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high-temperature MECS devices; therefore, the development of high-temperature
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(Ni) and aluminum (Al) foils through a two step processtack bonding and
reactive diffusion. The elemental foils were tack bonded at 500 °C, 3.9 MPa for

15 minutes. The reactive diffusion process was then performed through a heat
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composite foil. The synthesized NiA1 foil showed an atomic ratio of Al to Ni up to

0.96. The foil also showed a decent flatness and surface roughness. This
dissertation proposes a reactive diffusion bonding as a joining technique of nickel

aluminides. An investigation of bonding parameter effects on the warpage of
nickel aluminide fins in the reactive diffusion bonding process was performed.
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significant to the warpage. This research also proposes a new fabrication procedure
for producing NiA1 MECS devices. NiAl foils were used as the starting material,
and the reactive diffusion bonding technique was employed as the joining

technique. The research outcome indicated the viability of the proposed method in
fabricating NiA1 MECS devices. This method achieved leak-tight devices with a
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DEVELOPMENT OF NICKEL ALUMINIDE (N1A1)
MICROCHANNEL ARRAY DEVICES FOR HIGHTEMPERATURE APPLICATIONS

CHAPTER 1

INTRODUCTION

For more than a decade, Microtecimology-based Energy, Chemical and
Biological Systems (MECS) have been under development with the goal to
decentralize and make portable micro and meso-fluidic systems such as heat

pumps, chemical reactors, and bio-sensors. MECS devices are fluidic devices that
function by employing High Aspect Ratio Microchannel (HARM) arrays inside the

devices. However, by considering the overall dimensions of the MECS devices,
they are categorized in the macro-scale regime, typically in the one to fifty

centimeter length scales (Drost, 2002). The miniaturization of the functional
features of the devices provide many advantages over traditional processors of
mass and energy, such as large surface to volume ratios, high rates of heat and mass

transfer, and overall process intensification. These improvements provide a good
chance of building devices with better temperature control, opportunity of
operating at high pressures, and distributed and portable systems (Paul et al., 2002).
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Among the MECS devices, high-temperature micro reactors and micro heat
exchangers have been drawing growing interest from researchers (Hessel et al.,
1999; Matson et al., 1999; Paul et al., 2002; Paul and Kanlayasiri, 2003).

Applications of these high temperature microchannel devices include fuel
reforming, hydrogen steam reforming, steam super heating for driving turbines,
flue gas de-suiphurization, and mobile engine heat recovery (Chaumat et al., 1995).
In these applications, the devices are operated in high temperatures (above 650 °C)

and high corrosive environments. Building microchannel devices for these
applications is, therefore, very challenging. Due to the fact that the devices made
from conventional materials, such as copper, brass, or stainless steel, are not
operable at these conditions (Paul et al., 2002), this research involves fabrication of

high-temperature HARM array devices from a new material system. The new
material system is nickel aluminide (NiAJ), which is an intermetallic compound

between nickel (Ni) and aluminum (Al). This compound possesses the required
attractive properties for high temperature devices, which are high melting
temperature and high corrosion resistance.
However, to obtain the previously described advantages of the MECS

devices, it is necessary to build the devices from thin laminae. Foil has been the
useful and functional form of material to fulfill the requirements of MECS device
fabrication, i.e. microlamination. Unfortunately, the NiA1 compound is currently
not commercially available in the form of a foil. This is because NiA1 has poor
ductility at room temperature. This disadvantage makes it difficult for NiA1 to be
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formed into a foil shape by conventional foil processing methods such as hot or

cold rolling. The first part of this dissertation demonstrates an alternative method
of processing NiAl foils for MECS device fabrication.
The second part of this research deals with building NiA1 microchannel

devices to overcome two major problems, which are dimensional accuracy of the

microchannels and joining of the foils. The dimensional accuracy of the flow
passages, or in this case, flatness of the fins, does affect performances, such as heat
transfer and pressure drop, of the devices (London, 1970; Shah and London, 1980)
while hermetic bonding of the foils is required to prevent leakage of working fluid.
To achieve a functional NiA1 MECS device, both hermetic bonding among NiA1

foils and decent flatness of the fins are necessary. This study proposes reactive
diffusion bonding as a joining technique to obtain hermetic bonding among the

NiAl foils. This study performed an investigation of bonding parameter effects on
warpage of NiA1 foils in reactive diffusion bonding.

The third stage of this research proposes a new fabrication method for
building NiAl microchannel arrays. A prototype of a parallel flow NiA1 micro heat
exchanger was fabricated to evaluate the viability of the proposed fabrication

procedures. The device was tested for leakage of working fluid and pressure drop
across the device to show its functioning. The last chapter of this dissertation
recommends further investigations from this study.

CHAPTER 2

SYNTHESIS OF NICKEL ALUMINIDE FOILS BY REACTIVE
DIFFUSION OF ELEMENTAL NICKEL AND ALUMINUM
FOILS

2.1

Introduction

Microtechnology-based Energy, Chemical and Biological Systems (MECS)
have been under development with the goal to decentralize and make portable
micro and meso-fluidic systems such as heat pumps, chemical reactors, and bio-

sensors. MECS devices are bulk fluidic devices that function by employing high
aspect ratio microchannel arrays inside the devices. By considering the overall
dimensions of the MECS devices, they are categorized in the macro-scale regime,

typically in the one to fifty centimeter length scales (Drost, 2002). However, their
functional features are in the micro-scale, ranging from 25 to 250 um. With the
miniaturization of the functional features, the devices provide many advantages
over traditional processors of mass and energy such as large surface to volume
ratios, high rates of heat and mass transfer, and overall process intensification.
These improvements provide a good chance of building devices with better
temperature control, opportunity of operating at high pressures, and distributed and
portable systems (Paul et al., 2002).

To fabricate MECS devices, microlamination has become a well-known
technique for producing the complex arrays of internal micro-scale features inside
the device, which are difficult or impossible to obtain using conventional

fabrication methods. Three steps are used in microlamination: lamina patterning,
laminae registration, and laminae bonding. With the development of
micromachining methods, many techniques can be used for lamina patterning,
including micromilling, laser micromachining, chemical etching, and
electrochemical machining (Wegeng et aT., 1996; Martin et al., 1999; Paul et al.,

1999). Typical lamina thicknesses used for building MECS devices range from 25
to 250 1um, however, thinner or thicker laminae, corresponding to channel depth in

the devices, have also been used (Martin et al., 1999). Channel widths range from
hundreds of microns to a few centimeters (Drost, 2000). After the lamina
patterning step, laminae are registered and then consolidated into a solid block of
material by a lamination bonding process.

Among the MECS devices, high-temperature micro reactors and micro heat
exchangers have been drawing growing interest from researchers (Hessel et al.,
1999; Matson Ct aT., 1999; Paul et aT., 2002; Paul and Kanlayasiri, 2003).

Applications of these high temperature microchannel devices include fuel
reforming, hydrogen steam reforming, steam super heating for driving turbines,
flue gas de-suiphurization, and mobile engine heat recovery (Chaumat et al., 1995).
In these applications, the devices are operated in high temperature and high

corrosive environments. Building microchannel devices for these applications is,

therefore, very challenging. Since the devices made from conventional materials,
such as copper, brass, or stainless steel, are not operable at temperatures higher than
650 °C such as in the previously mentioned applications (Paul et al., 2002), a new

material system for these high temperature applications is introduced in this
research.

Many intermetallic compounds have attractive high temperature properties

such as high eleastic modulus, and good corrosion resistance. In particular, metal
aluminides are well known for their resistance to high temperature oxidation (Pope

and Darolia, 1996). This is because of the inherent property of the aluminum (Al)
contained in the aluminides to form protective oxide layers (A1203). Aluminides of
iron (Fe), and nickel (Ni), such as Fe3A1, FeA1, Ni3A1, and NiA1, are among those

metal aluminides that are currently of interest in the fabrication of MECS devices
because they possess good resistance to high temperatures and hostile chemical

environments. Hence, these metal aluminides have become promising structural
materials in the building of MECS devices such as heat exchangers and chemical

reactors (Paul et al., 2000; Alman et al., 2001; Paul et al., 2002). However, these
aluminides of Ni possess higher operating temperatures than those of Fe, and
between these two aluminides of Ni, NiA! is relatively easier to form the protective

oxide layer because of its higher aluminum content. NiAl also has highest melting
temperature among the intermetallic compounds of the Ni-Al system. Moreover,
NiAl has a lower density, and higher Young's modulus than other Ni-Al
intermetallics.
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As mentioned earlier, foil is a useful material form in building MECS
devices by using a lamination bonding technique, and typical foil thicknesses used
for building MECS devices range from 25 to 250 pm. To date, only Ni3A1
intermetallic foil of thicknesses close to this range are possible to produce, the
other nickel aluminide intermetallic foils of such thicknesses are not available yet

(Demura et al., 2000; 2001). This is because most intermetallic foils of such
thicknesses are difficult to produce by traditional material processing techniques,
such as cold rolling, due to their severe brittleness.

Development of nickel aluminide foils by non-traditional material

processing techniques has been researched. Alman et al. (1995) developed a metal
processing technique to synthesize intermetallic foils from elemental Ni and Al

foils through self-propagating high-temperature synthesis reactions. This process
employed the concept of reactive diffusion between Ni and Al to produce the foils.

The thickness of each elemental foil ranged from 50 to 250 pm. Elemental Ni and
Al foils were stacked in an alternating sequence and then heated in a vacuum

environment at 620 °C for an hour to initiate the reaction between the foils. The
temperature was then increased to 700 °C and held at this temperature for 15

minutes to ensure that the Al was completely consumed into the Ni matrix. After
that the specimen was annealed at 800 °C for an hour under applied pressure of 20
MPa to equilibrate the intermetallic phases and to close the remaining voids in the
foil. The major final intermetallic phase presented was Ni2A13 when the specimen
was heated at 950 °C for 50 hr, and the main intermetallic phase found was Ni3A1
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was Ni3A1 when the sample was annealed at 1100 °C. In both cases, after the

annealing process, unreacted Ni remained in the foils.
Alman et al. (1996) proposed another processing technique to produce

nickel aluminide foils from elemental foils. The thickness of Ni foil used was
25 ,um, and the thickness of Al foil varied from 125 to 500 1um. The process began

with stacking elemental Ni and Al foils in an alternating sequence and the stack of
foils was then bonded in a vacuum hot press at bonding conditions of 600 °C,
10 MPa applied pressure, and 2 hr bonding time. The major intermetallic phase
after this step was NiA1 with an additional presence of NiA13. After that the

specimen was annealed at 450 °C for either 1, 10, or 100 hr to allow intermetallic

phases to reach equilibrium. The final intermetallic phase presented in the foil was
NiAl3

with remaining pure Al.

Raviprasad and Umemoto (1996) produced layered structures of aluminum-

metal systems using cold rolling. One of the systems studied was aluminum-nickel
system. Aluminum sheets with thicknesses of 80 1um were alternatively stacked

with 80 jim thick nickel sheets. Before rolling into a desired thickness, the stack of
materials was heat treated at 500 °C for 6 hr under a load of 1 kg. During rolling,
the number of layers was doubled at every pass by cutting the sample and stacking

onto the other half. After cold rolling, a good adhesion between these two
materials was obtained, and no intermetallic phase was detected by X-ray

diffraction unless the composite sheet was heat treated. After heat treatment at

500 °C for 8 br, the intermetallic phase found was NiA13 in addition to the starting
elements.

Battezzati et al. (1999) attempted to use a cold rolling process to produce

NiA1 foil. An aluminum foil with a thickness of 120 pm was rolled into an 80 pm
thick nickel foil to get the stoichiometric composition. The foils were rolled and
folded until either the desired thickness was achieved or the mechanical failure of

the foils was noticeable. It should be noted that a rolling pass in this process was
defined as rolling in two perpendicular directions. After cold rolling, none of the
intermetallic phases of Al-Ni system was detectable. The rolled foils were then
annealed at various conditions. It was found that NiA1 was the main composition
of the foils when they were rolled with a high number of passes (60-70 passes) and

annealed at 700 °C. However, other intermetallic phases, such as Ni2AI3 and Ni3A1,
along with remaining Ni were also present in the foils.

In addition to the previous literature in the development of nickel aluminide
foils from elemental foils, it is worthy to mention the synthesis procedure of Ni3AI

foils proposed by Demura et al. (2001). They successfully employed a cold rolling
process to fabricate intermetallic Ni3A1 foils with thicknesses of 57 to 315 pm,

which was previously considered impossible. The floating zone solidification
technique was the key to success. By using this solidification technique, ductile
single crystal Ni3AI rod was possible to produce. After cutting into a sheet, the
Ni3A1 sheet was cold rolled into the desired thickness.
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Although several efforts have been made to produce nickel aluminides foils,
none of them has reported an achievement of producing homogeneous N1AI foils.

Further, flatness of the foil, which is important in fabricating MECS devices, is
difficult to obtain from manufacturing processes such as cold rolling
(Wattanutchariya, 2002). With the promise of using NiA1 foils in the building of
high-temperature MECS devices, an approach for producing NiAl foils was

demonstrated in this study. Dimensional stability and flatness of the foils, which
both are critical factors in producing MECS devices, were observed. Surface
roughness of the foils, which is an important factor in diffusion bonding of MECS

devices, was reported as well. This approach used elemental Ni and Al foils as
starting materials. Blanks of the materials were tack bonded together to achieve
intimate contact between Ni and Al foils. The composite foil was then transformed
from elemental Ni and Al to NiAl by reactive diffusion. The formation sequence of
intermetallic phases of Ni-Al system was discussed.

