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Miniature energy and chemical systems (MECS) are miniature thermal, fluid, and 

chemical devices in the mesoscale size range between a sugar cube and a human fist. 

MECS take advantage of improved rates of mass and heat transfer that have been 

observed at the microscale. There are many potential applications for MECS, including 

manportable cooling and decentralized chemical processing. However, this potential has 

not been realized due to limitations in microfabrication. MECS devices require: 1) the 

fabrication of complex geometries incorporating microscale features; and 2) the thermal, 

mechanical and chemical properties of engineering metals. This thesis centers on 

developing a process for producing high-aspect-ratio, MECS devices in stainless steel. 

In order to achieve this goal, laser ablation and diffusion bonding were employed 

in a metal microlamination (MML) process. The process involves stacking and bonding 

a series of laminates with low-aspect-ratio features to produce a composite device with 

high-aspect-ratio features (20:1). Laser ablation was used to form many laminates of 

0.003" 302 stainless steel. These laminates were then joined via diffusion bonding. 

The process developed in this thesis is unique in that it: 1) permits the MECS 

designer greater freedom in specifying microchannel widths; and 2) has produced 

microscale features in excess of 20:1 aspect ratio. Microchannels and microfins in excess 

of 20:1 aspect ratio were fabricated in stainless steel using this method. Resultant 

microchannels were tested by flowing air through them at various flow rates and 

measuring the resulting pressure drop. Experimental results were compared with 

theoretical calculations and other technical literature. Findings suggest that the 
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preliminary efforts to build a MECS device resulted in significant air blockage in the 

microchannel passageways. Sources of this blockage include bent fins, warpage and 

misalignment among others. Further process refinements are needed to prove the 

economic viability of this process. 
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PREFACE 

In order to realize MECS, there are a number of issues that need to be resolved. 

The three main issues regarding MECS fabrication are material selection, design 

flexibility and design functionality. 

Metallic materials are a must for most MECS devices. Almost all microscale 

devices have been fabricated with silicon being the substrate. However, silicon simply 

does not have material properties that suit many MECS designs such as high fatigue 

strength and thermal conductivity. 

Design flexibility is another crucial barrier that needs to be overcome. One prime 

example of this is the need for high-aspect-ratio microchannels in mesoscale heat 

exchangers and cyrocoolers. These channels need to have high-aspect-ratios in order to 

efficiently transfer heat. Further complicating the issue of geometric complexity is the 

fact that MECS fabrication is a mesoscopic phenomenon. Design flexibility is must in 

order to adequately design and fabricate MECS devices. A lack of design flexibility will 

severely limit the variety of MECS devices that can be fabricated. 

A final dilemma that faces MECS production is the issue of incorporating both 

engineering metals and design flexibility into a functional high-aspect-ratio device. The 

final objective of this study is to fabricate a miniature alpha-Stirling cycle regenerator. 

Experimentally determining the pressure drop of this regenerator over various flow rates 

will determine the functionality of the regenerator. 

Currently there is no such process that will realize high-aspect-ratio devices 

fabricated in stainless steel with superior design flexibility. Researchers at OSU believe 

that a MML approach is the optimal method in developing such a process. Our unique 

MML approach incorporates laser ablation and diffusion bonding in order to realize high

aspect-ratio geometries in stainless steel. 



Development of a Process for Fabricating High-Aspect-Ratio, Meso-Scale Geometries in 

Stainless Steel 

1. INTRODUCTION 

Miniature energy and chemical systems (MECS) are miniature thermal, fluid and 

chemical devices designed to improve heat and mass transfer efficiencies in energy and 

chemical systems. MECS are new to the manufacturing world due to their unique 

dimensions. Since MECS are not on the order of microns, they cannot be classified as 

microdevices even though some of their internal features may be on the microscale. 

Hence, often times MECS are referred to as meso-scale devices. This indicates that the 

primary dimensions of the device may be on the order of a few centimeters or inches. 

The size of MECS allows them to be used in applications where the portability or 

distribution of chemical and energy functions is important. 

