplitude with a wavelength of 8 pm and

0.45 pm amplitude with a wavelength of 14 pm. It was found that the bonding

time was reduced by increasing temperature andlor pressure and by decreasing

the surface roughness.

Nagano and Wakai (1994) investigated the effect of surface roughness

on superplastic diffusion bonding of a Zr02/Al203 composite. Three different

surface finishes of the composite were obtained by using no. 200, 400, and 600

diamond wheels. The centerline mean roughnesses of the samples were 0.28

pm, 0.17 pm, and 0.11 pm respectively. Bonding strength was evaluated by a

4-point bending test. Bonding interface was inspected by an SEM and the

residual voids in the bonding interfaces were evaluated with an ultrasonic
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inspection system. Smoother surfaces were shown to yield higher bonding

strengths.

Cox, Kim, and Carpenter (2002) investigated the effect of surface

roughness on the diffusion bonding of single-phase austenitic stainless steel.

The substrates were mechanically polished, lapped and the native oxide layer

was removed by ion beam cleaning. Surface roughness was measured by

atomic force microscope. Three different root mean square roughnesses of 0.5

nm, 1.5 nm, and 3 nm were obtained by employing a combination of

mechanical polishing! lapping and ion beam cleaning. The smoothest surface

finish required the shortest bonding time for void free bonding interfaces.

Transmission electron microscopy (TEM) was used to inspect the bonding

interfaces for voids.

Yang, Chiu, Lee, and Sun (1998) explored the effect of temperature,

pressure, time, vacuum, and surface roughness on solid state diffusion bonding

of superplastic 7475 aluminum alloy. Six different surface roughnesses ranging

from 0.17 im to 1.08 m were obtained by chemical cleaning and mechanical

polishing. The quality of the bond was characterized by lap shear stress. Bond

quality increased with increasing temperature, pressure, time, vacuum, and

decreasing surface roughness.

Kurasawa, Takatsu, Sato, Kuroda, Sugimoto, and Tamura (1996)

studied the effect of temperature, pressure, heat treatment and surface

roughness on the diffusion bonding of grade F82H ferritic steel. Specimens
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were divided into two groups on the basis of surface roughness; first group had

a surface roughness of 0.5 pm whereas the surface roughness of the second

group ranged from 7.8 to 12.8 pm. For the smoother surface three temperature

and pressure levels of 10600 C and 3.0 MPa, 950° C and 5.0 MPa, and 850° C

and 12.0 MPa were executed. Heat treatment included normalizing at 1040° C

for 30 minutes and tempering at 740° C for 2 hours. The quality of bond was

characterized by tensile test. Smoother mating surfaces showed a yield strength

comparable to the base metal at all three levels of temperature and pressure.

For the rougher surfaces sufficient diffusion bonding was not achieved at

1050° C under a pressure of 3.0 MPa.

Zuruzi, Li, and Dong (1999) investigated the effects of surface

roughness on the diffusion bonding of Al alloy 6061 in air. The 2 levels of

center line mean surface roughness were 0.84 pm and 0.18 pm. An interface

treatment step was carried out when the sample reached the target temperature

of 450° C. The step involved inducing relative motion at the bonding surfaces

by rotating the specimen through 3600 about the axis of the specimen under the

application of a compressive pressure. The rougher substrates yielded a 140%

better ultimate tensile strength than the smoother surface which was attributed

to the interface treatment step. However, voids were observed at the bonding

interface of rougher substrates which were attributed to the air entrapment

between the surfaces. Tensile strength comparable to the bulk material was

obtained for holding time of 75 minutes for the rougher surface. An increase or
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decrease in the holding time showed a drop in the tensile strength of the

material. It was recommended to obtain a controlled roughness for diffusion

bonding to achieve similar ultimate tensile strength of the bond as the bulk

material.

Harvey, Partridge, and Lurshay (1986) studied the factors affecting the

shear strength of solid state diffusion bonds between silver-coated clad Al-Zn-

Mg-alloy. Samples were prepared by means of chemical mechanical polishing

with five different roughnesses. Shear strength of the bonds increased with a

decrease in roughness.

Enjo, Ikeuchi, and Akikawa (1982) studied the effect of the roughness

of faying surfaces on the early process of diffusion welding of aluminum,

copper, and titanium. Center line mean roughness of 0.34 Mm, 0.40 pm, and

0.71 pm were obtained for all three materials by using 1500, 800, and 600

emery papers respectively. Electric resistance across the bonding interface was

measured while the samples were heated at a constant rate from room

temperature. The readings were analyzed by constriction resistance theory. The

variation of electric resistance was divided into three stages; stage 1 was from

room temperature to 2200 C, stage 2 was from 220° C to 500° C, and stage 3

was from 500° C to 630° C. Welding pressure was 0.2 kg/mm2. It was

concluded that the disruption of oxide films and the metal to metal contact on

the laying surface increased with increasing roughness with increase metal to

metal contact being the highest in the first stage, decreasing in the second
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stage, and then increasing again in the third stage. The formation of voids also

increased with an increase in roughness of the mating surfaces. This result was

attributed to that fact that the rougher surface had fewer contact spots to begin

with thus had a larger potential of an increased metal to metal contact under an

increasing temperature and application of pressure. It was also observed that

oxide film on the surface of aluminum required much greater deformation of

asperities as compared to titanium and copper. The bond strength was not

characterized in this research.

Somekawa, Watanabe, and Higashi (2003) studied the grain size

dependence on diffusion bonding behavior in superplastic magnesium alloy. A

fine-grain and coarse-grain specimen of Mg-Al-Zn alloy AZ3 1 were prepared

with grain sizes of 11 pm and 28 pm respectively. Experimental conditions

included a bonding temperature of 673 K, bonding pressure ranged from 2.0 to

10 MPa, and bonding time was varied from 0.5 to 5.0 hours. Diffusion bonding

quality was characterized by using lap shear tests. It was found that the fine-

grain specimen achieved a better diffusion bond than the coarse grain

specimen. Maximum lap shear strength ratio of 0.92 was achieved at 3.0 MPa

and 2 hours of bonding time for the smaller grain size specimen and 0.90 at 5.0

MPa and 3 hours for the larger grain size specimen. Lap shear strength ratio of

less than 0.6 resulted in a poor bond strength. This finding was in line with the

fact that superplastic deformation is a grain size dependent phenomenon.
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In an extension of the previous study, Somekawa and Higashi (2003)

explored the optimal surface roughness condition on diffusion bonding for

fine-grain and coarse-grain Mg-Al-Zn alloy. Different surface roughnesses

ranging from 4.5 im to 30.4 pm for fine-grain and 4.5 pm to 30.7 pm for

coarse-grain samples were obtained by using different alumina particles.

Bonding time was varied from 10 minutes to 6 hours. It was observed by

carrying out lap shear tests that the optimal surface roughness in terms of

bonding time was close to the grain size of the material. The lap shear strength

ratio increased up to the ratio of surface roughness to grain size equal to 1,

beyond this point lap shear strength remained constant.

Jauhari, Ogiyama, and Tsukuda (2003) studied the effects of

temperarute, pressure, time, and surface roughness on the quality of the bond

between superplastic stainless steel and carbon steel. An evaluation of

bonding conditions at two roughnesses of 0.32 pm and 1.5 pm by carrying

tensile strength suggested that smoother mating surface yielded a strength

equal to the parent metal in a shorter period of time. It was also verified in the

study that increasing the surface roughness increases the volume fraction of

voids in the bonding interface resulting in a decrease in the bonding strength.