2.2

Background

2.2.1

Nickel Aluminide (NiA1)

Nickel aluminide (NiA1) is an intermetallic compound between nickel (Ni)

and aluminum (Al). According to the binary phase diagram of Ni-Al system as
shown in Figure 2-1, five possible nickel aluminide intermetallic phases could be
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found in Ni-Al system. They are NiA13,

Ni2Al3, NiAl, Ni5A13,

and Ni3A1. The

NiAI phase is different from other typical intermetallic compounds in that it has
large compositional deviations from the stoichiometric ratio while the other
intermetallic compounds are either line compounds or have very small deviations.
The stoichiometric composition for NiA1 is at 50 atomic percent (at%) of Ni and

50 at% of Al, the smallest deviation of this compound ranges from 45 to 59 at% of
Ni (at 400

°C).

These deviations provide flexibility in producing the NiAI phase.

However, with a deviation from the compound stoichiometry some properties of
the intermetallic will change, for instance a decrease in the melting point from the
stoichiometric melting temperature.
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Figure 2-1. Binary phase diagram of Ni-Al (Massaiski etal., 1990)
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Both pure Ni and Al have face centered cubic (fcc) structures whereas NiA1
has a cesium chloride (CsC1) structure. The structure can be described as two

interpenetrating primitive cubic arrays. Atoms of Ni occupy the cube corners and
the Al atom occupies the center of the cube as shown in Figure 2-2 (Pope and
Darolia, 1996).

() Ni

Figure 2-2. Crystal structure of NiA1

Various properties of stoichiometric NiA1 from Liu and Kumar (1993) and

Miracle and Darolia (1995) are shown in Table 2-1. Melting point of
stoichiometric NiAl of 1638 °C is the highest among those of intermetallics in Ni-

Al system. The density of stoichiometric NiAl is 5.86 g/cm3, but that of nonstoichiometric NiA1 could range from 5.35 g/cm3 of the most Al-rich compound to
6.50

gfcm3

of the most Ni-rich NiAI. Young's modulus of polycrystalline NiA1 at

room temperature is 188 GPa and drops about 2% at every 100 °C increase in

temperature. It is also reported in the literature that Young's modulus of
polycrystalline NiAl is relatively insensitive to its compositions (within 6%
deviations from stoichiometry). Thermal conductivity of NiA1 is found to be
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relatively insensitive to temperature, it increases from 70 to 80 WIrn°C as
temperature is raised from 20 to 1100 °C. Thermal expansion coefficient of NiA1 is
constant at 15.1 x 106 oc4 over temperature range of 820 to 1560 °C, and is
slightly affected by deviations from stoichiometry and minor alloying additions.

Table 2-1. Material properties of stoichiometric NiA1

Melting Point
Density
Young's Modulus
(At Room Temperature)
Thermal Conductivity
(Temp. Range 20-1100 °C)
Coefficient of Thermal Expansion
(Temp. Range 820-1560 °C)

1638 °C
5.86 gIcm
188 GPa

70-80 W/m°C
15.1x106 °C1

However, there are two major drawbacks of NiAl challenging researchers in
this area: its brittleness at room temperature, and low strength and creep resistance
at high temperatures. NiA1 is hard and brittle at room temperature, and is very

difficult to form by using traditional machining techniques. The brittle-to-ductiletransition temperature of NiA1 ranges from 277 to 727 °C depending upon

compositions of the compound, and the ductility of the material is dramatically
improved at temperatures above 600 °C (Liu and Kumar, 1993; George et al.,

1994). These numbers indicate the requirement of high temperature fabrication for
NiA1.
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Another material property that is critical to high-temperature MECS devices

is creep. Creep is a time-dependent deformation that takes place in materials when
they are under stresses at high temperatures. Creep is generally considered a
critical deformation behavior for materials when they are exposed to a temperature

that is higher than one-third of their melting points (Sauthoff, 1995). There are two
independent processes of creep: dislocation and diffusion creep. Dislocation creep

is dominant when applied stress is high. When the stresses are too low for
dislocation creep to occur, diffusion creep is the movement mechanism of

vacancies from sources to sinks, which are usually grain boundaries. The diffusion

creep rate (è) can be expressed as:
e = Ai

' kTd

where A is a dimensionless factor (usually A = 14),

is applied stress,

is atomic

volume, D is diffusion coefficient, k is Boltzman constant, T is absolute

temperature, and d is effective diffusion length that is approximated by the grain

size (Sauthoff, 1995; Nazmy, 1996). According to the creep rate equation, it is
clear that creep rate can be reduced by increasing the grain size of NiAl. In
contrast, it is well known that the increase in the grain size results in reduction of
the yield strength because the larger grained material has less grain boundary area
to impede slip or dislocation motion during plastic deformation. According to

Callister (2000), the relationship between the grain size and the yield strength (c)
can be expressed by the Hall-Petch equation as follows:
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cr

where d is the average grain diameter, and o and k are constants for a particular

material. However, there is an alternative to increase creep resistance of the
material by alloying with a particular element. For instance, titanium could be used
to improve creep resistance of polycrystalline NiA1 (Polvani et al., 1976).

2.2.2

Reactive Diffusion

Phenomena in the diffusion bonding of dissimilar materials have been of
interest to many researchers (Philibert, 1991; Kao and Chang, 1993; van Loo et al.,

1997; Paransky et al., 1999). The kinetics of the whole process mainly result from
two sub-processes: 1) chemical reactions at interfaces; and 2) diffusion of chemical

species. The processes involving these two steps are usually called reactive
diffusion. At the beginning of the process, interfacial chemical reactions take place
and lead to the nucleation and growth of intermediate phases. After that the atoms
of the diffusion couple diffuse across the intermediate phases and then chemically

react with the interface atoms to form more intermediate phases. The intermediate
phases are grown in this fashion until the elemental materials are completely

consumed. Some of these intermediate phases might further develop at the expense
of the other phases until the system reaches the equilibrium.
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NiAI

Ni

Al

NIAJ

Figure 2-3. Growth of the NiAl layer between the elements Ni and Al

Let's assume that NiA1 is the only intermetallic compound that grows

between the elements Ni and Al as schematically shown in Figure 2-3. The solidstate growth of the intermetallic layer between the two elementary substances, Ni
and Al, at a certain temperature and pressure results from the previously mentioned

two sub-processes. Once the bonding surfaces are in intimate contact, atoms of Ni
and Al on the contacting surfaces react with each other and form a thin layer of

NiAl intermetallic. After that the Ni and Al atoms diffuse across the NiAl layer
and react at the interfaces to the surface Al and Ni atoms, respectively. The NiA1
compound continues to form in this manner until the elemental foils are used up.
It should be noted that when dissimilar solid-state materials with different
diffusivities diffuse into each other, such as in the reactive diffusion between Ni
and Al, voids can be formed in the starting material that has the more rapidly

diffusing species. This phenomenon is called the Kirkendall effect. Based on the
vacancy mechanism of diffusion, for a diffusion couple, porosities take place in the
higher-diffusivity material because its atoms move to fill vacancies with a higher
rate than that of another one and leave porosities behind in their parent material.

17

For the diffusion couple of nickel and aluminum, the difference in

diffusivities of Ni and Al atoms has been reported. The nickel diffusion is
dominant at high temperatures (1000-1400 °C) while aluminum is the dominant

diffusing species at lower temperatures (Mehrer, 1990; d'Heurle, 1992). These
findings are supported by a study of Colgan (1990) in the diffusion of thin film of
Ni and Al. The formation of the most Al-rich phase (NiA13) takes place at the
lowest temperature and the most Ni-rich phase (Ni3A1) grows with increasing

annealing temperature. However, these findings are contradicted by later literature.
According to an investigation of Michaelson et al. (1996) on reactions in Ni-Al thin
film, NiA1 is the first intermetallic phase that forms in an Ni-Al system at low

temperatures (87-217 °C). If the starting elements are not completely consumed by
the NiAl formation, the most Al-rich phase NiAl3 will be the next compound that
takes place in the system.

2.3

Experimental Approach

In synthesizing the nickel aluminide foil, starting materials used in this
experiment were commercially pure aluminum (99% Al), and nickel foils (99%
Ni). Required thicknesses of the starting materials were calculated to provide the

atomic ratio 1:1 of Ni to Al (stoichiometric NiAl). Ni has an atomic mass of
58.71 g/mol and a density of 8.90 g/cm3; therefore, a cubic centimeter of Ni

contains 0.15 16 mols of Ni. With an atomic mass of 26.98 g/mol and a density of
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2.70 g/cm3, a cubic centimeter of Al consists of 0.1001 mols of Al atoms.

Therefore, with an equal surface area, a thickness ratio of Al to Ni of 3:2 provides a
stoichiometric NiA1 phase.

Foils with the required thicknesses were sheared into blanks and cleaned in

acetone, methanol, and de-ionized water, respectively. To make an individual
composite foil, Al and Ni foils with a specified thickness were stacked in a

sequence, either Al-Ni-Al-Ni-Al or Al-Ni-Al. With the same accumulated
thickness, the former foil configuration is expected to consume less
homogenization time because it is composed of thinner elemental foils while the
latter configuration provides ease of stacking and registration due to less number of

foils. Stacks of elemental foils were then tack bonded by diffusion bonding to
provide an intimate contact between the Ni and Al foils. In this experiment three
different nominal thicknesses of the composite foils were obtained: 63.5, 127, and

254 jim. A graphite fixture was used in the tack bonding step. Each individual
stack was separated from the others by a graphite plate to prevent bonding to each

other. The tack bonding conditions for these elemental foils were at 500 °C, 3.9
MPa, and a 15-minute holding time. This tack bonding process was done in a
vacuum environment of about 0.01 Pa. After tack bonding, unbonded areas in the
composite foils, typically at the edges, were trimmed.

Subsequently, the composite foils were heat treated at various conditions.
To study the formation of NiA1 in both solid and liquid state of aluminum,

annealing temneratures were intentionally selected both below and above 660 °C,
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which is the melting temperature of aluminum. Selected annealing temperatures
were 600, 650, 670, 800, and 1000 °C, and the annealing times were chosen to

bridge the reaction times at 2, 4, 8, and 15 hr. Annealing temperatures of 650 and
670 °C were purposely selected close to the melting point of aluminum to observe
any abrupt change in the formation of NiA1 when the system is changed from solid-

solid to solid-liquid reactions. With combinations of these annealing temperatures
and times, there were 20 annealing conditions to treat the composite foil with each

thickness, and three replications were performed for each treatment. There were 3
different foil thicknesses in this experiment; therefore, there were 180 samples
treated in this study. AU three thicknesses of the foils with the same heat treatment

condition were processed at the same time. The experimental conditions were
summarized in Appendix A. The graphite fixture was again used in this annealing
process. Graphite plates were used to separate each composite foil from each other,
and to provide a slight pressure on the foils. This heat treatment process was
operated under a vacuum of about 0.01 Pa.

After heat treatment, formations of intermetallic phases in the foils were

studied. The annealed foils were sectioned perpendicular to the foil interfaces and
then molded in epoxy resin before polishing. The cold molding using epoxy resin
is recommended for molding brittle materials, such as intermetallic compounds,

because it doesn't require external pressure to set the molding material. The phases
presented in some of the foils were first identified using wavelength dispersive
spectroscopy (WDS) to investigate their nickel and aluminum contents.
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Concentrations of both elements were measured at 1 pm interval with 1 1um beam

diameter. After the phases were identified using WDS, in the remaining foils,
phases were studied under an optical microscope. The foils were also etched to
reveal their microstructures, especially the grain size. The solution that was used to
reveal the foils microstructures was a mixture of FeC13, HINO3, and methanol in the

ratio of 5g to 2 ml to 99 ml, respectively. Lastly, flatness and surface roughness of
the synthesized NiAl foils were investigated using surface profilers. Scan length
was set at maximum capability of the machines, which is 20 mm for the flatness
measurement, and 0.8 mm for the measurement of surface roughness.

2.4

Results and Discussion

2.4.1

Kirkendall Porosities

Two configurations of elemental foils were intentionally investigated for

nickel aluminide foil synthesis. The first configuration was Al-Ni-Al-Ni-Al and
the second configuration was Al-Ni-Al. After tack bonding of elemental foils at
500 °C for 15 minutes under 3.9 MPa applied pressure, no voids were present at the

interfaces. A thin layer of intermediate phase was observed between Ni and Al
foils. Micrographs of Al-Ni-Al-Ni-Al and Al-Ni-Al tack bonded foils are shown in
Figure 2-4 and 2-5, respectively.
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Figure 2-4. Al-Ni-Al-Ni-Al tack bonded foil

Figure 2-5. Al-Ni-Al tack bonded foil

The stacking order of the elemental foils is critical for producing
intermetallic foils from elemental foils because Kirkendall porosities play an

important role in diffusion of dissimilar materials. As shown in Figure 2-6, during
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the synthesis of nickel aluminide foil from composite foil of Al-Ni-Al-Ni-Al
structure, a severe void due to the consolidation of Kirkendall porosity was found.
The foil was annealed at 1000 °C for 3 hr.