Portability is a key motivation with regards to MECS. Potential applications in 

the future include portable air conditioning for soldiers in chemical fatigues. Traditional 

cooling devices are simply too bulky. MECS devices will significantly reduce size and 

weight. The same is true of MECS based power supplies for cellular phones and laptop 

computers. 

Distribution is another critical motivation for MECS. Distribution refers to the 

ability of a system to be divided into many parts and dispersed as opposed to stationed in 

one central location. One prime example of this is the use of miniature heat pumps 

versus traditional heat pumps. Miniature heat pumps can be distributed throughout a 

building, which allows users to regulate the temperature of each room to their desired 

specifications. Furthermore, miniature distributed heat pumps do not require ducting. A 

typical residential central heat pump loses 30-40% of its efficiency via ducting. Hence, 

miniature heat pumps would realize tremendous savings in space conditioning cost. 

MECS can also be used in such distributive applications as miniature chemical 

processing stations. An excellent example of this is an array of micropumps, which serve 
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the purpose of kidney dialysis'`. Such a distributive application would prevent patients 

from having to travel to a hospital every time they need kidney dialysis. 

The overall size of MECS allows them to be inserted into a variety of small-scale 

devices for cooling applications. One such application is the development of a miniature 

alpha-Stirling cycle heat pump at Oregon State University (OSU). This particular MECS 

device could be utilized as a cryocooler for laser instrumentation. Theoretically, a MECS 

of this genre would be able to improve the power of a typical laser diode instrument by a 

factor of 2.3-3.17. 

It is expected that there will be a large demand for MECS in the future. There has 

been much speculation on the future magnitude of the demand for MECS. Current 

estimates of the demand for microelectromechanical systems (MEMS), a related 

technology, for the year 2000 range from 8.2 billion to 14 billion dollars'. Some analysts 

predict that MEMS production will peak at 100 billion dollars annually in the near 

future'. While MEMS have begun to be established in industry, MECS applications have 

not. This is primarily due to the three challenges facing MECS microfabrication. The 

first of these challenges is the materials that are required for MECS. MECS devices 

require materials that have the mechanical and thermal properties of more traditional 

engineering metals. This contrasts with traditional MEMS fabrication in polymers and 

silicon. 

The second challenge facing MECS fabrication is the level of geometrical 

complexity. Many MECS devices require high-aspect-ratios. Currently, there are few 

techniques that are attempting to overcome the obstacle of high-aspect-ratio devices'. 

However, these techniques are not suitable for high volume, low cost production in 

engineering metals. 

Economical fabrication is the third and final impediment facing MECS. There is 

a tremendous need to develop techniques that are able to provide MECS at a high volume 

and a low cost. Researchers at OSU are developing a technique that will be able to 

deliver MECS at both low cost and high volume. This technique utilizes laminate 

formation, laminate preparation, laminate registration, and diffusion bonding and is 

referred to as metal microlamination (MML). To adapt this process to prototype 

http:2.3-3.17
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production, laser ablation is used to form many laminates of 0.003" thick 302 stainless 

steel. These laser ablated laminates are then polished and electroplated in order to 

achieve superior diffusion bonding. The laminates are then registered/aligned to one 

another in a fixture. These laminates are then joined via a diffusion bonding process. 

These four steps will be discussed in greater detail in Chapter 3. 

In order to test the validity of our MML process, we will fabricate a high-aspect

ratio microchannel regenerator. This regenerator will consist of 29 hermetically bonded 

0.003" thick laminates of stainless steel. An aspect ratio of greater than 20:1 can be 

achieved by the interior 27 laminates since the microchannel widths are only 100 

microns. The average length of the microchannels is 8 mm. Functionality of this device 

will be determined by the pressure drop results over a variety of flow rates. Low pressure 

drops indicate high functionality since less energy is required to drive the fluid through 

the microchannels. 
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2. LITERATURE REVIEW 

2.1 Miniature Devices Background 

Over the past decade there has been an explosion in the development of miniature 

devices. These devices were once limited to MEMS, but now includes thermal, fluid, and 

chemical devices as well. 