Chen, Fan, Reif (2002) analyze possible mechanisms of copper wafer

bonding with respect to the position and alignment of the asperities. The study

was conducted on N-type (100) Si wafers with a 50 nm film of tantalum and

300 nm layer of copper. Bonding conditions of 4000 mbar at 400° C were
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applied for 30 minutes. The surface roughness of the wafers, i.e. the roughness

of the Cu film, was measured as 1.5 nm with an atomic force microscope. The

roughness was not uniform all along the surface of the wafer. The bonded

interface was characterized by transmission electron microscopy. A schematic

of the first mechanism, called "peak-to-peak" bonding mechanism, is shown in

Figure 4.3. In this mechanism, the roughness of both mating surfaces was same

at 1.5 nm. In a peak to peak alignment of asperities, the contact area between

the two surfaces was small and the deformation of elastic spheres was easy,

resulting in an atomic scale distance between the mating surfaces.

Interdiffusion of Cu atoms with higher kinetic energy was facilitated between

the surfaces with a simultaneous grain growth. The bond line at the interface

disappeared giving way to a homogeneous region with a non-distinct interface.
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Figure 4.3. Schematic of "peak-to-peak" bonding mechanism (Chen et al.,
2002)
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In the second mechanism, known as "peak-to-valley" mechanism, as

the normal load is not perpendicular to the contact area, the force acting on the



74

contact area is smaller than the normal load. Both mating surfaces had the

same scale roughness. At high temperature, the atoms were more energetic and

kept moving along the interface until the two surfaces matched each other.

After annealing grain growth occurred and bonding was achieved in the form

of a zigzag pattern. A schematic of "peak-to-valley" mechanism is shown is

Figure 4.4.
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Figure 4.4. Schematic of "peak-to-valley" bonding mechanism (Chen et aL,
2002)
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In the third mechanism, termed as "different-scale-roughness"

mechanism, the roughness of the two surfaces were not the same resulting in a

random and mismatched positioning of the peaks and valleys of the two

surfaces. Although, the asperities were decreased by the application of bonding

pressure as the two surfaces were squeezed together, some voids remained at

the interface. These voids were reduced by further annealing, leaving a distinct

bonding interface. The schematic of "different-scale-roughness" mechanism is

shown in Figure 4.5. In conclusion, surface roughness was regarded as an

important parameter in the initial steps of bonding.
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In a diffusion bonding study of silicon nitride to titanium, Lumus and

Drew (2000) concluded that in case of high surface roughness atomic diffusion

occurs where the mating surfaces are in contact with each other, whereas no

mass transport occurs in regions not in contact with each other, requiring

surface diffusion, plastic deformation, or creep as mechanisms for void

elimination.

The literature review shows that smoother surfaces result in better bond

quality, stronger bonds, better yield and shear strengths, and fewer voids for

the same time, temperature and pressure conditions. It is also observed that

increasing pressure and temperature, and decreasing surface roughness result

in a shorter bonding time. An important aspect of surface roughness is the

horizontal span of Ra described as short wavelength roughness by Ridley

(1988), which is found to be more important than Ra itself. This phenomenon

is described in the theoretical model section of this research. The void

formation in the previous research by Kanlayasiri (2003) was likely caused by

surface roughness.

4.5. Problem Statement

Kanlayasiri (2003) showed that Ni-assisted heterogeneous diffusion

bonding resulted in reasonable channel uniformity. However, as shown in

Figure 4.6., the bond lines were characterized as inhomogeneous with many

voids. In addition to poor quality bond lines, the samples were found to have
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carbon contamination which is known to embrittle NiA1. Other problems with

this approach included the difficulty of handling 7.5 im Ni foil as a diffusion

brazing mechanism to assist in diffusion bonding.

Figure 4.6. Diffusion bonded NiAl (Kanlayasiri, 2003)

4.5.1. Inert Platens

One contribution of this research is the use of ground inert platens

during NiA1 synthesis to reduce the roughness of NiA1 laminae, thereby

providing a means to minimize bond voids. Boron nitride is known to be inert

and non reactive with Al. Hot pressed boron nitride sheets are made by

densification of powder. They can be used up to a temperature of 2500° C and

have a compressive strength of 30 to 120 MPa. They can be machined to close

tolerances (Goodfellow, 2004). Further, these platens were also used during
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the diffusion bonding experiments. Using these platens for synthesis and

diffusion bonding, instead of graphite platens, eliminates carbon inclusions

into the matrix of NiAl, which is known to embrittle NiAl (George and Liu,

1990).

4.5.2. Bond Homogeneity

Bond homogeneity is important and was something that Kanlayasiri

(2003) struggled with in his research, as can be seen in Figure 4.6. The time to

homogenize a NiA1 bond for an appropriate range of the thickness can be

determined by Fick's second law (Callister, 2000). Solution to Fick's second

law is given as:

7

=1eif x
(1)

where

C = Surface concentration of element

C0 = Initial uniform concentration of element

= Concentration of element at distance

x = Distance from surface

D = Diffusivity of diffusing solute

One implication of this formula is the need to reduce the thickness

(represented by 'x') of the Ni layer used for heterogeneous diffusion bonding.

One means of doing this is the use of Ni electroplating.
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4.5.3. Electroplating and Leveling

Use of heterogeneous material as a diffusion aid in diffusion bonding is

well documented (e.g., Moore et aL, 1993; Nakao et al., 1991). Kanlayasiri

(2003) used a 7.5 I.tm thick Ni foil as a diffusion bonding aid in the diffusion

bonding of NiAl. However, handling such a thin foil was cumbersome. In this

research, it is proposed to use a thin layer of electroplated Ni on the NiA1

substrates which would eliminate the difficulty of handling such a thin foil.

This method will also provide some degree of control over the thickness of

deposition. Hence, different thicknesses of the deposition can be evaluated in

aiding the diffusion bonding process.

Electroplating has also been used as a smoothening process for rough

surfaces. The process is referred to as leveling and is defined as the progressive

reduction of surface roughness during deposition (Lowenheim, 1974).

Leveling occurs when more deposition takes place in microrecesses than in

micropeaks. Leveling can be achieved either by the use of chemical additives

or in certain cases without using any chemical additives; the former is known

as true leveling whereas the latter is known as geometric leveling.

(Lowenheim, 1974). Aroyo (1995) showed that with pulse plating, maximum

leveling power (LP) was obtained with a Watts nickel bath at 5 Hz where LP

was defined as the ratio of the difference in the center line average roughnesses

of the substrate and the plated surface and the thickness of the plate. A leveling

power of 0.035 was obtained at a frequency of 5 Hz with a forward pulsed
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current. This essentially means an improvement of 3.5% of the deposited film

thickness. Current density was 4 A/dm2 and pulse duration was 10 msec.

4.6. Thesis Statement

Microlaminated NiAl structures with embedded micro-scale geometry

can be produced with better bond quality and compositional integrity than

existing methods outlined in the literature specifically Kanlayasiri (2003).

These improvements will be achieved by investigating several process

developments:

Improving the surface conditions of NiA1 foils.

Reducing the thickness of Ni films for diffusion bonding.

In particular, better surface conditions will be pursued through the use

of smooth, inert bonding platens used during the synthesis of the NiA1 foils.

Thinner film thickness will be pursued through the use of Ni electroplating.

The desired improvements will be demonstrated using the criteria below

through the experiments described in this chapter:

Bond quality - homogeneous joints and reduced void count.