Figure 2-6. Separation of foil due to Kirkendall porosities

The composite foil was separated into two halves by Kirkendall effects.
This is due to, in this system, aluminum atoms diffuse into the Ni atoms at a higher

rate than the reverse. The vacancies that are left behind by the aluminum atoms are
filled by the moving nickel atoms, but at a slower rate. Thus, these vacancies are
accumulated throughout the aluminum foil with progression of the diffusion

process. Finally, a plane of voids is formed and separates the composite foil of
Al-Ni-Al-Ni-Al into two halves. This void formation prevents the success of nickel
aluminide foil synthesis from the Al-Ni-Al-Ni-Al composite foil.
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2.4.2

Shape Change and Volumetric Contraction During Heat
Treatment
It was found that shape change of the annealed foil was significant if it was

not restrained. The composite foil was curled after annealing if it was not
sandwiched by graphite platens. This might result from phase transformations
from elemental nickel and aluminum to nickel aluminide during the heat treatment.
Elemental Ni and Al have fcc structures while NiA1 has a CsC1 structure. During

synthesis, the elemental atoms have to rearrange themselves, resulting in the shape

change. It is expected that this is the cause of shape change in the foil during the
heat treatment. Macroscopic shape change due to transformation in
crystallographic structure has been previously reported in the literature (Koyama

and Nittono, 1984). Thus, to make a flat nickel aluminide foil, slight pressure or a
proper stretching method must be applied on the foil during the heat treatment.
Figure 2-7 shows annealed foils that were heat treated at 1000 °C for 10 hr without

sandwiching by graphite platens. The foils showed severe macroscopic shape
changes.
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Figure 2-7. Composite foils annealed without restraint

In the synthesis of nickel aluminide foil from elemental nickel and
aluminum foils, volumetric contraction of the foil during the heat treatment was

observed. As suggested, this is due to the transformation from Ni and Al elements
to NiA1 compound. The contraction of the foil relative to its previous perimeter
before the heat treatment is shown in Figure 2-8 (a), and shrinkage in the thickness

of the foil is shown in Figure 2-8 (b). The foil was annealed at 1000 °C for 10 hr.
The volumetric contraction of the foil can be explained by the mass conservation
law as shown below:
1flNIAI

= mNl + mA!

PNiAIVN,Al

vN/Al

/) Ni VN/ + PA! VA!

PNIVN1 + PA/VA!
PNIAI
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where m, p, and V is mass, density, and volume of the substance, respectively. By

substituting the values of density and volume of both nickel and aluminum as well
as the density of the nickel aluminide, the volume of the foil after annealing can be
determined. In making an NiA1 foil from elemental Ni and Al foils, the volumetric
ratio of Ni and Al is 40 and 60% of the volume of composite foil, respectively. By
substituting the volumetric ratios of both Ni and Al into the above equation, the
volume of NiA1 foil is 88.40% of that of the starting composite foil. In other

words, there is 11.60% volumetric contraction during the transfonnation from the
composite foil to NiA1 foil.

(a)

(b)

Figure 2-8. Volumetric contraction of the synthesized foil (a) top view, and
(b) cross sectional view

2.4.3

Phase Formation during Heat Treatment

Nickel aluminide foils treated at different annealing conditions were cross
sectioned and polished to observe the phases presented in the foils under an optical

microscope. The foils were then investigated by wavelength dispersive
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spectroscopy (WDS) to identify these phases. Figures 2-9 and 2-10 show an
optical micrograph of phases formed in a foil and the corresponding chemical

compositions from a WDS analysis. The foil was

63.5

jm thick and annealed at

8000 C for 2 hr. This foil contained the greatest variety of phases among all foils

processed. It should be noted that at the surface of the foil oxygen concentration
was higher than that of the inner areas. This might be due to an interaction between
the X-ray beam and the epoxy mold, and the produced carbon dioxide (CO2) from
this interaction increased the oxygen content in the analysis.

NiAI
Intermediate PI1t

Figure 2-9. Micrograph of 63.5 ,um thick foil annealed at 800° C for 2 hr
(at 500X magnification)

27

Figure

2-10. Ni

and Al contents of the 63.5 4um thick composite foil

Under an optical microscope, three different bands of color were observed

from the center to the edge: dark yellow, orange, and mix of grey and brown. From
WDS analysis and the phase diagram, the Ni and Al contents of the dark yellow
phase are equivalent to those of the Ni3A1 phase by which its formation mechanism
can be explained as:
NiA1 + 2Ni

Ni3Al

The Ni3A1 phase grows at the expense of the NiAl phase, however, in this

experiment it was found that Ni3Al finally disappears from the foil while NiAl

is

the remaining final phase. Therefore, Ni3A1 should be able to transform back to
NiA1 by some process. When the foil was further annealed, the Ni3A1 phase

changes to the orange phase, which subsequently transforms into the NiA1 phase.
Thus, this orange phase acts as the intermediate stage that changes Ni3A1 back to
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NiA1. Based on the WDS results and the phase diagram, the chemical contents of
the orange phase (Ni

62 at%) match those of the intermediate phase laying

between Ni5A13 and NiA1. This intermediate phase contains Ni from 59 to 64 at%.

Another phase found in the foil is the mixing of the grey and brown phases. The
compositions of this combination correspond to those of NiAl. The formation
mechanism for NiA1 is shown below:
Ni2A13 + Ni

3NiAl

The Ni2A13 phase was detected in the foil at the early stage of the annealing

process. The Al-rich NiAl was then observed in the foils at the beginning of the
NiA1 formation. The Al-rich NiAl develops from the higher Al content
intermetallic compound, which is Ni2A13. The NiA1 phase grows at the expense of

the Ni and Ni2Al3. Figure 2-11 shows the diagrams of chemical compositions of
Ni2A13 found in the foil and Figure 2-12 represents Alto Ni ratio of the foils during
Al-rich stage.
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Figure 2-11. Ni2A13 found in the foil during the synthesis
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Figure 2-12. Al/Ni atomic ratio in aluminum-rich nickel aluminide
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Although NiA13 phase was not explicitly found in this investigation because the

annealing times were too long to be able to observe this phase, it is expected that
this compound is the first intermetallic phase that forms in the foil during the
synthesis. The Ni2A13 then develops from this NiA13 phase as shown below:

Ni+3A1*NiA13
NiA13 + Ni

Ni2Al3

In summary, the kinetics of phase formations occurring during the reactive
diffusion of the NiA1 foil synthesis are as follows:

Ni+3A1*NiAl3
NiAl3 + Ni

Ni2A13

Ni2A13 + Ni

3NiA1

NiA1 + 2Ni

Ni3Al

2.4.4

-* Ni3A1

intermediate phase

-

NiA1

Chemical Compositions of Synthesized NiA1 Foils

Figure 2-13 shows a cross section of a homogeneous nickel aluminide foil.

The foil was 63.5 jim thick and annealed at 1000 °C for 15 hr. The result from
WDS analysis, as shown in Figure 2-14, reveals that the foil is Al-poor NiA1. The
atomic ratio of Al to Ni is about 0.79 throughout the thickness of the foil.
Although this ratio missed the target of 1.0, it is still in the range of NiA1
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compound, which lays between 0.7 and 1.2. The loss of Al might have occurred
during the heat treatment due to the evaporation of Al into the vacuum chamber,

which had been evacuated throughout the annealing period. The deficit of Al, due
to evaporation during heat treatment, was also reported in the literature (Strum and

Henshall, 1994; Hodge and Dunand, 2001). In addition, loss of Al might be due to
excessive annealing time after the homogeneity. At an annealing temperature of
1000 °C, the 63.5 pm thick NiA1 foil was found to be homogeneous after only 8 hr.

It may be possible to reduce the annealing time from 16 hr to decrease the Al loss
from the NiA1 foil. In Figure 2-14, the spikes shown on the chart suggests the
presence of an oxide inclusion in the foil.
In this experiment, after annealing at 1000 °C for 15 hr, homogeneity of
NiAI was almost reached in the 127 pm thick foil. However, homogeneous NiA1
compound was not obtained in 254 pm thick foil after annealing at 1000 °C for

15 hr. Observed under an optical microscope, the foil was composed mainly of
NiA1 with the remainder as the intermediate phase between Ni5A13 and NiAl. An

additional investigation was performed on the 127 pm thick foil by extending the
annealing time to 16 hr, and it was found that the foil was attained to the
homogeneity of NiA1. Figure 2-15 shows the element distributions in this foil from

the WDS analysis. The atomic ratio of Al to Ni in this foil was about 0.96.
To calculate the amount of Al loss, weight percents of Al from the WDS

analysis were plotted. Graphical comparison of Al content in these two foils is

shown in Figure 2-16. The theoretical wt% of Al in NiAl is 31.49%. The average
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weight percent (wt%) of Al in 63.5 pm foil was about 26.35%; therefore, the deficit

of Al in this foil was about 5.14%. Since the average wt% of Al in 127 pm foil was
about 29.55%, the decrease of Al content in this thickness of foil was about 1.94%.
These numbers indicate that the loss of Al in 63.5 pm thick foil was greater than
that in the 127 1um thick foil even though its annealing time was shorter than that of

the 127 pm thick foil. One explaination is that the 63.5 pm thick foil reached the
homogeneity before 15 hr and had excess time for evaporation of Al from NiA1.

Figure 2-13. Micrograph of the 63.5 pm thick homogeneous NiAI foil
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Figure 2-14. Ni and Al contents of the 63.5 pm thick homogeneous NiA1 foil

Figure 2-15. Ni and Al contents of the 127 pm thick homogeneous NiA1 foil

34

Comparison of Al Content in N1AI Foils of Two Different
Thicknesses
50

40

< 30
63.5 microni
127 micron]

-----------

20
10

0

F

0

5

10

I

15

20

Distance from center (micron)

Figure 2-16. Comparison of Al contents in different thickness NiAl foils

Although off-stoichiometry of the foil results in lower melting temperature
from that of the stoichiometric NiA1 (1638 °C), concentrations of Ni and Al are not
critical to the creep property of NiA1. The creep rate of NiA1 is not as sensitive to

the chemical contents as other intermetallics (Nazmy, 1996). As mentioned earlier,
grain size is a critical factor that controls the creep rate. As the grain size (d)
increases, the creep rate decreases by a factor of d2. It is well known that the
average grain size of material increases with the progression of heat treatment.
Increasing annealing time could improve creep resistance of the material.
However, according to the Hall-Petch equation, the larger grained material provides
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lower yield strength. Therefore, the annealing time and the average grain size are
critical to properties of the NiAI foil and worthy of further investigation.
Figures 2-17 to 2-19 show grain sizes of the 63.5 ,um thick foils heat treated

at 1000 °C with annealing times of 4, 8, and 15 br, respectively. In that order, the
average grain size of the foils at these annealing conditions was 37.88, 49.02, and

69.44 pm. The figures also show that the larger grains continue to grow by the
absorption of smaller grains.

Figure 2-17. Grains of foil annealed at 1000 °C for 4 hr
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Figure 2-18. Grains of foil annealed at 1000°C for 8 hr

2-19. Grains of foil annealed at 1000 °C for 15 hr
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2.4.5

Flatness and Surface Routdiness of Synthesized NiAI Foils

Flatness and surface roughness of the NiAJ foils were studied specifically

on 127 jim thick foils because the foils of this thickness will be employed to
fabricate the MECS device in the subsequent study. Good flatness of the NiA1 foils
was observed, and all foils produced by this procedure showed reproducibility in
flatness. Flatness of the homogeneous NiA1 foils was further investigated by a

surface profiler. The average deflection of the synthesized NiAl foils was
approximately 3.5 1um (standard deviation = 2.5 1um, number of samples = 33 foils)

over the scan length of 20 mm. Standard deviation of the foil flatness is relatively
high compared to its average. This could be further investigated to improve the foil
flatness since this parameter is critical in determining dimensional accuracy of the

flow passages of microchannel devices. A possibility to improve the foil flatness is
to increase the load of graphite plattens that provide pressure on the foil during heat

treatment. In addition to the flatness, surface roughness

(Ra) of the foils was

observed. This is an important factor in diffusion bonding process as it is a joining
technique widely used in building MECS devices. Also, surface roughness has
effect on friction resistance of the fluid flow in the devices. The average

Ra

of the

foils was about 0.96 jim with standard deviation of 0.06 jim (scan length = 0.8 mm,

number of samples = 33 foils). These numbers indicate a decent surface roughness
with high reproducibility on surface roughness of the foils.
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2.5

Conclusions

By using the tack bonding and reactive diffusion, flat NiA1 foils have been

synthesized from commercially available nickel and aluminum foils. After reactive
diffusion, the foils presented various nickel aluminide intermetallics depending

upon the heat treatment conditions. Chemical contents of the homogenized foils
were dependent on the thickness of the foil. Homogeneous NiAl foil of 63.5 1um

thick obtained from 15 hr of homogenization at 1000 °C showed an atomic ratio of

aluminum to nickel at about 0.79. Under the annealing conditions of 1000 °C and
16 hr, approximately 0.96 atomic ratio of aluminum to nickel was obtained in
homogenized 127 1um thick NiAl foil. By using this method, homogeneous NiA1

foils with decent flatness and roughness are able to produce to fulfill the

requirements in the fabrication of MECS devices. However, by using this synthesis
method, there might be a difficulty in acquiring particular thicknesses of the
elemental foils to meet the required thickness ratio.
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CHAPTER 3

INVESTIGATION OF BONDING PARAMETER EFFECTS ON
WARPAGE OF NICKEL ALUMINIDE FOILS IN REACTIVE
DIFFUSION BONDING

3.1

Introduction

For more than a decade, Microtechnology-based Energy and Chemical
Systems (MECS) have been under development with the goal to decentralize and
make portable micro and meso-fluidic systems such as heat pumps, chemical

reactors, and bio-sensors. The miniaturization of MECS devices is made possible
by the use of microchannel arrays to increase the ratio of surface area to volume of
the conduits within the devices resulting in an improvement in the heat and mass
transfer performance of the flow conduits in the devices (Wang et al., 1991; Peng et

al., 1995; Brooks et al., 1999). In building MECS devices, conventional materials
that have been used are stainless steel, copper, and brass. However, the devices
made by these conventional materials are not functional at temperatures above
650 °C, which is required of many high temperature applications such as steam
reforming, flue gas desulphurization, and mobile engine heat recovery (Jovanovic,

2001; Paul et al., 2002). New material systems for high-temperature microchannel
array devices are required to implement these applications.