There are a variety of areas being developed for MEMS applications. These areas 

can be categorized under the following groups: medical technology, environmental 

technology, production technology, communications, security/surveillance, domestic 

applications, energy resources, automobiles and others3. Many of these MEMS groups 

were previously impossible to perform. For example, inserting microcomponents in a 

catheter system for both diagnostic and therapeutic treatment of heart disease4. 

Some of the projected uses for MEMS in the future are: optical switches and 

aligners, parts handling in manufacturing, pumps and valves, weapons arming and 

detonation, internal navigation, data storage, structural control of aircraft and computer 

displays5. Future MEMS fabrication will probably lead to an even more diverse group of 

products. 

2.2 Miniature Chemical Systems 

A new area of MECS is the field of miniature chemical systems. There are a 

variety of applications for miniature chemical system devices. They can purify solutions, 

separate solutions, sense trace amounts of certain chemicals, etc. One example of a 

microchemical device is a micromixer designed to mix small amounts of two liquids. 

This device can homogeneously mix 0.5 pt of liquid at a flow rate of 0.75 [it/s in only 

1.2 seconds°. Microchemical devices have many advantages over their full-size 

counterparts: easily portable, low consumption of reagents and can handle small sample 

amounts. 
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2.3 Microchannel Regenerators and Heat Exchangers 

The other area of MECS that has received considerable attention is the field of 

microchannel regenerators and heat exchangers. These devices are designed to heat or 

cool a variety of fluids. One such MECS device is a microchannel cooler designed for 

dissipating heat from high power laser diodes7. This microthermal device is fabricated 

via a copper MML process and utilizes water as the cooling fluid. The microchannels 

have widths ranging from 60-100 microns while the depth is 300 microns. The footprint 

of the entire device is 10 x 10 mm and the total height is 0.6 mm. This device is able to 

provide a thermal resistance of 0.44 K/W with a relatively low pressure drop of 4 bar. 

Unfortunately, this device, and all others of its kind have not yet been subjected to mass 

production efforts. Hence, the general public has not seen the benefit of this genre of 

miniature devices. 

Another example of a MECS cooling device is another microchannel heat 

exchanger fabricated out of copper8. The 350 micron wide microchannels were produced 

by a CNC wire cutting machine. Channel heights were 5.35 mm, giving an aspect ratio of 

greater than 15:1. Air cooling of the microchannels was able to cool 35% more 

efficiently than traditional MECS coolers8. 

2.4 Microfabrication Processes 

As mentioned previously, there are a variety of techniques available for 

microfabrication. Early microfabrication processes were developed for computer chip 

fabrication. Hence, the base material for many MEMS applications is silicon. Many of 

the techniques that are implemented for silicon based micromachining can also be used to 

micromachine nonsilicon based materials. The following discussion will illustrate the 

most common microfabrication techniques, which include: chemical micromachining 

(CMM), electrochemical micromachining (EMM), x-ray micromachining (LIGA), 

photosensitive polymide electroplating molds (PPEM), stereo lithography, 

electrodischarge machining (EDM), laser ablation, injection molding, and micromilling. 

At first, this list seems rather imposing with the variety of fabrication choices. 

However, all of these techniques can be combined into five groups: lithographic, erosion, 
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vaporization, injection molding and micromachining9. An alternative method of 

categorizing these techniques is by lithographic and nonlithographic microfabrication 

techniques. The first 5 microfabrication techniques listed in the above paragraph fall into 

the lithographic group, while the other 4 methods fall into the nonlithographic group. 

Two major differences occur between lithographic and nonlithographic 

fabrication techniques. Lithographic methods rely on a mask and a corresponding energy 

source to fabricate the microstructures. Hence, the devices are extruded 2D shapes. 