Compositional integrity - minimization of tertiary elements.

4.7. Theoretical Model

The objective of the theoretical model is to predict the conditions

necessary for void-free diffusion bonded NiAl. The model will also give an
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insight into the dynamics of diffusion bonding mechanism. An isostatic

diffusion bonding model for superplastic materials was synthesized from Dr.

John Pilling's research on diffusion bonding of superplastic materials with his

permission (Pilling, 1988; and Pilling, Ridley, and Islam 1996). Hori,

Tokizane, and Furushiro (1991) defined superplasticity as:

"Superplasticity is the ability of a polycrystalline material
(metallic, ceramic, intermetallic, or composite) to exhibit very
high tensile elongations before failure."

Nieh and Wadsworth (1999) explained that superplastic materials

generally have a high value of strain-rate sensitivity exponent m during tensile

deformation. Mathematically, it is characterized by the constitutive equation

= ketm

where o is the true flow stress, k is a constant, and e is a true strain rate.

Superplastic alloys have an m value greater than 0.33, where as most metals

and alloys have an m value less than 0.2. NiAI has been shown to have

superplastic behavior at elevated temperatures (Du, X. H., Guo, J. T., and

Zhou, B. D., 2001; Du, X., and Wu, B., 2005; and Guo, J. T., Chen, R. S., Du,

X. H., Li, 0. S., and Zhou, L. Z., 2005).

In diffusion bonding, the points of contact between the mating surfaces

collapse on application of an external pressure until the cross-sectional area

can support the applied pressure, resulting in a planar array of voids. In order

to calculate the time required to achieve full interfacial contact between the

two surfaces, the stress distribution of the material surrounding the voids needs
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to be determined. To facilitate this, the shape of the voids has been

approximated by an upright cylinder such that the cross-sectional area of the

cylinder is equal to the void projected on the bond interface. The initial height

or the diameter of the cylinder is twice the amplitude of surface roughness

(Piling et al., 1996). During diffusion bonding, the voids are filled by two

processes; the time dependent plastic collapse of voids and the mass transfer

from bond to void by diffusion. Elasticity theory was employed to determine

the stress gradients in the cylinder wall. These were averaged to account for

any relaxation in the stress gradient by superplastic flow. Radial,

circumferential, and axial stresses in the cylinder for a given void fraction are

given by:

where:

= Radial stress in the cylinder wall

= Circumferential stress in the cylinder wall

= Axial stress in the cylinder wall

p = Applied pressure

= Surface tension

=

a=

I
p

I
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2y"j7-1
(2)

2y+1
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(4)1f



r0 = Initial void radius

f= void fraction

In B2 aluminides steady-state creep rate is usually expressed as a form

of Dorn equation (Noebe, Bowman, and Nathal, 1993)

e = A[1?_ exp
E)

where:

e = Effective plastic strain rate

p = Applied pressure

E = Young's modulus

n = Stress exponent of a given creep mechanism

Q Activation energy for creep

R = Gas constant

A = constant related to such variables as microstructure, stacking fault, or

antiphase- boundary energy

Axial and radial strain rates (erandez) are determined by using the

Levy-von Mises associated flow rule as:

Er E

/
0r
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(6)

(-Q (5)
RT
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Determination of the radial and axial stresses enables the establishment

of the rate of reduction of area fraction of voids f. The kinetics of the void

closure process by plastic collapse is given by:

Edf 1

L]piasci
= 2e(l - f)

The total rate of change in the area of interfacial voids with time, as a

result of diffusion from the bond interface (volume diffusion) and from the

grain boundaries are given by:
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where Ue is Von Mises effective stress given by (Piling, 1988; Ugural and

Fenster, 1987).

1
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where:

Q = Atomic volume

= Volume diffusion coefficient

Dgbt5 = Grain boundary diffusion coefficient

d = Grain size

k = Boltzmann' s constant

T = Bonding temperature

h0 = Initial void height

Apart from the center line average roughness Ra, the model also takes

into account the short wavelength asperities 2 which is the span of a peak or

valley of the roughness measured horizontally shown in Figure 4.7.

HAt -1

/T

Figure 4.7. Schematic of interfacial geometry showing short term asperities
denoted by 2 and long term waviness by 2 (Pilling, 1988)

The initial void radius r0 was taken as half of 2 whereas initial void

height is twice the Ra. The rate of reduction of voids for the power law creep

mechanism (9) as well as for volume (10) and grain boundary (11) diffusion

are added. Numerical integration of the reciprocal of this sum yields the

bonding time for a given void fraction.
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A computer simulation shown in Appendix A was written in Matlab to

carry out the calculations. Alternatively, duration of bonding is given as an

input in the simulation to give the resulting void fraction as the output.

4.7.1. Model Validation

The model was validated by reproducing the results from the data for

Super Alpha-2, provided in Pilling et al. (1996) in a computer simulation. The

diffusion bonding conditions for Pilling et al. were varied between

temperatures of 9500 C and 1050° C and pressures of 5 to 20 MPa. The surface

roughness had an amplitude of 0.65 im and a wavelength of 15 pm. The

bonding time was set at 2 hours. Other physical properties of Super Alpha-2

taken from Pilling et al. (1996) are given in Table 4.3.
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Table 4.3. Physical properties of Super Alpha-2 (Pilling et al., 1996)
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A computer simulation was written in Matlab to duplicate the plot for

the conditions given above. The results matched the plots given in the

publication, as shown in Figure 4.8.

Property Units Value

fL2(U) D

Melting point (Tm) K 1875

Atomic volume (Q) m3 1.7 x 1029 1.81 x 1(129

Strainrate(e) 1.28xlO9exp
3O8OOO .2.O5

RT

Volume diffusion (Dr) m2 s-
5.9x103 exp

330O00)

RT

2O200O

)

Grain boundary diffusion m3s'
3x1012exp 2.O5

RT
(Dgb ó)

Surface energy (y) 1.8

Volume fraction f3 Tin K -4.593 + 0.004lTfor 1120 T 1365

Grain size (d) 5
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Figure 4.8. Comparison of published Pressure-Temperature curve from Pilling
et al. (1996) and results obtained from Matlab simulation

4.7.2. Application of Model to NiA1

The model was applied to the diffusion bonding of NiA1 at a

temperature of 8000 C under a pressure of 20 MPa for a duration of 8 hours.

The values used for the matching surface roughness Ra of the electroplated

NiAl laminae was 0.95 tm and the wavelength of the asperities X was 30 jim.

Physical properties of NiA1 are given in Table 4.4. The resulting void fraction

was found to be 0.00 after 8 hours which essentially means a void free bond

interface.

89
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(Noebe et al., 1993; Callister, 2000)

(Lozovoi et at, 2001 ; Kuznetsov Ct at, 1998)

Grain size (d) jim 25

(Kanlayasiri, 2003)

Matlab simulation was run to estimate the model sensitivity to different

diffusion bonding parameters. Starting from the bonding conditions which give

us zero void fraction, bonding temperature, time and pressure were reduced by

10 percent and amplitude and wavelength of surface roughness were increased

by an increment of 10 percent, as shown in Figure 4.9. A void fraction of 0.00

Table 4.4. Physical properties of NiA1

Property Units Value

Melting point (Tm) K 1955

Atomic volume (Q) m3

(Brandes et al., 1992)

2.4 x 1029

Strain rate (e)
s-i

(Noebe et al., 1993 ; Stoloffet

2.7x10'4 xexp

al., 1996

"-314000

Carter

(

1979)

2.0

RT ,,ET)

Volume diffusion (Dr) m2 s-

(Noebe et al., 1993 ; Stoloff et al., 1996

"-200000'

; Raj etal., 1995)

3.2x103 xexp
RT

---- 1---------- _-1
- 79x104

4.4604

10
T x5x10'°

(Dgb ó)
(Mishin et al., 1997 ; Gale et al., 2004)

Surface energy (y) J m2 2.65
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was obtained at 8000 C, 20 MPa, and 8 hours. The amplitude and wavelength

of surface roughness were 0.95 jim and 30 jim, respectively.