Due to their thermal and chemical resistance, refractory materials, such as
ceramics and intermetallic compounds, are promising materials for building high

temperature microchannels. Ceramic microreactors have been developed to
demonstrate the feasibility of ceramics as an alternative material (Kim et al., 1998;

Knitter et al., 2000). However, problems such as volumetric shrinkage and
dimensional instability during binder removal are found for the devices built from
green-state ceramics.

Intermetallic compounds are desirable for high temperature applications
because of their high melting temperatures and good corrosion resistance.
Particular intermetallic compounds, such as metal aluminides, are well known for

their resistance to high temperature oxidation (Pope and Darolia, 1996). This is
because of the inherent property of the aluminum (Al) contained in the aluminides
to form protective oxide layers (A1203). Aluminides of nickel (Ni), such as Ni3A1
and NiA1, are two of these metal aluminides that are currently of interest in the

fabrication of MECS devices. Nevertheless, these aluminides have poor ductility at
low temperatures and, consequently, are hard to machine or form.
Microlamination techniques have been used to fabricate MECS devices that

typically possess complex arrays of internal micro-scale features. Three steps are
involved in microlamination--lamina patterning, laminae registration, and laminae

bonding. With the development of micromachining methods, many techniques can
be used for lamina patterning including micromilling, laser micromachining,
photochemical etching, and electrochemical machining (Wegeng et al., 1996;
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Martin et al., 1999; Paul et al., 1999). For intermetallic materials, electro discharge
machining (EDM) has been widely used for patterning purposes (Nakao et al.,
1991; Lutfiillin et al., 1995; Glatz and Clemens, 1997). In general, lamina
thicknesses used for building MECS devices range from 25 to 250 pm.
Nevertheless, thinner or thicker laminae have also been used (Martin et al., 1999)
Channel aspect ratios in the devices can range from 20:1 to over 100:1 (Drost,

2000). After the lamina patterning step, laminae are registered and then
consolidated into a solid block of material by a lamination bonding process.
Bonding of intermetallic compounds has been studied by many researchers.
Joining techniques, such as diffusion bonding, diffusion brazing, and transient
liquid phase bonding, were found promising for bonding of intermetallic
compounds. Nakao et al. (1991) joined TiA1 rods (Ti-38mass%Al) in a vacuum

using solid-state diffusion bonding. The results from their study created a diffusion
bonding diagram that showed ranges of bonding temperatures, pressures, and times
that were able to produce a decent bond without interfacial voids. The feasible
ranges were 10-30 MPa for the bonding pressure, 927-1227 °C for bonding
temperature, and 1000-4000 seconds for bonding time.
Glatz and Clemens (1997) showed that solid-state diffusion bonding can be
used as a joining technique for TiA1 sheets (Ti-47A1-2Cr-0.2Si). Void-free joints
of this material were produced at a temperature of 1000 °C in the range of 20-40
MPa bonding pressures, and 1-3 hr bonding times in a vacuum.

Uenishi et al. (1995) used diffusion brazing with aluminum foil (99.9%
pure) as filler metal to join TiA1 (Ti-34mass%Al). Specimens bonded at 900 °C,
under 30 MPa bonding pressure for 64 minutes with subsequent heat treatment at
1300 °C for 64 minutes provided a joint that had the same tensile strength as that of

the parent material. Both processes were done in a vacuum environment.
Moore and Kalinowski (1993) joined NiA1 intermetallic rods using

diffusion brazing combined with hot isostatic pressing. The filler metal was selfgenerated by evaporating Al from the specimen surfaces to form a thin Ni-rich
layer. This was accomplished by heating the NiA1 specimens at 1530-1570 °C for
1-3 minutes. After cooling to room temperature, the specimens were then brazed at
1530-1570°C for 1-15 minutes under slight pressure of 0.011-0.032 MPa. The

specimens were then hot pressed at 1340 °C and 138 MPa for 4 hr. After that the
specimens were heat treated at 1530 °C for 6 hr to homogenize the chemical

compositions. All operations in this study were performed in a vacuum
environment.

Strum and Henshall (1994) used liquid-assisted diffusion bonding to join
NiA1. High purity Ni and Al were deposited by electron beam evaporation onto the
joining surfaces with 0.66 to 1.00 thickness ratio of Ni to Al to provide
stoichiometric NiA1 after bonding. The coated specimens were then placed in
contact at 1200 °C for 1-32 hr in an argon atmosphere to homogenize the chemical
compositions.
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Wu and Huang (2001) used laser-assisted superplastic forming and
diffusion bonding to join TiA1 intermetallic alloy (Ti-45A1). The laser was used to

produce a layer of fine grain structure on the bonding surfaces to achieve the
superplastic bonding at a lower temperature and a shorter time. The laser used in
the experiment was a HGL-84 CW CO2 laser at 2 kW, scanning rate 10 mmls, and

defocus distance 32 mm. The laser-treated specimens provided a sound bond at
temperature 900-95 0 °C, pressure 60 MPa, and bonding time 1 hr in an argon
atmosphere.

It is obvious that joining intermetallic compounds has been done under high

temperatures and/or high pressures. However, as reported in research of Alman et
al. (2000) and Paul et al. (2001; 2002), high temperature and pressure can lead to

warpage of microchannel fins in the bonding of MECS devices. In this paper, a
reactive diffusion bonding process, employing the use of pure Ni foil, was used to
join NiA1 foils. The bonding parameter effects on the warpage of nickel aluminide
foils were investigated along with the bond quality between foils.

3.2

Background

3.2.1

Diffusion Bonding

Diffusion bonding is a solid-state joining technique that employs the
application of pressure at an elevated temperature to bond two materials, either

similar or dissimilar, together (Derby and Wallach, 1982; Orhan et al., 1999).
Terminology that could be used interchangeably with diffusion bonding are as
follows: diffusion welding, solid-state bonding, pressure bonding, isostatic

bonding, and hot press bonding (Alm, 1970). According to Hill and Wallach
(1989) and Kearns (1980), the bonding mechanisms in diffusion bonding can be
divided into three major stages:

1) Plastic deformation of surface asperities: The deformation occurs and produces
intimate contact of the two bonding surfaces. It is found that at the end of this
stage, grain boundaries will form along with voids at the mating surfaces.
Surface diffusion starts to take place in this stage as well.

2) Grain boundary diffusion: In this stage, the grain boundary diffusion of atoms
becomes more dominant than surface deformation. Voids at grain boundaries
are closed due to grain boundary diffusion. At the end of this stage, some voids
still remain within the grains and grain boundaries.

3) Volume diffusion: In the last stage, volume diffusion of atoms becomes an
important phenomenon. The remaining voids are eliminated from the grains by
volume diffusion of atoms into the voids. At the end of this stage, most of the
voids at the interface are filled. However, in diffusion bonding, it is found that
overlaps of these three stages usually occur.

(a) Initial surface contact

0

,r.

<

(b) Plastic deformation

terfac

(c) Grain boundary diffusion

0 '

(d) Volume diffusion

Figure 3-1. Diffusion bonding mechanisms (Kearns, 1980)

In practice, three major process variables control the diffusion bonding

process. They are bonding temperature, applied pressure, and bonding time.
Another parameter that is also significant to the bonding process, but is more
difficult to control, is the surface condition of the mating surfaces such as
roughness, waviness, oxide layer, and contaminants.

3.2.1.1 Bonding Temperature

In diffusion bonding, temperature is a critical process variable because the

diffusion mechanism of atoms is significantly dependent on the temperature. The
high sensitivity of the diffusion mechanism to the temperature could be explained
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by the kinetic theory of the diffusivity of atoms. According to Reed-Hill and
Abbaschian (1991), the diffusion coefficient of atoms can be expressed as a
function of temperature as:
-0/

D=D0e /kT

where D is the diffusion coefficient of an atom at temperature

I',

D0

is a constant, Q

is the activation energy of diffusion, k is Boltzmann's constant, and T is the
absolute temperature.
From this expression, the diffusivity, D, varies exponentially with

temperature. Thus, only small variations in temperature produce large changes in
the process kinetics. Since the diffusion of atoms is a thermally induced process, it
is reported that the temperature at which diffusion bonding starts to occur is
generally above half of the absolute melting temperature (T117) of the most fusible
bonding metal (Schwartz, 1979).

To obtain good diffusion bonding for metals, Kearns (1980) recommended
a bonding temperature between 0.6 and

0.8Tm

while Derby and Wallach (1982),

Nakamura et al. (1988), and Hill and Wallach (1989) suggested the temperature in
the range of 0.5

0.8Tm. Dunford and Partridge (1992) used 0.5T, as the lower

limit of bonding temperature, however an upper limit for the temperature was not

mentioned. Kazakov (1985) suggested the bonding temperature be anywhere
between 0.5 and 0.7T, and recommended the optimal temperature for diffusion
bonding at 0.7

Tm.

However, to avoid undesired phase transformations and large
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deformations of the materials, a diffusion bonding process is recommended to
operate under as low temperature and low pressure as possible (Orhan et al., 1999).
In addition, temperature also plays an important role in the first stage of

diffusion bonding. Since the yield strength of material is a function of temperature,
the strength of surface asperities decreases as the bonding temperature increases.
Thus, high temperature assists plastic deformation of the surface asperities.

3.2.1.2 Applied Pressure

According to the diffusion bonding mechanisms, it is clear that pressure is a

major factor in initiating the first stage of diffusion bonding. Kazakov (1985)
concluded the roles of applied pressure in diffusion bonding are as follows:

1) Breaking the surface oxide film and contaminants and plastically deforming
asperities on the mating surfaces;

2) Enhancing atomic interaction by bringing intimate contact between the bonding
surfaces;

3) Activating the subsequent bulk processes of the bonding material such as
diffusion and recrystallization.

Given these effects, the main purpose of the applied pressure is to produce
plastic deformation that will lead to a maximum contact area between the mating

surfaces. If two metallic specimens brought into contact have ideally smooth, clean
and parallel surfaces, metallic bonds will form and no external energy input is
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required (Garmong et al., 1975). However, these ideal surfaces are difficult to
achieve in practice. Therefore, in a real diffusion bonding process, if the applied
pressure and bonding temperature are not high enough and cannot provide plastic
deformations of the surface asperities, diffusion bonding will not take place.
When a sufficient bonding pressure is applied, plastic deformation of the
surface asperities increases with time and the deformation continues until the
applied load is balanced by the resistance at the points of contact (Kazakov, 1985).
Mathematically, this phenomenon continues until the following relationship is met:
F/Aa

= Ca

where F is the applied load, C is the rigidity factor of the asperities, cr is the yield
strength of the material, and Aa is the actual contact area between the mating
surfaces.

3.2.1.3 Bonding Time

In the diffusion bonding processes, it is desired to minimize the bonding

time because of metallurgical and economical considerations. The bonding time
should be just long enough for the diffusion processes to complete, which is

indicated by no remaining void at the bond interface. The strongest joints are
generally formed when intimate surface contact has been established and diffusing

atoms have just moved across the joint interface (Aim, 1970). In practice, to obtain
a sound bond, bonding times can be varied from a few minutes to several hours
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depending upon the bonding materials (Hill and Wallach, 1989; Orhan et al., 1999).
The increase in bonding time improves bond strength up to a certain point. Further
bonding is able to decrease the bond strength due to grain growth (Kazakov, 1985).
The bonding time can be reduced by increasing the applied pressure. For instance,
in diffusion bonding of Ti-6Al-4V, the bonding time can be reduced by a factor of
three if the bonding pressure is increased by a factor often (Pilling, 1988).

3.2.1.4 Surface Finish

Surface finish is another parameter that greatly influences the bond quality
of diffusion-bonded joints since it involves all bonding mechanisms in the process.
Surface finish features consist of roughness, waviness, flatness, flaws, and lay.
However, only surface roughness and waviness have been found to play an

important role in diffusion bonding mechanisms. Surface roughness is fine random
irregularities of a surface that are usually caused by the production tool-related

actions such as a milling tool or grinding wheel. Surface waviness is a more
widely spaced repetitive deviation than surface roughness and usually occurs due to
an individual machine such as machine vibration, or spindle deflection and

imbalance (Nicolls, 1974). Surface roughness is superimposed over surface
waviness.