While limited in geometry, this technique lends itself to high volume manufacturing. On 

the other hand, nonlithographic fabrication techniques are maskless, which means that 

they are freeform. Devices can be built up in any desired fashion. Non lithographic 

methods are not geometry limited but they are serial in nature and do not easily lend 

themselves towards high volume manufacturing. The microfabrication organizational 

approach taken here employs the strengths and weaknesses of both groups. 

2.4.1 Chemical Micromachining (CMM) 

Chemical micromachining (CMM) is the oldest photolithography technique 

around and has been utilized for more than 30 years. CMM is able to provide several 

advantages over all other microfabrication techniques. These advantages are: low cost, 

easy implementation, batch fabrication and processing speed. Research conducted at 

Oregon State University (OSU) shows that 0.004" thick 302 stainless steel can be 

chemically etched through in under 10 minutes. 

However, there are some severe disadvantages to CMM. Isotropic etching is the 

most serious hindrance to microfabrication since straight sidewalls cannot be achieved. 

This means that the etchant will attack all areas of the substrate which are not coated by 

the photoresist. Research conducted at OSU confirmed that the chemical etching of 

stainless steel produces isotropic etch patterns10. Chemical disposal is also problematic 

even though most acid etchants can be neutralized with a base. Centrifuging out 

impurities is one technique that can enhance the lifetime of the chemical etchant. Depth 

control is another problem facing CMM. Even an optimized CMM process has a difficult 

time repeating consistent depth control. Resolution is also a problem with CMM since it 
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has the poorest definition of all of the previously mentioned microfabrication methods. 

This is due to the isotropic etching patterns developed in most metallic substances. 

Hence, the deeper the etching depth, the lower the resolution will be. This is a problem 

for the high-aspect-ratio geometries found in MECS. 

2.4.2 Electrochemical Micromachining (EMM) 

Although electrochemical micromachining (EMM) can be performed maskless, 

through-mask EMM is the better option for high volume micromanufacturing. In many 

ways, EMM offers a nice alternative to CMM. EMM is able to produce semi-anisotropic 

etch patterns due to its selective removal process. This is especially true if a pulsed direct 

current is implemented". Another advantage of EMM is that it is environmentally 

friendly. One of the most common etchants for stainless steel is NaCI, which is quite 

easy to dispose of and reuse given an adequate filtration system. Another advantage of 

EMM (along with CMM) is that the material is chemically removed without imparting 

residual stress. 

However, as with all fabrication methods, EMM also has its disadvantages. 

Despite the fact that EMM is designed for batch fabrication, there is a steep learning 

curve in fine tuning the conditions in order to obtain quality products. Another dilemma 

facing EMM is that deburring can be needed to polish the surface of the substrate, 

especially if a nonpassivating etchant is used12. EMM deburring is the process of 

electrochemically polishing the substrate surface in order to remove any surface 

deformities. This is a rapid process, but it requires the use of strong acids, which may 

make disposal difficult. It is also quite difficult to achieve etch patterns on the order of 

100 microns or less. 

2.4.3 LIGA 

X-ray lithography is a powerful micromachining technique. It is employed in the 

LIGA process, which is a German acronym for lithography, electroplating and injection 

molding'. The LIGA process is quite similar to that of standard computer chip 

fabrication. Typically, the substrate is coated with a photosensitive resist that ranges 
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from 50 to 1000 microns thick". The resist is then exposed via a synchrotron x-ray 

radiation source through a x-ray mask. The substrate is then developed, resulting in 

extremely high-aspect-ratio resist features. Resulting resist features can then act as a 

mold for electroplating the desired metallic substance. Once the metal has been plated, 

the resist mold can be removed via a developer, resulting in a metallic structure. Some 

recently developed methods apply a seed layer underneath the resist. This seed layer can 

be subsequently removed after the resist layer, which results in a freestanding part'4. 

However, one of the major hindrances with regards to LIGA is the cost of 

purchasing synchrotron x-radiation. Another problem with the LIGA process is that the 

metal must be plated inside of the resist mold in order to fabricate a device. 