Figure 4.9. Theoretical model's sensitivity to bonding parameters.

As expected, the model was found to be most sensitive to temperature,

followed by equal sensitivity to pressure and time, for NiA1 at the given

bonding parameters. It is interesting to note that the wavelength (X) of surface

roughness has a more profound effect on the resulting void fraction than the

amplitude (Ra). This is consistent with the results shown by Pilling et al.

(1996) for Super Alpha-2. It was found from the computer simulation that the

most dominant mechanism in reduction of void fraction is time-dependent

plastic flow followed by volume diffusion and grain boundary diffusion. A plot
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of these results is shown in Appendix B. This result is consistent with the

observation made by Derby and Wallach (1982); Orhan et al. (1999); and

Pilling et al., (1988, 1996). Calculations by employing Fick's second law,

given in section 4.5.2., reveal that a Ni thickness of up to 4.8 m can be

homogenized into NiA1 in an 8 hour cycle at 8000 C.

4.8. Experimental Approach

Several parameters influence the quality of diffusion bonding including

temperature, pressure, time, surface texture, and environment. In a state of the

art study Kanlayasiri (2003) determined a good set of parameters for

temperature, pressure, and time. With environment being on the order of 0.01

Pa vacuum, role of surface texture in diffusion bonding of NiA1 laminae is of

prime importance for investigation. Thus the objective of this study is to show

that improved smoothness of the surfaces will result in an improved bond. In

order to do so role of the surface roughness of the bonding fixture in the final

surface roughness of the synthesized NiA1 was investigated. To accelerate the

diffusion process, the effect of nickel braze thickness as a diffusion aid was on

the on the diffusion bonding of NiAl laminae was also studied. Two levels

each of surface roughness and electroplated nickel thickness were employed to

study these effects.

Elemental foils of commercially pure (99%) aluminum and nickel were

used as the starting materials to synthesize nickel aluminide intermetallic
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substrates. In order to get 5Oat% of Ni and Al in 1:1 stoichiometric NiA1, ratio

of thicknesses of the elemental foils were calculated as 2:3 for Ni and Al

respectively (Kanlayasiri, 2003). Thus a foil of 50.8 im thick Ni was

sandwiched between two 38 jim Al foils. Elemental foils were sheared and

cleaned with acetone, methanol, and deionized water. The foils were stacked in

a boron nitride fixture in Al-Ni-Al sequence for tack bonding. Tack bonding

was conducted at 5000 C under a pressure of 3.9 MPa for 15 minutes in a

vacuum of about 0.01 Pa. The heating rate was set at 100 C/mm. Temperature

profile of the tack bonding cycle is shown in Figure 4.10.
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Figure 4.10. Temperature profile of NiA1 tack bonding cycle
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After the tack bonding step, the edges of the laminae were trimmed to

get rid of the unbonded regions. Next, synthesis of the laminae was performed

by annealing laminae at 10000 C for 10 hours under minimal pressure in a

vacuum environment. A mass of about 100 grams was put on top of the PBN

platen to prevent the sample from warping as reported by Kanlayasiri (2003).

The heating rate was set at 100 C/mm. To ensure a smooth impression of the

PBN platens on the NiA1 sample, a pressure of 3.9 MPa was applied during the

cooling of the sample at 375° C for 15 minutes. The brittle to ductile transition

temperature (BDTT) range of polycrystalline NiAl is widely reported between

300° C and 350°C at 10/s strain rate (Ebrahimi and Hoyle, 1997; Bergmann

and Vehoff, 1995; Margevicius and Cotton, 1995). Temperature profile of the

NiAI synthesis cycle is shown in Figure 4.11.
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Figure 4.11. Temperature profile of NiAl synthesis cycle

Diffusion aid was deposited on the synthesized NiA1 laminae by

electroplating Ni on the surfaces. The electroplating procedure included anodic

cleaning in a NaOH bath, activation of electroplating by Woods Ni strike, and

electroforming in a nickel sulfamate bath. Within the NaOH bath, the

electroplating circuit was run in reverse, with the sample to be electroplated

being the anode and nickel plate being the cathode. This was done to remove

oxides and other foreign particles from the surface. About 125 g of NaOH was

stirred into 500 ml to prepare the solution. The reverse current was 30 mA and

it was run for about 8 minutes. After rinsing with deionized water, the sample

was put in the Woods nickel strike, which was used as an activation step to
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initiate electroplating of nickel. The bath was comprised of 35 ml of HC1, 130

ml of NiCl2 and 260 ml of deionized water. A forward current of l3mA was

run through the solution for about 1.5 minutes. Next, the sample was placed in

the nickel sulfamate solution, after rinsing with deionized water, for the

electroforming step. Nickel sulfamate solution was prepared by mixing 1.4

liters of commercially available nickel sulfamate solution with 38 grams of

boric acid. The pH range of the solution should be in the range of 3.8-4.5

which can be increased or decreased by 0.1 by adding 0.06g/L sulfamic acid or

0.O4gIL of nickel carbonate. A forward current of 22 mA with a pulse duration

of 10 ms having a frequency of 5 Hz was used for several hours, depending on

the desired thickness of the nickel plate on the NiAl substrate. Surface

roughness of the substrate was determined by taking a surface roughness

profile of both sides of the substrate by a profilometer, both before and after

the nickel electroplating. Two nickel plated NiA1 substrate were diffusion

bonded at 800° C with a heating rate of 10° C/mm, under a pressure of 20.6

MPa for 8 hours. Temperature profile of NiAl diffusion bonding cycle is

shown in Figure 4.12.



Figure 4.12. Temperature profile of NiA1 diffusion bonding cycle

Using a Dektak contact profiometer with a 2.5 jtm radius stylus, the

surface profiles were taken before and after the tack bonding, synthesis and

electroplating cycles to determine the center line average roughness of the

laminae surfaces. The bonding quality was determined by optical microscope

and scanning electron microscopy. The quality of bond can be quantified by

linearized bonding ratio (LBR). Zuruzi et al. (1999) defined LBR as the

percentage of bond line length with gaps less than 0.25 jtm relative to the total

length of the bond interface.
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4.9. Results and Discussion

4.9.1. Nickel Thickness

To obtain two different thicknesses of the nickel plate, electroplating of

NiA1 laminae was carried out for 50 and 100 minutes. The results of the nickel

electroplating are shown in Figures 4.13, 4.14, 4.15, and 4.16. Nickel plate

thicknesses of 2 tm on the side facing the anode and 1.4 tm on the side away

from the anode were obtained after 50 minutes of electroplating shown in

Figures 4.13 and 4.14 respectively. Thicknesses of 4 tm and 2.5 pm were

obtained after 100 minutes, for the same electroplating conditions, shown in

Figures 4.15 and 4.16.
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Figure 4.13. Scanning electron mircrograph of Ni deposition on the side facing
the anode after 50 minutes (5000X)



E
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Figure 4.14. Scanning electron mircrograph of Ni deposition on the side away
from the anode after 50 minutes (8000X)
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Figure 4.16. Scanning electron mircrograph of Ni deposition on the side away
from the anode after 100 minutes (5000X)

4.9.2. Surface Roughness

To obtain two different levels of surface roughness in NiA1 laminae,

several pyrolytic boron nitride platens with an average surface roughness of

about 0.3 J.tm (low) and 1.2 pm (high) were purchased from General Electric

Advanced Ceramics. To determine center line average surface roughness (Ra),

surface profiles of PBN platens as well as NiA1 laminae were taken before and

after tack bonding, synthesis, and in case of NiAl, electroplating cycles.