Surface finish was found to affect shear strength of diffusion bonded joints.
Under the same bonding conditions, joints with rougher bonding surfaces provided
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lower shear strengths than that ofjoints with finer surfaces because the rougher
surfaces needed more extreme bonding conditions to obatain the same joint quality

as that of the finer surfaces (Ridley et al., 1992). The surface roughness of the
bonding surfaces also affects the bonding time. It is substantially dependent on the
size and shape of interfacial voids, which are determined by the surface roughness.
Islam et al. (1997), and Islam and Ridley (1998) found that by decreasing surface

roughness bonding time was also reduced. Under a given pressure and
temperature, the wavelength of the surface roughness is the most influential factor

in determining the bonding time. With a constant amplitude of surface roughness,
bonding time increases with the wavelength of the surface roughness (Pilling et al.,
1996).

In addition, it was suspected that surface waviness of the bonding surfaces

plays an important role in the diffusion bonding process. However, due to the
complexity of surface topography the effects of surface waviness on diffusion
bonding mechanisms remain unclear and require further investigation (Pilling,
1988).

3.2.2

Reactive Diffusion

Phenomena in the diffusion bonding of dissimilar materials have been of
interest to many researchers (Philibert, 1991; Kao and Chang, 1993; van Loo et al.,

1997; Paransky et al., 1999). The kinetics of the whole process mainly result from
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two sub-processes: 1) chemical reactions at interfaces; and 2) diffusion of chemical

species. The processes involving these two steps are usually called reactive
diffusion. At the beginning of the process, interfacial chemical reactions take place
and lead to the nucleation and growth of intermediate phases. After that the atoms
of the diffusion couple diffuse across the intermediate phases and then chemically

react with the interface atoms to form more intermediate phases. The intermediate
phases are grown in this fashion until the elemental materials are completely

consumed. Some of these intermediate phases might further develop at the expense
of the other phases until the system reaches the equilibrium.

NiAI

Ni

Al

Ni

Al

Figure 3-2. Growth of the NiA1 layer between the elements Ni and Al

Let's assume that NiA1 is the only intermetallic compound that grows

between the elements Ni and Al as schematically shown in Figure 3-2. The solidstate growth of the intermetallic layer between the two elementary substances, Ni
and Al, at a certain temperature and pressure results from the above two sub-

processes. Once the bonding surfaces are in intimate contact, atoms of Ni and Al
on the contacting surfaces react with each other and form a thin layer of NiA1

intermetallic. After that the Ni and Al atoms diffuse across the NiA1 layer and react

at the interfaces to the surface Al and Ni atoms, respectively. The NiA1 compound
continues to form in this manner until the elemental foils are used up.

3.2.3

Nickel Aluminide (NiA1)

Metal aluminides, such as iron aluminides, titanium alumindes, and nickel
aluminides, are well known for their resistance to high temperature and hostile

environments (Pope and Darolia, 1996). This is due to the intrinsic property of the
aluminum (Al) contained in the aluminides that is able to form protective oxide
scales (A1203) in oxidizing environments. Aluminides of nickel (Ni), such as Ni3A1

and NiAl, are two of these metal aluminides that are currently of interest in the

fabrication of devices used in MECS. Both of these nickel aluminides have
become promising structural materials in building MECS devices such as micro
heat exchangers and micro chemical reactors (Paul et al., 2000; 2002; Alman et al.,
2001). In fact, NiA1, compared to its candidate Ni3A1, is relatively easier to form

the protective oxide layer because of its higher aluminum content (Jovanovic et al.,
2001).

NiA1 is different from other typical intermetallic compounds in that it has

large deviations from the stoichiometric ratio while the other intermetallic

compounds are either line compounds or have very small deviations. The
stoichiometric composition for NiA1 is at 50 atomic percent (at%) of Ni and 50 at%

of Al, and the smallest deviation of this compound ranges from 45 to 59 at% of Ni.
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These deviations provide flexibility in producing the NiA1 intermetallic. However,
with a deviation from the compound stoichiometry, some properties of the
intermetallic will change such as a decrease in the melting point from the
stoichiometric melting temperature of 1638 °C.

Ni
At

Figure 3-3. Crystal structure of NiA1

Stoichiometric NiA1 has a cesium chloride (CsC1) structure. Atoms of Ni

occupy the cube corners and the Al atom occupies the center of the cube as shown
in Figure 3-3. Various properties of stoichiometric NiA1 from Liu and Kumar,

(1993) and Miracle and Darolia (1995) are shown in Table 3-1. A major drawback
of NiA1 is its brittleness at room temperature. The brittle-to-ductile-transition
temperature of NiA1 ranges from 277 to 727 °C depending upon compositions of

the compound, and the ductility of the material is dramatically improved at

temperatures above 600 °C (Liu and Kumar, 1993; George et al., 1994). These
numbers indicate the requirement of high temperature fabrication for NiA! devices.
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Table 3-1. Stoichiometric properties of NiA1

Melting Point
Density
Young's Modulus
(At Room Temperature)
Thermal Conductivity
(Temp. Range 20-1100 °C)
Coefficient of Thermal Expansion
(Temp. Range 820-1560 °C)

1638 °C
5.86 g/cm3
188 GPa

70-80 W/m°C
15.1 xl 06 oCi

Experimental Approach

3.3

Reactive diffusion bonding was employed as a joining technique in this

experiment. Commercially pure (99.99%) Ni foil was used as the filler metal. Two
types of foils were used in this experiment to investigate the effect of foil

compositions on the warpage of the foil due to bonding. The first type of foil was a
composite foil including two key phases:

Ni2A13

and pure nickel. The second foil

was a NiA1 foil. Both types of foils have nominal thickness of 127 1um. To prepare

the composite foil, elemental Ni and Al foils were tack bonded at 500 °C, 3.9 MPa,
for

15

minutes, and then heat treated at 600 °C for 2 hr. The heating rate used in

this experiment was 10 °C/minute. After the heat treatment, the foils were cooled
down freely to room temperature. These heating and cooling patterns were used
throughout this study unless specified otherwise. Both tack bonding and heat
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treatment processes were performed in a vacuum environment of about 0.01 Pa.
The chemical compositions of the foil are shown in Figure 3-4

Element Distribution

Figure 3-4. Chemical compositions of the 127 pm thick composite foil annealed at
600 °C for 2 hr

Preparation of homogeneous NiA1 foil was described in Chapter 2 of this

dissertation. The blank foils of both types were then patterned using 532-nm laser
micromachining. Cracking, due to the machining technique, was not observed
during this stage. Figure 3-5 shows the laser-machined NiA1 foil under 1 OOX

magnification of an optical microscope.

Figure 3-5. Laser-machined intermetallic foil

Between the laminae, a pure Ni foil of 7.5 im thick was inserted as filler
metal to promote joining of the laminae. A test article was intentionally designed
as a bridge to emulate the fin of a microchannel device. Geometry and cross
section of the patterned foils and filler metal are shown in Figure 3-6. The
dimensions of the bridge structure are 5.08 mm wide and 10.16 mm long.
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I

NiAI

Figure 3-6. Test sample configuration and cross section

After the patterning step, the foils and filler metals were cleaned
sequentially using acetone, methanol, and de-ionized water to remove grease and

other contaminants from the laminae surfaces because these contaminants could

hinder diffusion bonding of the materials. The laminae were then registered to the
designed sequence. In this experiment, a graphite fixture with edge alignment was
employed to register all specimens during bonding. Finally, the foils were
diffusion bonded at various conditions in a vacuum environment to study stability

of the bridge structure and diffusion bonding of the foils. For every bonding cycle,
the specimens were heated up from and cooled down to room temperature.
Deflection of the bridge structure was measured by a profiler. The profiler's stylus
was traced along the length of the bridge to measure magnitude of the warpage.
The measurement was performed at three different locations on the bridge, roughly
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near the left and right edges, and at the center line of the bridge, to obtain an

average value of the warpage. The specimens were then cross-sectioned to observe
bond quality at the bond interfaces.
Since this experiment requires severe conditions to bond the specimens and
significant amount of time, it is worthy to reduce the number of trials by using a

fractional factorial designed experiment. Process parameters investigated in this
study were bonding temperature, pressure, time, and types of foils. The process
response was the magnitude of the fin's warpage due to the bonding conditions.

Each process parameter was run at two levels. A 3 x 2' fractional factorial design
was created to study bonding parameter effects on warpage of nickel aluminide

foils in this reactive diffusion bonding. Therefore, there were 24 runs required for
this fractional factorial design while 48 trials (3 x 2) are required if the full

factorial design was selected. The experimental conditions for the selected
fractional factorial design are shown in the top part of Table 3-2. It should be noted

that "Low" and "High" pressure was set at 10.3 and 20.6 MPa, respectively. Since
the set pressures decreased from the set points during the experiment, the actual
values were recorded for the data analysis when the pressures reached constant

levels. It is assumed that before bonding, all specimens for each type of foil are
identical. The experiments were run in a random order to average out the effects of
confounding factors that may be present.
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Table 3-2. Bonding conditions used in this study
Temperature
(° C)
600
600
800
800
600
600
800
800
800
800
600
800
800
600
600
600

Time
(hr)

Pressure Type of Foil

2
8
2
8
2
8
2
8
8
8
8
2
2
2
8

2

Low
Low
Low
Low
High
High
High
High
Low
High
Low
High
Low
High
High
Low

Comp
Homo
Homo
Comp
Homo
Comp
Comp
Homo
Homo
Comp
Comp
Homo
Comp
Comp
Homo
Homo

After running the initial fractional factorial design, some effects were
confounded with one another, the second set of the experiments was sequentially

performed to separate the confounding of these effects. The second set of the
experiments was run from the other half of the full factorial design as shown in the

bottom part of Table 3-2. The total number of trials in this phase was 8 runs since
each bonding condition was run without replication. Therefore, the total number of
experiments in this investigation was 32 runs.

3.4

Results and Discussion

Bonding conditions along with the process responses, which are magnitudes
of warpage of the bridge structure, and the actual bonding pressures are shown in

Appendix B. Analysis of variance (ANOVA) was performed on the data sets. The
actual pressures were treated as covariates in the analysis. Based on the evidence,
bonding time and temperature had significant effect on warpage of the fin
(p-value

<0.05). The warpage of the fin increased with the increase of bonding

time, and bonding temperature. It was suggestive, but inconclusive, that the actual
bonding pressure also had effect on the warpage (0.05 <p-value <0.10). The

warpage of the fin seemed to increase as the bonding temperature increased. The
other main effects did not show influence to the deformation of the fins. Therefore,
these three variables--bonding time, temperature, and pressure--were suggested to
be further investigated to find the optimal operating conditions for the fin warpgae.
The ANOVA table of the experimental data as well as the plots between the
process variable and fin warpage are shown in Appendix C.
However, an interesting finding from this experiment is that the

compositions of the foil do not affect the warpage. This means that in the foil
synthesis stage, it is not necessary to heat treat the composite foil until reaching full
homogeneity of NiA1. Homogenization could be done during the subsequent

bonding process. Hence, production time of the NiAI microchaimel devices will be
cut by reduction of the heat treatment time.

The widely used testing method to access the bond quality of diffusion-

bonded specimens is the shear test on the bonded samples (Pilling et al., 1984;

Ridley et al., 1992; Partridge and Wisbey, 1995). However, due to brittleness of
the experimental samples, this testing method is not viable to access their bond

quality. Optical observations were instead performed to evaluate the bond quality.
Figures 3-7 and 3-8 show bond interfaces of the composite foils at different
bonding conditions.

Kirkendall porosity

Bond line (interinedia%e phase)

Figure 3-7. Bonding of composite foils at 800 °C, 10.3 MPa for 8 hr
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Composite foil

IiHiL
Filter metal

-

Composite foil

Figure 3-8. Bonding of composite foil at 600 °C, 10.3 MPa for 2 hr

For the composite foils, the bonding conditions of 800 °C, 10.3 MPa for 8

hr showed a good bond quality. There was no interfacial void left between the base
metal and filler metal. The filler metal fully reacted with composite foils. Under
an optical microscope, the compound formed from the reaction showed orange

color. Based on the previous findings in Chapter 2 of this dissertation, this orange
compound was the intermediate phase between the Ni5AI3 and NiAl phases. If the

compound is annealed longer, it will transform to the NiAl phase. Kirkendall
porosities were also observed along the bond line in Figure 3-7. However, the
average fin warpage due to these bonding conditions was relatively large

(30.36 pm). At the bonding conditions of 600 °C, 10.3 MPa for 2 hr. there was no
reaction between the composite foils and the filler metals. The filler metals
remained un-reacted throughout the interfaces. At these bonding conditions,
although the average fin warpage was small (8.54 pm), this set of bonding
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conditions was not acceptable because leakage of the device would occur. Bonding
between NiA1 foils and Ni filler metal at two different conditions are shown in
Figure 3-9 and 3-10.

II.VAJ

(lfT)

N1AI foil

Kirkendailporosity
J3ondiine(NI3AI)

Intermediate phase

NiAloiI

Figure 3-9. Bonding of NiAI foils at 800 °C, 20.6 MPa for 8 hr

Figure 3-10. Bonding of NiA1 foils at 600 °C, 10.3 MPa for 8 hr

For bonding of the NiA1 foils, the combination of a bonding temperature of
800 °C, pressure at 20.6 MPa, and a holding time of 8 hr provided a good bond

between the laminae and the filler metals. Under an optical microscope, the
reaction between the foils and filler metals formed two layers of chemical
compounds. The inner layer was Ni3A1 intermetallic, and the outer layers were the

intermediate phase between the Ni5A13 and N1A1 phases. Although the bond
quality was good and could provide a leak tight device, the average fin warpage

due to these bonding conditions was large (52.27 pm). Kirkendall porosities were
also observed along the bond line as shown in Figure 3-9. When the bonding
conditions were changed to 600 °C, 10.3 MPa for 8 hr, no reaction between the

foils and filler metals was observed. As a result, this set of bonding conditions was
not acceptable although a small magnitude of fin warpage (15.33 pm) was
achieved.