Unfortunately, many alloys and nonmetallic materials cannot be plated. 

2.4.4 Photosensitive Polymide Electroplating Molds (PPEM) 

To overcome some of the problems associated with LIGA, a new technique of 

using photosensitive polymide electroplating molds (PPEM) was developed. This 

procedure is almost identical to the LIGA process but utilizes a standard UV light source. 

The resist thickness for PPEM is currently limited to approximately 50 microns15. The 

energy source and the resist thickness are the only differences between LIGA and PPEM. 

The major benefit of PPEM is that it can be performed using standard lithography 

equipment, which is much more affordable than synchrotron x-radiation. Similar to the 

LIGA process, the main drawback is that many alloys and nonmetals cannot be plated 

into the resist molds. 

2.4.5 Stereo lithography 

The final commonly used lithography based microfabrication process is 

stereolithography. Stereo lithography is by far the most flexible lithography based 

microfabrication method available today. This is because the resist that is coated onto the 

substrate can he used as the actual device or the resist can act as a mold for electroplating. 

For example, researchers from Japan have fabricated a flexible microactuator (FMA) by 

using a resist made of a flexible rubber polymer'''. The only prerequisite of the material 



9 

is that it must be UV light sensitive. Hence, this also turns out to be one of the downfalls 

to stereolithography since metals cannot be fabricated directly. As mentioned earlier, the 

stereolithographic resist can also be used as a mold. Therefore, this use of 

stereolithography exactly mimics the PPEM and LIGA microfabrication processes. 

Stereo lithography is also a slow process and is not adaptable to batch fabrication. 

2.4.6 Electrodischarge Machining (EDM) 

Electrodischarge machining (EDM) is the dominate erosion technique employed 

today9. EDM is a process that operates by discharging an electrical spark between a 

conductive workpiece and the tool electrode. The spark generated is hot enough to melt a 

portion of the workpiece. Typically, 15% of the molten metal is removed by flushing, 

while the other 85% resolidifies onto the workpiece7. Surface roughness can become a 

problem since there is little control over how the molten metal resolidifies. Typical 

surface roughness dimensions range from 0.2 to 6 microns'. Cracks can also form as the 

molten metal resolidifies. Another drawback to EDM is that it is not a batch fabrication 

process. However, EDM has a broad range of machining depths, which can vary from 2 

to 130 microns'. EDM is also very effective in machining metals that are hard and 

brittle, which are not easily fabricated using conventional machining processes. 

2.4.7 Laser Ablation 

Vaporization is another popular nonsilicon fabrication area. As with the erosion 

fabrication area, vaporization methods rely heavily on one process: laser ablation. Laser 

ablation is a technique that is rapidly growing in popularity with regards to 

micromachining. Depending on the power of the laser, it can penetrate any type of 

material, which makes it an attractive fabrication tool. Laser ablation also provides the 

advantages of straight sidewalls and fast processing times despite its serial nature. Laser 

ablation can also be performed with a mask to add protection to the nonmachined 

portions of the substrate. One disadvantage of laser ablation, besides its serial processing 

capabilities, is the difficulty in depth control of cutting. Also, not all materials absorb 

common laser wavelengths very efficiently. 
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2.4.8 Injection Molding 

Meanwhile, injection molding is an up and coming area in nonsilicon 

microfabrication. One of the most attractive aspects of injection molding is the variety of 

materials that can be molded. Injection molding can be applied to metals, plastics and 

ceramics at the microscale level. One such example is the microfabrication of a ceramic 

wire bonding capillary using injection molding's. The top of this capillary has a hole 

diameter of 45.72 microns with a tolerance of only ±2.54 microns. Similar capabilities 

are achievable with both metallic and plastic injection molding. Unfortunately, there are 

two major disadvantages to injection molding. First of all, the process is limited in the 

level of geometric complexity that can be obtained. The second disadvantage is 

fabricating the initial mold. This is quite difficult since there are few machines that can 

adequately fabricate precision micromolds from wear resistant materials. 