Profiles were taken with surface profilometer with 4 mm scan length in

accordance with ISO 4288. Averages of low and high levels of PBN platens
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are plotted in Figure 4.17. A standard deviation of ± is shown as an error bar

in the plot.

Figure 4.17. Averages of CLA surface roughness (Ra) of PBN platens

No significant difference in the Ra of PBN platens was observed after

tack bonding and synthesis cycles. Average Ra of 0.38 pm and 0.85 pm were

obtained on NiA1 laminae after the tack bonding cycle shown in Figure 4.18.
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Figure 4.18. Averages of CLA surface roughness (Ra) of NiA1 laminae after
tack bonding

Average Ra of 0.69 pm and 0.95 .tm were obtained on NiA1 laminae

after the synthesis cycle shown in Figure 4.19. A marked increase in the

resulting Ra of low level NiAl after the synthesis cycle may be attributed to the

Kirkendall effect.
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Figure 4.19. Averages of CLA surface roughness (Ra) of NiA1 laminae after
synthesis

Both low and high surface roughness NiAl laminae were electroplated

with nickel for 50 and 100 minutes to obtain two different thicknesses of

nickel. Average Ra of 0.85 jtm and 0.97 pm were obtained on low and high

surface roughness NiA1 laminae respectively after 50 minutes, as shown in

Figure 4.20. An increase in the Ra of low level lamina can be attributed to the

phenomenon of leveling which requires a certain threshold of the deposited

plate thickness, to achieve an improvement in the surface roughness.
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Figure 4.20. Averages of CLA surface roughness (Ra) of NiA1 laminae after
electroplating for 50 minutes

Average Ra of 0.81 jtm and 0.96 mwere obtained on low and high

surface roughness respectively after 100 minutes, as shown in Figure 4.21.

106

1.4

1.2

1

0.8
Thin Electroplated NiAI Low

Thin Electroplated NiAI High
0.6

0.4

0.2

0



Thick Electroplated NiAI Low

Thick Electroplated NiAI High

Figure 4.21. Averages of CLA surface roughness (Ra) of NiA1 laminae after
electroplating for 100 minutes

Average CLA surface roughnesses and standard deviations of PBN

platens and NiAl laminae are shown in Figure 4.22 and 4.23. A standard

deviation of ±c is shown as error bars in the plots.
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Figure 4.22. Average Ra and standard deviation of low level PBN and
laminae



PBN Platens

Tack Bonded NiA1

o Synthesized NiA1

o Thin Electroplated
NiA1

Thick Electroplated
NiA1

High Average Ra

Figure 4.23. Average Ra and standard deviation of high level PBN and NiAI
laminae

Compared to the results from Kanlayasiri (2003), smoother surface

roughness on NiA1 laminae was obtained. However in case of 0.3 Ra (low

level), PBN platens desired results were not obtained. There was a significant

increase in Ra from tack bonding to synthesis to electroplating cycles. On the

other hand, in case of 1.20 Ra (high level) platens, the tack bonded NiA1

laminae showed a better Ra than the platens. Nickel electroplating on the

surfaces of NiA1 laminae further deteriorated the Ra in both low and high

levels. As leveling is a progressive process, a certain minimum thickness of
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deposition is required to achieve geometric leveling (Lowenheim, 1974). The

deposited layers of 2 jim and 4 jim were not thick enough to actually improve

the surface roughness.

4.9.3. Void Fraction of Bond Line

Electroplated NiA1 samples were diffusion bonded with synthesized

NiAl laminae of the corresponding surface roughness. The four combinations

of surface roughness and nickel-plate thickness employed for diffusion

bonding of NiAl are tabulated below.

Table 4.5. Table of Ra, ?, and thickness of nickel plate

Average CLA Ra and ?

Micrographs obtained from the metallographic studies of the diffusion

bonded NiA1 are shown in Figures 4.24, 4.25, 4.26, and 4.27.

Synthesized NiA1 Electroplated NiA1
Thickness
of Nickel

Plate

Ra
Std.
Dev.

Std.
Dev Ra

Std.
Dev.

Std.
Dev

No. jim jim jim jim jim jim jim jim jim

1.
0.67

(low) 0.027 15 1
0.85 JLffi

(low-thin)
0.015 20 1 2

2.
0.92

(high)
0.046 30 1

0.97 jim
(high thin)

0.018 31 1 2

3.
0.67

(low)
0.027 15 1

0.81 jim
(low-thick)

0.017 19 1 4

4.
0.92

(high)
0.046 30 1

0.96 jim
(high-thick)

0.018 29 1 4
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Figure 4.27. Scanning electron micrograph of the cross-section of diffusion
bonded NiA1 #4 (300x)

In case of NiA1 sample 1, due to a difference of 26% in the Ra of two

laminae a bond line with voids is obvious in Figure 4.24. This phenomenon

has been explained by Chen et al. (2002) and is described in section 4.4 of this

chapter. NiA1 1 fits into the case of "different-scale-roughness" mechanism of

diffusion bonding. The Ra of the two mating surfaces were not the same,

resulting in a random and mismatched positioning of the peaks and valleys of

the two surfaces. Although, the asperities were decreased by the application of

bonding pressure as the two surfaces were squeezed together, some voids

remained at the interface. The schematic of "different-scale-roughness"

mechanism is shown in Figure 4.28.
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Figure 4.28. Schematic of "different scale roughness" bonding mechanism
(Chen et al., 2002)
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In case of sample 2, a difference of just 5% in the Ra of the laminae

yields a void free bond with no bond line in Figure 4.25. According to Chen et

al. (2002) this would most probably fall under "peak-to-peak" bonding

mechanisms. In a peak to peak alignment of asperities, the contact area

between the two surfaces is small and the deformation of elastic spheres is

easy, resulting in an atomic scale distance between the mating surfaces.

Interdiffusion of atoms with higher kinetic energy is facilitated between the

surfaces with a simultaneous grain growth. The bond line at the interface

disappears, giving way to a homogeneous region with a non-distinct interface.

A schematic of "peak-to-peak" mechanism is shown is Figure 4.29.
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Figure 4.29. Schematic of "peak-to-peak" bonding mechanism (Chen et al.,
2002)
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A 20 % difference in the Ra of laminae in sample 3 resulted in joint

with voids shown in Figure 4.26. A void free interface was obtained in sample

4 because of a matching Ra of within 4%, shown in Figure 4.27. The void

fraction is an improvement over Kanlayasiri' s (2003) bond line as shown in

Figure 4.30. Bonding conditions used were the same, with the exception of

Ra, which was about 1.5 pm in Kanlayasiri.