3.5

Conclusions

This study investigated bonding parameter effects on warpage of nickel

aluminide foils in a newly proposed reactive diffusion bonding process. The results
showed that bonding time and temperature had significant effect on warpage of the

fin. The warpage of the fin increased with the increase of bonding time and

bonding temperature. Although it was suggestive, but inconclusive, that the actual
bonding pressure also had significant effect on the warpage, this parameter should

be considered in the future process optimization because it is well known that
bonding pressure is one of the controlling factors in diffusion bonding. Moreover,
the insignificance of foil compositions on the warpage of the fin was an important
finding and should be further investigated to reduce the cycle time of the foil
synthesis process. The bonding conditions of 800 °C, 10.3 MPa for 8 hr provided a
good bond quality for the composite foil while the combination of a bonding
temperature of 800 °C, pressure at 20.6 MPa, and a holding time of 8 hr provided a

decent bond between the NiAl foils. In addition, from this study, it was obvious to
notice the conflict between bonding conditions that provided a small fin deflection

and gave a good bond. It is desired to simultaneously optimize both the warpage
and bond quality, especially at high volume production since an optimized bonding

process could increase productivity and decrease production cost. Further
investigation is recommended to find optimal bonding conditions to minimize the

fin warpage and to maximize the bond quality. Simultaneous optimization of
multiple responses might be achieved by several approaches such as using
overlaying contour plots, mathematical search algorithm, or heuristic optimization
procedure (Derringer and Suich, 1980; Myers and Montgomery, 1995; Back, 1996;

Ansari and Hou, 1997; Langner et al., 2000). However, to achieve the process
optimization a reliable testing method that can be used to quantify the bond quality
of intermetallic materials has to be developed.
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CHAPTER 4

A NICKEL ALUMINII)E MICROCHANNEL ARRAY HEAT
EXCHANGER FOR HIGH-TEMPERATURE APPLICATIONS

4.1

Introduction

Heat exchangers are critical components in many systems such as power
plants, chemical plants, HVAC, refrigeration systems, engine cooling, and cooling

of electronic systems. It is well known that the performance of a heat exchanger
can be improved at the micro-scale by increasing its surface area to volume ratio.
Microtechnology-based Energy and Chemical Systems (MECS) devices are fluidic
devices that increase the heat and mass transfer in heat exchangers by employing
micro-scale features inside the devices to improve their surface area to volume

ratio. Figure 4-1 shows a micro channel heat exchanger fabricated from stainless
steel.
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Figure 4-1. Micro-scale heat exchanger (Courtesy of the Albany Research Center)

Many high temperature applications, such as steam superheating, flue gas

desuiphurization, and mobile engine heat recovery, are of interest to industry.
These applications are operated at temperatures above 650 °C (Paul et al., 2002).

However, at these temperatures the conventional materials for MECS devices, such
as stainless steel, copper, and brass, do not function properly due to their inferior
mechanical properties at high temperature (Jovanovic, 2001; Paul et al., 2002).
Many attempts have been performed on the alternative materials of high
temperature micro scale devices.

Kiiitter et al. (1997), Winter and Knitter (1997), and Fischer et al. (1999)
developed micro devices, such as micro reactors, micro heat exchangers, micro
heaters, and micro pumps, from ceramic materials such as Al203, AIN and
electroconductive Al203/TiN. Microfabrication techniques such as micro molding
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were used to shape these materials. An A1203 micro reactor with a channel cross
section of 500x500 1um2 was able to be produced as well as a micro pump with a
200 1um channel width and a 1000 um channel height.

Wang et al. (1998) showed the feasibility of using the LIGA process to
build intermetallic high-aspect-ratio microstructures from electroplated nickel and
aluminum (LIGA is an acronym from German words for lithography,

electroplating, and molding). Intermetallic micro posts of nickel (Ni) and
aluminum (Al) were able to be fabricated by co-depositing micron-sized Al
particles during Ni plating. The intermetallic posts of nickel aluminide (Ni3Al)

with a 200 m diameter and a 500 1um height were obtained after annealing at
630 °C for 780 minutes.
Spadaccini et al. (2002) used silicon wafers to build a micro combustor for

a micro gas turbine engine. The engine was fabricated from six pieces of etched
silicon wafers by fusion bonding. Thickness of the stacks was reported to prevent
bonding when two three-wafer stacks were bonded. However, adding piece by
piece of the wafer to the first three-wafer stack provided a decent bond quality to
most of the wafers.
Micro devices produced from ceramics have faced dimensional instability
problems such as sagging, porosity, and volumetric shrinkage, and building micro
devices from silicon is not suitable for MECS applications due to its high thermal

conductivity (Peterson, 1998; 1999; Paul et al., 2002). With proper thermal,
chemical and physical properties of nickel aluminide (NiAI) to the requirements of
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MECS devices, Paul et al. (2000; 2002) and Alman et al. (2001) attempted to build
nickel aluminide (NiA1) microchannel array devices from elemental foils of Al and

Ni to fulfill the requirements of high-temperature MECS applications. However,
two major problems, which were warpage of the fins and leakage of the devices,

have prevented the devices functioning properly. In addition, the problem of
delamination of the NiA1 foil after bonding was also observed in the literature.

In this study, development of an intermetallic microchannel array device
was performed. A new fabrication procedure for building NiA1 microchannel
devices was proposed. A NiA1 microchannel array heat exchanger was developed

using a microlamination technique. Reactive diffusion bonding was introduced as
the joining technique for NiA1 laminae. A parallel flow heat exchanger was
fabricated as the prototype of the NiA1 micro channel devices.

4.2

Background

4.2.1

Nickel Aluminide (NiA1)

In general, intermetallic compounds are different from conventional metal

alloys in many features. Conventional alloys consist of a disordered solid solution
of one or more metallic elements. Alloys do not have any particular chemical
formula and consist of a base material to which certain amounts of other elements
have been added intentionally to improve specific characteristics of the material
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(Callister, 1999). For example, 304 stainless steel has the composition Fe-18%Cr8%Ni. On the other hand, an intermetallic compound is a particular chemical
compound that possesses a distinct atomic formula and crystal structure, with a

fixed (or range) of chemical composition (Reed-Hill and Abbaschian, 1991). The
fixed composition intermetallic compounds can be referred to as stoichiometric
intermetallic compounds, for instance NiAI3, and intermetallic compounds with a

range of compositions can be referred to as non-stoichiometric intermetallic
compounds, such as NiA1 (Askeland, 1994).

The atoms in conventional alloys are linked by metallic bonds, in which the
atomic nucleii are floating in a cloud of electrons that are able to move relatively

freely. In contrast, the bonds in intermetallic compounds may be a mixture of both
covalent and ionic; therefore, they are stronger than metallic bonds in alloys and

have high melting points (Moffatt et al., 1964; Jastrzebski, 1977). In intermetallic
compounds, the atoms of the individual elements occupy preferred positions within
the crystal lattice, which is referred to as "ordering", rather than random locations

as in conventional alloys. This condition leads to difficulty of moving of
dislocations resulting in poor ductility of the material at room temperature. In
addition, compared to the conventional alloys, the ordered structures of
intermetallic materials leads to high activation energy for diffusion, providing the
intermetallic compounds good creep resistance at high temperatures (Askeland,
1994).

Intermetallics of metal aluminides are well known for their resistance to

high temperature oxidation (Pope and Darolia, 1996). This is because of the
inherent property of the aluminum (Al) contained in the aluminides to form
protective oxide layers (A1203). Aluminides of nickel (Ni), such as Ni3A1 and
NiA1, are two of these aluminides that are currently of interest in fabrication of

devices used in MECS. Both of these nickel aluminides have become promising
structural materials in the building of MECS devices such as heat exchangers and

chemical reactors (Paul et al., 2000; 2002; Alman et al., 2001). However, NiAl,
compared to the candidate Ni3A1, is relatively more conducive to forming the

protective oxide layer (Jovanovic et al., 2001). In this research only NiA1
intermetallic will be investigated. Various properties of stoichiometric NiA1 from
Liu and Kumar (1993), Miracle and Darolia (1995), and Paul et al. (2002) are
shown in Table 4-1.

Table 4-1. Various Properties of NiAl

Melting point, °C
Density, g/cm3
Young's modulus, GPa
(At room temperature)
Poisson's ratio
Thermal expansion coefficient,
1 06/°C (at 600 °C)
Specific heat, cm2/sec
Thermal conductivity, W/m °C
(Temp. range 20 -1100 °C)
Thermal diffusivity, cm2/sec

1638
5.86
188

0.313
13.2

0.64

70 80
0.22
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According to the binary phase diagram of Ni-Al, as shown in Figure 4-2,
NiA1 is different from other typical intermetallic compounds in that it has large

variations from the stoichiometric ratio. Where the stoichiometric composition for
NiAl is at 50 atomic percent (at%) of Ni and 50 at% of Al, the smallest variation of
this compound ranges from 45 to 59 at% of Ni. These variations provide flexibility
in producing the NiA1 phase. However, with a variation from the compound
stoichiometry, some properties of the intermetallic will change, for instance a
decrease in the melting point from the stoichiometric melting temperature.
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Figure 4-2. Binary phase diagram of Ni-Al (Massaiski et al., 1990)

NiAl has a cesium chloride (CsC1) structure. Atoms of Ni occupy the cube
corners, and the Al atom occupies the center of the cube as shown in Figure 4-3
(Pope and Darolia, 1996). A major drawback of NiA1 is its brittleness during room
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temperature fabrication. The brittle-to-ductile-transition temperature of NiA1
ranges from 277 to 727 °C depending upon compositions of the compound, and the
ductility of the material is dramatically improved at temperatures above 600 °C

(Liu and Kumar, 1993; George et al., 1994). These numbers indicate the
requirement of high temperature fabrication for NiA1.

Ni
Al

Figure 4-3. Crystal structure of NiA1 (Pope and Darolia, 1996)

4.2.2

Microlamination

To fabricate MECS devices, microlamination has become a well-known
technique for producing the complex arrays of internal micro-scale features inside
the device, which are difficult or impossible to obtain using conventional

fabrication methods. Three steps are used in microlamination: lamina patterning,
laminae registration, and laminae bonding. With the development of
micromachining methods, many techniques can be used for lamina patterning,
including micromilling, laser micromachining, chemical etching, and
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electrochemical machining (Wegeng et al., 1996; Martin et al., 1999; Paul et al.,

1999). For intermetallic materials, electro discharge machining (EDM) has been
widely used for patterning purposes (Nakao et al., 1991; Lutfullin et al., 1995;

Glatz and Clemens, 1997). Typical lamina thicknesses used for building MECS
devices range from 25 to 250 pm, however, thinner or thicker laminae,
corresponding to channel depth in the devices, have also been used (Martin et al.,
1999). Channel widths range from hundreds of microns to a few centimeters

(Drost, 2000). After the lamina patterning step, laminae are registered and then
consolidated into a solid block of material by a lamination bonding process.

4.2.3

Joining of Intermetallics

Bonding of intermetallic compounds has been studied by many researchers.
Joining techniques, such as diffusion bonding, diffusion brazing, and transient
liquid phase bonding, were found promising for bonding intermetallic compounds.
Nakao et al. (1991) joined TiA1 rods (Ti-38mass%Al) in a vacuum using solid-state

diffusion bonding. The results from their study created diffusion bonding diagrams
that showed ranges of bonding temperatures, pressures, and times that were able to

produce a decent bond without interfacial voids. The feasible ranges were 10-30
MPa for the bonding pressure, 927-1227 °C for bonding temperature, and
1000-4000 seconds for bonding time.

Glatz and Clemens (1997) showed that solid-state diffusion bonding can be
used as a joining technique of TiA1 sheets (Ti-47A1-2Cr-0.2Si). Void-free joints of
this material were produced at a temperature of 1000 °C in the range of 20-40 MPa
bonding pressures, and 1-3 hr bonding times in vacuum.

Uenishi et al. (1995) used diffusion brazing with aluminum foil (99.9%
pure) as filler metal to join TiA1 (Ti-34mass%Al). Specimens bonded at 900 °C,
under 30 MPa bonding pressure for 64 minutes with subsequent heat treatment at
1300 °C for 64 minutes provided a joint that had the same tensile strength as that of

the parent material. Both processes were done in a vacuum environment.
Moore and Kalinowski (1993) joined NiA1 intermetallic rods using

diffusion brazing combined with hot isostatic pressing. The filler metal was selfgenerated by evaporating Al from the specimen surfaces to form a thin Ni-rich
layer. This was accomplished by heating the NiA1 specimens at 1530-1570 °C for
1-3 minutes. After cooling to room temperature, the specimens were then brazed at
1530-1570 °C for 1-15 minutes under slight pressure of 0.011-0.032 MPa. The

specimens were then hot pressed at 1340 °C and 138 MPa for 4 hr. After that, the
specimens were heat treated at 1530 °C for 6 hr to homogenize the chemical

compositions. All operations in this study were performed in a vacuum
environment.