Figure 4.30. Diffusion bonded NiA1 (Kanlayasiri, 2003)

4.9.4. Homogeneity of Bond Line

To determine the homogeneity of the diffusion bonded NiAI samples,

point EDS (electron-diffraction spectroscopy) analysis was carried out at the
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top, bottom, and the bonding interface of the bonded samples. The fifth set of

data is from previous research by Kanlayasiri (2003). For Kanlayasiri, the

synthesis and diffusion bonding cycles were the same as the current study,

however instead of nickel plating, a thin foil of nickel with a thickness of about

7.5 pm was used as a diffusion aid. Atomic percentage of nickel and aluminum

are shown in Table 4.6. Weight percentage of nickel and aluminum can be

found in Appendix C. The spectrographs of the point EDS can be found in

Appendix D.



Table 4.6. Point EDS analysis of the diffusion bonded samples
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From the binary phase diagram of NiA1 shown in Figure 4.1, NiA1

phase exists within a range of 45 to 59 at% Ni or 41 to 55 at% Al at room

temperature. For all the samples in this study, the composition of nickel and

Sample No. Al

at%

Ni

at%

Top 59.61 40.38

Bond
56.97 43.02

Bottom 53.42 46.57

Top 60.22 39.77

2.
Bond 51.85 48.14

Bottom 60.29 39.70

Top 54.93 45.06

Bond 51.10 48.89

Bottom 59.77 40.22

Top 58.05 41.94

Bond 36.21 63.78

Bottom 54.13 45.86

Top 62.71 37.28

Bond 66.19 33.80

Bottom 63.72 36.27
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aluminum lie within the range or within 4% of NiA1 range. The accuracy of

point EDS is known to be 5-10%. The previous study by Kanlayasiri (2003)

lay in the N12A13 or an intermediate phase between Ni2A13 and N1A13.

Kanlayasiri (2003) summarized the kinetics of phase transformation

during the reactive diffusion of NiA1 synthesis as follows:

Ni + 3A1 - NiAl3

NiA13 + Ni - Ni2Al3

Ni2A13 + Ni - 3NiAl

NiA1 + 2Ni -* Ni3A1

Ni3A1 - intermediate phase -* NiA1

Considering the progression of the synthesis, it may be worthwhile to

extend the dwell time at the annealing temperature to progress from Ni2AI3 to

NiA1.

4.9.5. Compositional Analysis of NiA1

A wavelength dispersive spectroscopic (WDS) study of the synthesized

NiAJ lamina fabricated in PBN platens showed a reduction in carbon contents

as compared to the lamina fabricated in the graphite platens. Averages of the

atomic percentages of nickel, aluminum, and other inclusions for the

synthesized NiA1 in graphite platens, in PBN platens, as well as the atomic

composition of nickel electroplated NiA1 are shown in Table 4.7. The first four

samples were not tested for oxygen. Elements of concern among inclusions are
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boron and carbon. Both boron and carbon embrittle the NiA1 (George and Liu,

1990). Although there is a trace amount of boron on the surface of NiA1

formed in PBN platens, there is substantial amount of carbon on the surface

and cross-section of NiA1 formed in PBN platens. There could be two reasons

for this. First, the carbon inclusion may have been absorbed from the graphite

heating elements in the vacuum hot press. Second, as the samples were

mounted in epoxy, some carbon might have been read by the X-ray beam from

the hydrocarbons in the epoxy.

Table 4.7. Table of WDS analysis of synthesized and electroplated samples

Surface of NiA1 formed
in PBN platens

Cross-section of NiAl
formed in PBN platens

Surface of NiAl formed
in graphite platens

Cross-section of NiA1
formed in graphite
platens

Surface of Ni
electroplated NiA1

Cross-section of Ni
electroplated NiA1

N

at%

B

at%

C

at%

Al

at%

Ni

at%

0

at%

S

at%

4.01 0.21 5.79 49.71 40.26

4.36 0.00 9.58 1 43.88 42.49

1.50 0.00 52.98 37.36 8.414

4.00 0.00 6.89 48.44 40.97

6.61 0.00 7.07 0.005 85.02 2.29 0.105

3.92 0.00 10.00 45.20 39.27 2.31 0.049



4.9.6. Theoretical Model

The theoretical model, presented in section 4.7, was applied to the

diffusion bonding of NiA1 at a temperature of 8000 C under a pressure of 20

MPa for a duration of 8 hours. The matching Ra of the synthesized and

electroplated NiAI laminae was 0.95 tm and the wavelength of the asperities ?

was 30 tm. The resulting void fraction was 0.00 after 8 hours which

essentially means a void free bond interface. In the experimental research, the

results were verified and can be seen from samples 2 and 4 in Figures 4.25 and

4.27. This is an improvement over Kanlayasiri' s (2003) bond at the same

bonding conditions, with the exception of Ra which was about 1.5 tm, shown

in Figure 4.31.
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Figure 4.31. Diffusion bonded NiA1 (Kanlayasiri, 2003)

From the results, condition #2 of NiA1 seems to be the best with low

void fraction and has excellent homogeneity with little carbon contamination.

It is expected that the NiA1 synthesis route used here and reported elsewhere

could be replaced with a more economical synthesis approach such as the

rolling and annealing of NiA1 shim (250 jim) from Ni and Al powder. This

expectation is based on interactions with industrial sheet material suppliers.

Therefore, the surface roughness and Ni-plating specifications developed as a

result of this research will help to steer future efforts needed to develop this

synthesis approach.
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4.10. Conclusions

The work presented here found that it is possible to produce

homogenized, void-free, diffusion-bonded NiA1 samples without carbon

contamination. Control of bond line voids and carbon contamination was

brought about by the use of smooth, inert PBN platens used during synthesis

and bonding to reduce the surface roughness and contamination of foils. In

addition, Ni-electroplating was used to control the thickness of Ni layers used

as a diffusion aid. Theoretical results were found to be good predictors both for

homogenization of samples as well as void elimination.

In particular, one parameter investigated in this research was foil

surface roughness and its effects on bond quality in the diffusion bonding

process. Due to the surface geometry of the bonded objects, modeling of

diffusion bonding of metallic or intermetallic foils is much more difficult than

the modeling of sintering of particles in powder metallurgy. In powder

metallurgy, the surface geometry of the particles is round or close to round

facilitating the geometric modeling of particles. In contrast, in metallic or

intermetallic foils, a planar array of peaks and valleys as well as non-uniform

distribution of these peaks and valleys is encountered, which leads to

mismatched mating surfaces. An isostatic diffusion bonding model was

synthesized from prior work and employed to understand the effect of different

bonding parameters in the diffusion bonding process. It was learned from this

model that the wavelength of the surface asperities has a much more profound
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effect on void fraction than the amplitude of the asperities. Also, the prediction

of the theoretical model was found to be consistent with experimental results

for surfaces with similar roughness conditions. However, for samples with

mismatched roughnesses, it was found that diffusion bonding results

significantly deviated from the model. This has profound implications for the

producers of future NiA1 foils. It is expected that the roughness wavelength

and perhaps the amplitude of the foils would need to have less than 20%

variation with excellent bonding results around 5% variation. The theoretical

model was shown to be most sensitive to the variation in bonding temperature

followed by equal sensitivity to bonding pressure and bonding time, in the case

of NiAl diffusion bonding.

An improvement in the bond quality and the homogeneity of the

bonded laminae, over previous NiA1 research by Kanlayasiri (2003), was

demonstrated by decreasing the surface roughness of the mating surfaces

through the use of smoother pyrolytic boron nitride platens. A significant

reduction in carbon contamination was also achieved by using PBN platens

instead of graphite platens to hold the laminae. A thin nickel layer was

deposited on NiA1 laminae, as a diffusion aid by means of electroplating, to

expedite the diffusion bonding process.
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CHAPTER 5

CONCLUSIONS AND FUTURE RESEARCH

5.1. Conclusions

This research dealt with issues related to the development of high

temperature microchannel arrays from aluminide foils. Major issues in

fabricating aluminide microchannel arrays include room temperature ductility

of alummide foils; flatness and surface roughness of foils; warpage and

deformation of the microchannels due to application of bonding pressure;

quality of bonded foils; and in the case of synthesized NiAl, homogeneity of

the bonded matrix. The research was conducted on three intermetallic

aluminide foils: single crystal Ni3A1 foil, an ordered intermetallic phase in the

nickel aluminide system; FeA1, an ordered phase in the iron-aluminide system;

and NiA1 synthesized from commercially pure Ni and Al, the other ordered

intermetaffic phase in the nickel aluminide system.

In the first part of this study, the potential for making high temperature

microchannel devices was demonstrated through the use of pre-fabricated

single crystal Ni3A1 foil. A two-fluid counter flow microchannel array was

fabricated from cold rolled, single crystal Ni3Al foil. A leak-proof device,
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tested under a pressure of more than one atmosphere, was successfully

fabricated. Metallographic studies of the cross-section of the bonded foils did

not show any bond line or voids at the bonding interface. Furthermore, no

cracks or major heat affected zone were observed after patterning the

microchannel geometry on the foils. However, cost is a major issue in mass

production of high temperature devices from single crystal N13A1 foils.

The second part of this research investigated the potential for

fabricating two-fluid counter flow microchannel array from relatively more

inexpensive and thus economical FeA1 foil, made via a powder metallurgy

route. This particular foil had some room temperature ductility as opposed to

previously available FeA1 foils which were brittle at room temperature. One

motivation for this research was to explore the possibility for other types of

aluminide foils, for instance NiA1, to be produced by following the same route

as FeA1. Metallographic studies of the array showed void free, sound bond

interfaces. However, a marked deformation was observed in the microchannel

geometry. This deformation and warpage could be the effect of the applied

bonding pressure at an elevated temperature and may be eliminated by

optimizing the bonding conditions. Another issue with this foil was its surface

flatness at room temperature. The foils were flattened under an excessive

pressure for a short duration, at room temperature, which may have introduced

some stresses in the foil.
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The third part of this research dealt with understanding the diffusion

bonding conditions necessary to produce sound, homogeneous joints using

NiA1 foils. NiA1 has the highest melting point of the common aluminide

phases. In addition, NiAl has been demonstrated to have excellent corrosion

resistance for high temperature reactions such as hydrocarbon steam

reforming. Also, materials vendors believe that economical powder roll

compaction methods similar to those of the FeA1 foil could be developed for

NiA1. Consequently, efforts were made to specify the foil conditions and

bonding aids necessary to produce sound, homogeneous joints. NiAl foils were

synthesized from commercially pure Ni and Al foils for this investigation.

One parameter investigated in this research was foil surface roughness

and its effects on bond quality in the diffusion bonding process. Due to the

surface geometry of the bonded objects, modeling of diffusion bonding of

metallic or intermetallic foils is much more difficult than the modeling of

sintering of particles in powder metallurgy. In powder metallurgy, the surface

geometry of the particles is round or close to round facilitating the geometric

modeling of particles. In contrast, in metallic or intermetallic foils, a planar

array of peaks and valleys as well as non-uniform distribution of these peaks

and valleys is encountered, which leads to mismatched mating surfaces. An

isostatic diffusion bonding model was synthesized from prior work and

employed to understand the effect of different bonding parameters in the

diffusion bonding process. It was learned from this model that the wavelength
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of the surface asperities has a much more profound effect on void fraction than

the amplitude of the asperities. Also, the prediction of the theoretical model

was found to be consistent with experimental results for surfaces with similar

roughness conditions. However, for samples with mismatched roughnesses, it

was found that diffusion bonding results significantly deviated from the model.

This has profound implications for the producers of future NiAl foils. It is

expected that the roughness wavelength and perhaps the amplitude of the foils

would need to have less than 20% variation with excellent bonding results

around 5% variation. The theoretical model was shown to be most sensitive to

the variation in bonding temperature followed by equal sensitivity to bonding

pressure and bonding time, in the case of NiA1 diffusion bonding.

An improvement in the bond quality and the homogeneity of the

bonded laminae, over previous NiA1 research by Kanlayasiri (2003), was

demonstrated by decreasing the surface roughness of the mating surfaces

through the use of smoother pyrolytic boron nitride platens. A significant

reduction in carbon contamination was also achieved by using PBN platens

instead of graphite platens to hold the laminae. A thin nickel layer was

deposited on NiA1 laminae, as a diffusion aid by means of electroplating, to

expedite the diffusion bonding process.



5.2. Future Research

This research investigated the potential for using aluminide foils to

fabricate high temperature devices. It successfully demonstrated that nickel

and iron aluminide foils can be used to make high aspect ratio, high

temperature devices. Future research can contribute towards improving the

processing parameters; improving dimensional and compositional integrity;

optimizing surface roughness standards to achieve sound economical bonds;

and investigating the role of alloying elements in improving the physical

properties of the foil.

One future research possibility is to improve the flatness of FeAl foils.

It may also be helpful to increase the room temperature ductility of the foil.

This will facilitate the patterning as well as diffusion bonding process of the

laminae. Optimization of the bonding parameters will contribute towards the

elimination of warpage and deformation of the microchannels.

In case of NiA1, it is advisable to decrease the amplitude and

wavelength of the peaks and valleys of surface roughness asperities, to

facilitate the bonding process. Achieving uniformity in distribution of surface

roughness, throughout the surface of the foil, will contribute to better bond

quality. Uniform thin nickel layers should be deposited on both mating

surfaces to expedite the diffusion bonding process. In case of cold rolling,

rolling conditions have a significant affect on the surface characteristics

transferred on the sheets (Ma, Tieu, Lu, and Jiang, 2002). Various terms have
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been used to characterize surface asperities and distribution of these asperities.

Liv (1996) characterized the surface profile in cold rolling of foils as grooves,

gorges, shingles, cross-hatches, and rolling ridges. To obtain smoother and

uniform surfaces, it is recommended to investigate the effect of rolling

parameters and conditions on the deformation sequence of the asperities on the

rolled aluminide foils.

The role of alloying elements should be investigated to improve the

room temperature ductility of NiAl foil. For instance in PeAl, addition of

chromium improved the room temperature ductility; zirconium additions

achieved grain refinement; whereas boron increased the grain boundary

cohesion and suppressed the inter-granular fracture. Molybdenum, tantalum,

and niobium have shown to improve the high temperature strength and creep

resistance of the FeA1 foils. These alloying elements have a critical range;

outside this range they are either ineffective or detrimental to the properties of

the alloy (Deevi, Sastry, and Sikka, 2001; Sikka, Vishwanath, and McKamey,

1993).
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Appendix A. Computer Simulation for an Isostatic Diffusion Bonding
Model

upper = 0.99;

%printf('Enter 1 to calculate bonding time\n');
%printf('Enter anything else to calculate void fraction\n');
choice = input('Enter 1 to calculate bonding time, anything else to calculate the
void fraction\n);

if (choice == 1)
lower=input('Enter the void fraction at which bonding is considered