Strum and Henshall (1994) used liquid-assisted diffusion bonding to join

NiAl. High purity Ni and Al were deposited by electron beam evaporation onto the
joining surfaces with 0.66 to 1.00 thickness ratio of Ni to Al to provide
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stoichiometric NiA1 after bonding. The coated specimens were then placed in
contact at 1200 °C for 1-32 hr in an argon atmosphere to homogenize the chemical
compositions.

Wu and Huang (2001) used laser-assisted superplastic forming and
diffusion bonding to join TiA1 intermetallic alloy (Ti-45A1). The laser was used to

produce a layer of fine grain structure on the bonding surfaces to achieve the

superplastic bonding at lower temperature and shorter time. The laser used in the
experiment was a HGL-84 CW CO2 laser at 2 kW, at a scanning rate of 10 mm/s,

and defocus distance of 32 mm. The laser-treated specimens provided a sound
bond at a temperature of 900-950 °C, 60 MPa bonding pressure, and 1 hr bonding
time in an argon atmosphere.

4.2.4

Theoretical Pressure Drop Model

Since the non-uniformity of the flow passages reduces the performance of
the micro heat exchanger (Shah and London, 1980), in this study, pressure drop
across the device was tested to evaluate the uniformity of the channels of the

device. The device used in this investigation was the parallel flow microchannel

arrays. The total pressure drop

(AP0) across the device can be expressed as:
AP0

=

APa

+

APe

where /XPa is the pressure drop in a channel, and

APe

is the summation of pressure

drop at the entrance and exit. In this analysis, however, the pressure drop at the

entrance and exit will be neglected because it is minor. The pressure drop in the
channel is considered the maj or component of the total pressure drop across the

device. According to Jiang et al. (1997), the pressure drop in a microchannel can
be explained as follows:

1v2
Dh 2

(1)

where APa is the pressure drop across a single channel in the device,f is the friction
factor of the channel, p is the density of the working fluid, 1 is the channel length,
Dh is the hydraulic diameter of the channel, and V is the average fluid velocity in

the channel. Let's consider these variables in detail: The friction factor is
dependent on the geometry of the flow conduit. The geometrical dimensions of the
channel are shown in Figure 4-4.

Figure 4-4. Cross sectional view of the NiA1 micro channel array device
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In this case, the conduit is a rectangular duct with the ratio of height (h) to
width (w) of about 135/38 10. According to White

constant Cf (C1

= f Re

(2002),

the value of the friction

) of a rectangular duct with h/w ratio = 0.035 is

approximately 91.737. Therefore, the friction factor of this flow channel can be
expressed as:

f-91.737

(2)

ReD

where ReDh is the dimensionless Reynolds number, which can be calculated as
follows:
VD,

ReD

(3)

V

where v is the kinematic viscosity of the working fluid. The hydraulic diameter of
arbitrary cross section is defined as follows:
Dh =4 x

cross sectional area

(White, 1991)

weted perimeter

Inthiscase,

wh
2wh
Dh=4x2(h)= w+h

(4)

The average velocity of the working fluid in the channel can be computed from the
volumetric flow rate (q) and cross sectional area (A) of the chanìnel.

A

By substituting equations (2), (3),

(4),

wh

(5)

and (5) into (1), the pressure drop in a single

channel of the device can be expressed as:
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91.737 pvlq(w+h)2
(6)

a

w3h3

8

For a device that has n parallel and identical channels inside, the total volumetric
flow rate is

Q (Q = nq).

The total pressure drop across a set of parallel flow type

channels is equal to the pressure drop across a single channel; therefore, the total
pressure drop across the device

(AP0) can be expressed as:

ota
4.3

91.737 pvlQ(w+h)2
(7)

8

nw3h3

Experimental Approach

4.3.1

Device Design

Heat exchangers can be classified according to the fluid flow arrangements:
parallel, cross, and counter flow (Kakac and Liu, 1998). In this development, only

parallel flow type was fabricated. Design of the heat exchanger is shown in Figure

4-5. The device was composed of three microchannels. They were 3.81 mm wide,
and

16.51

mm long. The height of the channels was determined after bonding

because of increase in the height due to the adding of filler metal between the foils.
The overall dimensions of the devices were

13.97

mm wide and 25.40 mm long.

t plate

Spacer

Figure 4-5. Design of the parallel flow heat exchanger

4.3.2

Materials and Fabrication Procedures

Fabrication procedures of intermetallic micro channel arrays were proposed
by Alman et al. (2001) and Paul et al. (2000; 2002), however, problems such as
delamination and warpage of intermetallic laminae, and leakage of the devices,

were reported. These problems have made fabrication of the intermetallic micro
channel array devices unsuccessful. Fabrication procedures employed by Alman et
al. (2001), and Paul et al. (2000; 2002) are shown in Figure 4-6 and 4-7,
respectively.

>
Elemental Foils

Laser ablation of
elemental foils

Figure

>°:

>r

4-6.

Tack bonding of
elemental foils

Bonding and conversion
to intermetallic

Fabrication procedure of Alman et al.

(2001)

Al

>L"1
__
Tack bonding of
elemental foils

Elemental Foils

<
>

11
III

oov1p
Laser ablation and
alignment

>
Bonding and conversion
to intermetallic

Figure 4-7. Fabrication procedure of Paul et al. (2000;

2002)

Due to different densities and phase changes during the transformation from
elemental Ni and Al foils to NiA1 foil, volumetric contraction takes place (Ni, Al,
and NiA1 have a density of 8.90,

2.70,

and 5.86 glcm3, respectively). In this

development, this dimensional instability was noticed during the conversion of
elemental foils to intermetallic, as shown in Figure 4-8. Figure 4-8 (a) shows
dimensional changes in x and y-axes compared to its own perimeter before

annealing. Figure

4-8

(b) illustrates reduction in thickness of the foil after heat

treatment. These dimensional changes show another difficulty in fabricating
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intermetallic micro devices from the elemental foils as previously proposed by
Alman et al. (2001) and Paul et al. (2000; 2002), and it suggests a requirement of a
new fabrication procedure for building the intermetallic microchannel devices.

(a)

(b)

Figure 4-8. Volumetric contraction of the synthesized foil (a) top view, and
(b) cross sectional view

As mentioned earlier, three steps are involved in microlamination: lamina

patterning, laminae registration, and laminae bonding. Differing from the previous
two fabrication procedures, this fabrication method starts from fully developed
NiAl foils. Although the NiA1 foils are not commercially available, they can be

synthesized from elemental Ni and Al foils. To make an NiAl foil with 127 pm
nominal thickness, an elemental Ni foil with a thickness of 50.8 pm was
sandwiched by two Al foils, each with a thickness of 38.1 pm. The foils were then

tack bonded at 500 °C, 3.9 MPa for 15 minutes to obtain an intimate contact

between these two elements. The tack bonded foil was then heat treated at 1000 °C
for 16 hr to transform the elemental Ni and Al to intermetallic NiA1. Without

further phase transformations of the elemental foils, dimensional accuracy of the
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devices is improved with this new fabrication procedure. In this development, the
NiAI foils with 127 1um nominal thickness were cut into desired patterns using

532 nm laser micromachining. Cracking due to the machining technique was not
observed. It is worthy to note that the NiA1 foils should be kept out of
contaminants, such as oil and grease, because it is difficult to remove contaminants

from the foils surfaces. Ultrasonic cleaning in a solvent as typically used with
conventional materials, such as stainless steel, is not applicable to NiAI foils, they

will be cracked along the grain boundaries during ultrasonic cleaning. In applying
reactive diffusion, 99.99% pure Ni foils with thickness of 7.5 pm were used as the
filler metals to achieve bonding of the NiA1 foils. They were patterned by 532 nm

laser as well. The dimensions of the patterned filler metal foils were the same as
those of the channel. After the patterning step, the filler metals were cleaned using
acetone, methanol, and de-ionized water to remove grease from the foils surfaces.
All laminae were then registered to the designed sequence. In this step, a graphite

fixture with edge alignment was employed. Finally, the registered laminae were
diffusion bonded at 800 °C, 20.7 MPa, for 8 hours in a vacuum environment. The
fabrication procedure is illustrated in Figure 4-9.
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Figure 4-9. Proposed fabrication procedure of NiA1 microchannel arrays

4.3.3

Pressure Drop Test

It is desired to employ the micro channel array devices in the laminar flow

regime to obtain superior heat transfer performance from the devices. In this study,
the working fluid (water) was fed into the devices with Reynolds numbers less than

50, which is in the laminar flow regime of microchannel (ReD <1000) (Obot,
2000). To verify whether or not the flow in the micro channel is fully developed,
entrance length (le) of the flow is compared to the actual length (1) of the conduit.

For laminar flow;

0.06 ReD

(White, 2002)

In this experiment, the selected maximum ReD is 50; therefore, the maximum le/Dh

ratio is 3. For the actual conduit,

l/Dh

is equal to 16510/260.76 or 63.315. Hence

the entrance region takes up the fraction:
3
1

63.315

=0.047=4.7%

This is a small percentage, thus it is reasonable to assume that the flow in the micro

channel is fully developed laminar flow. Therefore, the eligible volumetric flow
rate (Q) for the laminar flow can be determined from:

AvRe-

whvReD

Q
I,

h

By substituting numerical values of these parameters, the flow rate supplied to the

device can be calculated. Using a Reynolds number of 50, the maximum
volumetric flow rate to obtain laminar flow in the conduits is 0.2988 cm3/s. In this

experiment, the Reynolds numbers used were 50, 40, 30, 20, and 10. Figure 4-10
illustrates the diagram of the pressure drop test loop used in this study. The water
was supplied to the device by the syringe pump at the required flow rates. The
pressure drop across the device was measured by the pressure transducer before

sending out the signal to the process meter. The operable ranges of the pressure
transducer and process meter are 0-172 kPa, and the resolution of the process meter
is 0.07 kPa.
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4.3.4

Leak Test

After bonding, the NiA1 micro heat exchangers were tested for their bond

quality using a leak test. The purpose of the leak test is to determine whether the
devices are hermetically bonded or not. This condition is critical for all fluidic
devices. Also, leakage was reported as a major barrier in building intermetallic
micro channel arrays (Alman et al., 2001; Paul et al., 2000; 2002). To perform the
leak test, the device was connected to an air supply. Silicone and rubber glue were
used to seal at all connection points as well as provided some flexibility between
the device and the tubes to prevent cracking of the NiA1. The air was fed into the

inlet port of the device while the other port was plugged. The air was pressurized
in the device. Since the device was immersed in water, leakage of the device can
be observed easily from air bubbles. The air pressure was gradually increased until
the leakage from the device was found. The last air pressure was then recorded.
Figure 4-11 shows the schematic diagram of the leak test employed in this
experiment.

Pressure Gauge
Air Supply

)

( Plug

Figure 4-11. Leak test diagram

4.3.5

MetaI1oraphy Technique

The device was finally observed on its cross section to verify the bond

quality and to double check the reliability of the leak test. The device was drilled
on the end plate by a 532-nm laser and then molded in low-viscosity epoxy resin.
The mold was immediately placed in a vacuum bowl to evacuate the air bubbles

inside the device, and consequently to fill the device with the resin. The laser-
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drilled holes assisted the flow of the resin into the device. After hardening of the
resin, the resin-filled device was sectioned and polished to observe the bond quality
as well as the flatness of the fins.

4.4

Results and Discussion

Three NiA1 microchannel arrays were fabricated and tested in this study.

Results from the pressure drop tests are shown in Figure 4-12. In general, the
actual pressure drops were higher than the theoretical values. The higher pressure
drops in the devices may have been due to (1) the dimensional variations of the
flow passages in the microchannels and (2) the relatively high surface roughness of

the microchannel. For the former reason, the dimensional variations of the channel,
or warpage, increased the cross sectional perimeter wetted by the shear stress, in
other words, increased the flow friction from the theoretical uniform flow passage.
For the latter explanation, the theoretical model in this study was developed based
on the well-established macroscale fluid mechanics in which the surface roughness

of the flow channel is negligible for laminar flow. For the flow of fluid at
microscale

(D1

< 1000 pm (Obot, 2000)), empirical evidence showed that surface

roughness of the flow passage increased the flow friction from the value predicted

by the macroscale fluidics (Wu and Little. 1983; Obot, 2000). These caused the
pressure drops across the devices higher than the predicted values. On the average,
the experimental pressure drop was 19.80% higher than the theoretical value.

Pressure Drop Accross the Devices
3.50
3.00

2.00

- Theory
UExperiment

1.50
1.00

050
0.00
0.00

-________________
2.00

4.00

6,00

8.00

Volumetric Flow Rate (cclmln)

Figure 4-12. Pressure drop across the NiA1 microchannel arrays

In the next step, all prototypes were leak tested, and the maximum air

pressures were recorded. The maximum pressure supplied to the systems ranged
from 69-83 kPa before the test was stopped. During the test, no air bubble from the

devices was observed. However, the air pressure was not further increased because
air bubbles popped up from the interconnections between the air tube and the

device. To leak test at higher pressures, a better inlet and outlet port of the device
is required to obtain a good interconnection between the device and the outside
fluidic system.

A cross section of a microchannel array heat exchanger fabricated in
previous study is shown in Figure 4-13, and Figure 4-14 illustrates the result from

this study. Although the result from this study was that the fins were not perfectly
flat, the proposed fabrication procedures showed a significant improvement on the

flatness of the fins. In addition, the problem of leakage of the device was overcome
by the proposed bonding technique. A good result in the bond quality was
observed as shown in Figure 4-15. Under an optical microscope at 500X
magnification, the phases presented at the bond lines can be reasonably

distinguished by their color. The phase presented at the center of the bond line was
Ni3A1 phase, and the outer shade was the intermediate phase between

Ni5A13

and

NiAI phases. Small voids were also present at the interfaces between the foils and

the filler metals. However, they did not cause leakage of the device. These voids
could be eliminated by improvement of the foil smootimess.

Figure 4-13. Fin warpage due to fabrication in a previous study (Paul et al., 2000)
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Figure 4-14. Improvement on fin flatness achieved in this study

NIAI

Internied late phase

gotid in

(NI3AI)

NIAI foil

irkendall porosity

Figure 4-15. A bond line between the NiAI foils at 500X
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It should be mentioned that the unbonded areas were also found near the

edges of the foils as shown in Figure 4-16. The unreacted areas were potentially
due to the contaminant on the NiA1 foils that occurred during the laser patterning

step. The contaminant was ceramic dust from the ceramic work holding stage
which was ablated during patterning. This work stage was cut as well during the
laminae patterning. Removal of the dust would improve the bonding, however,
getting rid of this contaminant without breaking the NiA1 foils was found to be

difficult during this study.

NiAI foif

HnnJ Iiiic
j.'.

tJnbonded Area

Figure 4-16. Unbonded area near an edge of the foil at 200X
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4.5

Conclusions

Using the proposed fabrication technique, significant improvement on the
quality of the NiA1 microchannel array heat exchanger was achieved. Warpage of
the fin was reduced to a decent magnitude by using the fully homogenized NiA1

foil as the starting material, while the leakage of the device was solved by the
reactive diffusion bonding. In addition, the problem of delamination of the NiA1
foil after bonding, as observed in the literature, was solved. The delamination of

the foil was not found in the synthesized foil. This proposed fabrication method
showed its viability. As a result, the NiA1 microchannel array devices and the
miniaturization concept of MECS are promising to apply to those high temperature

applications. A further investigation from this study could be on optimizing
bonding parameters to minimize warpage and to maximize bond quality.
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CHAPTER 5

CONCLUSIONS AND FUTURE RESEARCH

5.1

Conclusions

This study developed nickel aluminide (NiA1) microchannel array devices

from the foil synthesis to the fabrication of the prototype. By using the tack
bonding and reactive diffusion, nickel aluminide foils have been synthesized from

commercially available nickel and aluminum foils. A tack bonding process has
been used to produce composite foils of Al-Ni-Al with different thicknesses. After
reactive diffusion, the foils presented various nickel aluminide intermetallic phases,

depending upon the heat treatment conditions and thickness of the foils. The
atomic ratio of Al to Ni of the NiA1 foils obtained in this study was up to 0.96.

Decent flatness and surface roughness of the foils, which are important to the
building of microchannel array devices, were produced.
The bonding parameter effects on warpage of nickel aluminide foils in a

newly proposed reactive diffusion bonding process was performed. Results
showed the significant effects of bonding time and temperature on warpage of the

fin. The warpage of the fin increased with the increase of bonding time and
bonding temperature. Results suggested that the actual bonding pressure also had
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an effect on the warpage. Moreover, the insignificance of foil compositions to the
warpage of the fin was an important finding and should be further investigated to
reduce the cycle time of the foil synthesis process.
Using the fabrication technique proposed in Chapter 4 of this dissertation, a
significant improvement on the quality of the NiA1 microchannel array heat

exchanger was achieved. Leakage of the device was overcome by the proposed

joining techniquereactive diffusion bonding. The device can tolerate up to
69-83 kPa before breaking the interconnection between the device and the air tubes.
Warpage of the fin was reduced to an acceptable magnitude by using the fully
homogenized NiA1 foil as the starting material. In addition, the problem of
delamination of the NiA1 foil after bonding, as observed in the literature, was

solved. The delamination was not found in the synthesized foil. These outcomes
showed the viability of the proposed fabrication method. As a result, the NiA1
microchannel array devices and the MECS concept are promising to apply to those
high temperature applications.

5.2

Future research

This dissertation deals with prototyping microchannel array devices from
NiA1 foils, there is a lot of room for further investigation in this study, especially

characterization of the material properties and finding optimal conditions for

various process responses. From the results presented in Chapter 2, the standard
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deviation of the foil flatness was relatively high, while the flatness of the foil is an
important factor that determines the dimensional accuracy of the flow paths inside

the MECS devices. The flatness could be improved by adding more weight on the
foil during the heat treatment process. The increased load will suppress the
macroscopic shape change of the foil, due to phase transformation. However, the
increased pressing load must not spread the liquefied aluminum out of the foil. It
was also found that the thicker the foil the more pressing load is required to flatten

it. An optimal pressing load needed for each thickness of the foil should be
investigated. Moreover, surface roughness of the foil should be improved to lessen
the bonding pressure required to obtain the intimate contact between the foil and
the filler metal.

Another future research possibility is characterization of physical properties

of the NiAl foil. It was reported that physical properties, such as Young's modulus,
of polycrystalline NiA1 are process-dependent (Stoloff and Sikka, 1996). This is
due to different processing techniques providing different preferred

crystallographic orientation of the material. Since there is not yet any information
about the properties of NiA1 produced by the technique demonstrated in this study,
physical properties of the produced NiA1 foil should be specifically investigated.
Improvement of the room temperature ductility of polycrystalline NiA1 has

been very challenging for researchers over the years. Although Stoloff and Sikka,
(1996) reported that alloying elements that could improve the ductility of single
crystal NiA1, such as Fe, Mo, and Ga, are not useful for ductility improvement for
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polycrystalline NiA1, it is interesting to investigate the effect of these alloying

elements on ductility of the NiAl foils since, from the results in Chapter 2, the
crystallographic orientation in the foils looks similar to a single crystal material.
Hence, these alloying elements might be able to improve the ductility of the NiA1

foils. According to Chung et al. (1997), the ductility improvement of NiAl could
be achieved by alloying with the rare earth element neodymium (Nd) during the
production of the NiAl ingot from pure Ni and Al by an arc melting process. For
the NiA1 foils, an appropriate amount of this alloying element should be studied. In
addition, grain size refinement has been a method that could enhance the ductility
of polycrystalline NiAl (Stoloff and Sikka, 1996).
The grain refinement method also improves the yield strength of the

material as described by the Hall-Petch equation. However, as mentioned in
Chapter 2, the average grain size of the material is a controlling factor for its creep

resistance. The larger the average grain size, the higher the creep resistance of the
material. Therefore, it would be interesting to investigate an optimal grain size for
these mechanical properties. Nonetheless, increasing the grain size is not the only
method used to enhance creep resistance of the material. Alloying with the third
element is an alternative. It was reported that titanium (Ti) could be used to
improve creep resistance of NiA1 (Polvani et al., 1976). The appropriate amount of
the alloying element for this NiA1 foil should be studied. Likewise, controlling the
grain size is not the only method that could improve the yield strength of the

material. The yield strength of NiAl could be enhanced by adding titanium di-
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boride (T1B2) or alloying with zirconium (Zr) (Stoloff and Alman, 1990; Stoloff

and Sikka, 1996). The proper amount of these additions should be investigated for
the NiAl foils.
Although the proposed joining technique employs a relatively low

temperature and pressure, compared to those used in the other methods in the

literature, other alternatives should be further investigated. A quicker and less
severe bonding method might be researched to increase the production rate.
Brazing with a proper filler material might be a possibility.
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Appendix A. Heat Treatment Conditions for Various Foil
Thicknesses

Temperature

i9e

(°C)

(hr.)

600

2

4

Foil Thickness Temperature Time Foil Thickness Temperature Time Foil Thickness
(micron)
(°C)
(hr.)
(micron)
(°C)
(hr.)
(micron)
63.5
650
2
63.5
670
2
63.5
127
254
63.5

4

127
8

254
63.5

8

127
15

254
63.5

15

127

254

127
254
63.5
127
254
63.5
127
254
63.5
127
254

Temperature Time Foil Thickness Temperature Time Foil Thickness
(°C)
(micron)
(°C)
(hr.)
(micron)
800
2
63.5
1000
2
63.5

.jJ
4

8

15

127
254
63.5
127
254
63.5
127
254
63.5
127
254

4

8

15

127
254
63.5
127
254
63.5
127
254
63.5
127
254

4

8

15

127
254
63.5
127
254
63.5
127
254
63.5
127
254
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Appendix B. Experimental Data from Investigation of Fin
Warpage

Temp
(°C)
800
600
600
800
800
800
600
600
600
800
800
600
600
800
800
600
600
800
800
600
600
800
800
600
800
800
600
800
800

600
600
600

SetPr
H

L
H

L
H

L
L
H

L
L
H
H
H

L
H

L
H

L
H

L
H

L
H

L
L
H

L
H

L
H
H
L

ActPr

Time

(psi)
2178
1336
2688
1396
2288
1402
1304
2710
1344
1462
2350
2626
2330
1280
2640
1388
2390
1272
2618
1422
2282
1296
2648
1416
1252
2278
1332
2764
1382
2656
2240
1428

(hr)
8
8
2
2
8
2

8
2
8
2
8
2
8
8
2
2
8
8
2
2
8
8
2
2
8
8
8
2
2

2
8
2

Fin

homo
homo
homo
homo
homo
homo
homo
homo
homo
homo
homo
homo
comp
comp
comp
comp
comp
comp
camp
camp
camp
camp
camp
camp
hamo
camp
camp
hamo
camp
camp
homa
hama

Dflection
(micron)
44.53
10.14
7.25
9.81

50.64
15.78
10.21

13.72
25.63
15.78
61.64
10.08
8.69
24.01

47.15
7.3
9.87
33.38
40.55
10.79
10.45
33.7
28.81
7.54
7.91
49.11
4.83

25.58
15.11

16.05
8.13
21.28

124

Appendix C. ANOVA Table and Statistical Plots
Analysis of Variance for Deflection
Source

Type III Sums of Squares

Sum of Squares

Df

Mean Square

F-Ratio

P-Value

COVARIATES
RealPress

114.357

1

114.357

3.56

0.0789

MAIN EFFECTS
A:Time
B:Temperature
C:SetPress
D:FinType

158.525
1916.37
79.1902
45.5482

1

158.525
1916.37
79.1902
45.5482

4.93
59.58
2.46
1.42

0.0422
0.0000
0.1375
0.2525

489.183
180.953
22.8384
697.078
319.78
31.4183
66.5684
0.562738
250.056
81.5272
82.5836

1

1

489.183
180.953
22.8384
697.078
319.78
31.4183
66.5684
0.562738
250.056
81.5272
82.5836

15.21
5.63
0.71
21.67
9.94
0.98
2.07
0.02
7.77
2.53
2.57

0.0014
0.0315
0.4126
0.0003
0.0066
0.3386
0.1708
0.8965
0.0138
0.1322
0.1299

482.434

15

32.1622

7654.3

31

INTERACTIONS
AN
AC
AD
BC
ND
CD
ABC
AND
ACD
BCD
ABCD

RESIDUAL
TOTAL (CORRECTED)

1
1
1

1
1

1
1

1
1
1
1
1

All F-ratios are based on the residual mean square error.

The StatAdvisor
The ANOVA table decomposes the variability of Deflection into
contributions due to various factors.
Since Type III sums of squares
(the default) have been chosen, the contribution of each factor is
measured having removed the effects of all other factors. The
P-values test the statistical significance of each of the factors.
Since 7 P-values are less than 0.05, these factors have a
statistically significant effect on Deflection at the 95.0% confidence
level.
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Residual Plot for Deflection
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Plot of Deflection vs RealPress
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Appendix D. Pressure Drop Test Data
Volumetric
Flow Rate
(mI/mm)
1.20
2.39
3.59
4.78
5.98

Volumetric
Flow Rate
(mI/mm)
1.20
2.39
3.59
4.78
5.98

Volumetric
Flow Rate
(mI/mm)
1.20
2.39
3.59
4.78
5.98

Re

10

20
30
40
50
Re

10

20
30

40
50
Re

10
20
30

40
50

Theoretical D2
Pressure Drop
(psi)
0.06
0.13
0.19
0.25
0.32

0.09
0.16
0.24
0.32
0.39

Actual
Pressure Drop
(psi)
0.07
0.16
0.23
0.32
0.38

Average
(psi)
0.08
0.17
0.23
0.31

0.38

Theoretical D3
Pressure Drop
(psi)
0.06
0.13
0.19
0.25
0.32

Actual
Pressure Drop
(psi)
0.06
0.06

0.06

0.11

0.11

0.11

0.17
0.24
0.31

0.17
0.27
0.35

0.20
0.27
0.35

Theoretical Dl
Pressure Drop
0.07
0.16
0.25
0.37
0.47

Actual
Pressure Drop
(psi)
0.08
0.17
0.26
0.37
0.49

(psi)
0.06
0.13
0.19
0.25
0.32

0.080
0.163
0.233
0.317
0.383

Average
(psi)

0.060
0.110
0.180
0.260
0.337

Average
(psi)

0.08
0.16
0.26
0.38
0.48

0.077
0.163
0.257
0.373
0.480