DONE!! \n');
% final = quad('total', upper, lower);
inc 0.00001;
FINALSUM =0;

counter = 1;
start = upper;
while(counter <= ((upper - lower)/inc) + 1)

value(counter) = totaJNIAL(start);
FINALSUM = FINALSUM + value(counter).*inc;
counter =counter + 1;
start = start - mc;

end

-FINALSUM
-FINALSUIMJ3600

else
tbond=input('Enter the bonding time - void fraction expected will be

output!! \n');
counter= 1;
inc = 0.001;

tquad=0;
start = upper;

while (counter >=1)
tquad = tquad + totalNIAL(start)*inc;
if (tbond < -tquad)

counter =0;
else
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end
start

end

function [result] = totalNIAL(f)

omega = 2.4O625*lO/(29); %m3
k= 1.38*l0I(23); %J/atom-K
R = 8.3 14; %J/mol-K
Ra= O.95*10f(6); %m
Lambda= 3O*101(6); %m
ro = Lambdal2; %m
ho=2*Ra; %m
d=25*l0/(6); %m
T=1073; %K
p=2O*lO/(6); %N/m2

Tm =1955; %K
gamma = 2.65; %J/m2

%*******Derjved

Dv = 3.2*l0(3) * exp(-2000001 (R*T)); %m2/s

Dgb = 1OI((0.06279*(l0\4)fF) - 4.4604); %m3Is

E = 188 * 10"(9); %N/m2
Et = EE*(T24O)*(0.0O02); %N1m2

sigma_r = (p - 2*gammalro)*( (sqrt(f) - 1)1(1 - 0);
sigma_c = (-p - 2*gammalro)*( (sqrt(f) + 1)1(1 - f));
sigma_z = -p1(1 - 0;
sigma_rn = sqrt(0.5*((sigma_r - sigma_c)"2 + (sigma_c - sigma_z)"2

+(sigma_z - sigma_r)"2));

end
start = start - mc;
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e_dot= (2.7*1 O"( 14)*(p/Et)/\(2.0))*(exp(3 14000/(R*T)));

e_r_dot = e_dot*( (sigma_r - (sigma_c + sigma_z)/2)/sigma_m);
e_z_dot = e_dot*( (sigma_z - (sigma_c + sigma_r)/2)/sigma_m;

gi = 2*e_r_dot*(1f);
g2 = ((.4*omega*Dv/(k*T))*(p/((roA2)))*( f/ (log(1/f) - (1-f)12)));
g3 = ((2*omega*Dgb/(k*T))*(p/((ro/'2)))*( 1 / (log(1/f) - (1f)/2))*((1

+ ho*f/d)/ho*f));

result = 1/(gl + g2 + g3);
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Appendix B. Plot Between Rate of Change in Void Fraction vs. Time

Plot of df/dt Vs. Time for different mechanisms
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Appendix C. Point EDS Analysis of the Diffusion Bonded Samples

157

Al Ni Al Ni

wt% wt% at% at%

Top 40.42 59.57 59.61 40.38

37.84 62.158 56.97 43.02

Bottom 34.52 65.47 53.42 46.57

2.

Top 41.03 58.96 60.22 39.77

Middle 33.11 66.88 51.85 48.14

Bottom 41.11 58.88 60.29 39.70

Top 35.91 64.08 54.93 45.06

Middle 32.45 67.54 51.10 48.89

Bottom 40.58 59.41 59.77 40.22

Top 38.88 61.11 58.05 41.94

Middle 20.69 79.30 36.21 63.78

Bottom 35.17 64.82 54.13 45.86

Top 43.60 56.39 62.71 37.28

Middle 47.37 52.62 66.19 33.80

Bottom 44.67 55.32 63.72 36.27
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Elt. Line Intensity
(c/s)

Error
2-si'

Coxic

Al Ka 10.02 0.614 40.427 wt.%
Ni Ka 6.19 0.519 wt.%

100.000 wt.% Total

Appendix D. Point EDS Analysis of Diffusion Bonded NiAI Samples

kY 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

59.573

Units

Spectrograph of elemental composition of sample 1 top.



Elt. Line Intensity
(c/s)

Error
2-sig

Cone Units

Al Ka 8.98 0.587 37.842 wt.%
Ni Ka 6.37 0.520 62.158 wt.%

100.000 wt.% Total
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OP

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 1 middle.
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Elt. Line Intensity
(c/s)

Error
2-sig

Conc Units

Al Ka 7.36 0.533 34.529 wt.%
Ni Ka 6.26 0.513 65.471 wt.%

100.00() wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 1 bottom.



C.O5 - 4O55= 12345 cr.

--

OP

10.

161

Elt. Line Intensity
(cls)

Error
2-sig

Cone Units

Al Ka 10.23 0.615 41.037 wt.%
Ni Ka 6.12 0.508 58.963 wt.%

I00.0O() wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 2 top.
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Elt. Line Intensity
(c/s)

Error
2-sig

Conc Units

Al Ka 7.03 0.53!
Ni Ka 6.46 0.527 66.85 wt.%

100.000 wt.% Total
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kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

33.115

Spectrograph of elemental composition of sample 2 middle.
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4 Kt
11:V12C-3JCC Soc

Elt. Line Intensity
(cls)

Error
2-sig

Conc

Al Ka 9.93 0.601 wt.%
Ni Ka 5.91 0.486 wt.%

100.000 wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

41.115
58.885

Units

Spectrograph of elemental composition of sample 2 bottom.
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Elt. Line Intensity
(c's)

Error
2-sig

Conc Units

Al Ka 7.92 0.550 wt.%
Ni Ka 6.24 0.502 64.089 wt.%

100.000 wt.% Total
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kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 3 top.
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j .1JkàâJ.Ili .AL L. L. I IIJJI1L a

Error Cone Units
2-sin

Al Ka 6.20 0.503 32.454 wt.%
Ni Ka 5.91 0.507 67.546 wt.%

100.000 wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 3 middle.
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Elt. Line Intensity
(cls)

Error
2-sig

Conc Units

Al Ka 9.19 0,588 40.582 wL%
Ni Ka 5.63 0.495 59.418 wt.%

100.000 wt.% Total
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kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 3 bottom.
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Elt. Line Intensity
(els)

Error
2..sig

Conc Units

Al Ka .84 0.585 38.889 wt.%
Ni Ka 5.93 0.505 wt.%

100.000 wt,% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

61.111

Spectrograph of elemental composition of sample 4 top.
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ntensity Error Cone Units
c/s) 2-shy

Al Ka 3.53 0.393 20.697
Ni Ka 6.97 0.544 79.303

100.000 wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 4 middle.
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Error
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Cone Units

Al Ka 6.97 0.525 wt.%
Ni Ka 5.71 0.513 64.827 wl.%

100.000 wt.% Total
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Spectrograph of elemental composition of sample 4 bottom.
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Elt. Line Intensity
(c/s)

Error
2-sig

Conc Units

Al Ka 10.5 0.624 43.606 wt.%
Ni Ka 5.53 0.495 56.394 wt.%

100.000 wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 5 top.
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Entensity Error Conc Units
cIs) 2-sin

Al Ka 9.42 0.591 47.376 wt.%
Ni Ka 4.04 0.437 52.624 wt.%

100.000 wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample S middle.
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Elt. Line Intensity
(c/s)

Error
2-sig

Conc Units

Al Ka 8.38 0.567 44.672 wt.%
Ni Ka 4.14 0.434 55.328 wt.%

100.000 wt.% Total

kV 16.0
Takeoff Angle 17.6°
Elapsed Livetime 120.0

Spectrograph of elemental composition of sample 5 bottom.
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