2.4.9 Mechanical Micromachining 

Mechanical micromachining is the final area of commonly used nonsilicon 

microfabrication techniques. Micromilling is a technique that mechanically removes 

portions of the substrate via a mechanical tool. This technique offers the advantages of 

depth control, straight sidewalls and highly accurate cutting with low kerf3. Micromilling 

is capable of producing positional resolution of 1.25 nm with the use of a laser 

interferometer feedback system'. However, micromilling is a slow serial process, which 

is discouraging when it comes to mass production. As for geometry limitations, 

micromilling is more flexible than any lithographic technique, but still provides limited 

geometrical complexity. 

2.4.10 Other Methods 

The above techniques are not the only tools available to microfabrication 

production. Listed below are a variety of microscale methods that are not as common as 

the previously discussed techniques. One such technique is called electrochemical 

deposition and it is very new to field of microfabrication. This process is often referred to 

mold micromachining and it is quite similar to LIGA and PPEM. Electrochemical 
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deposition is the most flexible microfabrication technique available today. The principle 

behind electrochemical deposition is almost the exact opposite of EDM. An electrode is 

positioned on the surface of the conductive workpiece. Once the electrode is in place, it 

can deposit the desired metal onto the conductive workpiece. Submicron geometries and 

depths of 100 microns are capable of being formed via electrochemical deposition19. 

There are several drawbacks to electrochemical deposition, including that it is a slow 

process since only 60 nm/s can be plated at a time. Electrochemical deposition is also 

limited in the variety of metals that can be plated. 

Some other techniques for processing nonsilicon materials are reactive-

nonreactive ion milling and plasma etching. Each method has been almost exclusively 

used for only silicon based MEMS applications. All three methods rely on the use of 

lithography. Each method is capable of producing straight sidewalls with aspect ratios 

around 10. However, much like the LIGA process, each of these three methods is quite 

costly. These three methods also have very slow process times. For example, it takes 

approximately 12 hours to ion etch 100 micron deep channels into copper with a 1000 eV 

Ar ion etch from a 21-cm Kaufmann source2°. Both EMM and CMM can etch through 

100 microns of copper in less than 10 minutes. 

2.5 Metal Micro lamination Literature 

Interestingly, few microfabrication researchers have investigated the area of metal 

microlamination (MML). Most microfabrication efforts have been focused on 

nonlaminated silicon based devices. One of the few successful attempts at MML can be 

seen in a proceeding from the International Society of Optical Engineers entitled 

"Microchannel coolers for high power laser diodes in copper technology". Here the goal 

was on bonding together five copper laminates in order to realize a copper microcooler. 

This device is water-cooled and is able to achieve temperature drops from 10-15°K7. 

Another example of MML comes from Pacific Northwest National Laboratory 

(PNNL120. Researchers from PNNL have recently fabricated a vacuum tight 

microchannel solvent separator out of 302 stainless steel. In order to accomplish this 

objective, stainless steel laminates where photochemicallv machined at Microphoto, Inc. 
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These laminates were then acid cleaned and re.czistered in a fixture. Then the fixture was 

placed in a vacuum furnace and diffusion bonded together. The diffusion bonding led to 

a solvent separator with a 10:1 aspect ratio. The parameters for diffusion bonding were 

600°C, 6000 psi and 2 hours. 

Probably the first documented paper that employed metal microlamination comes 

from Norman Goldberg in 19842!. In this paper Goldberg fabricated and tested a narrow 

channel forced air heat sink constructed of copper. Goldberg employed a metal 

microlamination approach that first machined the copper laminates and then bonded them 

together using heli-arc welding. Other researchers from the electrical engineering field 

have also constructed similar devices out of aluminum2223. 

A low-aspect-ratio example of MML comes from Tektronix'`. Their process 

involves diffusion bonding two to four thin layers (-0.003") stainless steel. This is 

accomplished by taking the formed laminates and electroplating them with a 0.125-2 

micron thick layer of gold. These laminates are then place in a fixture and heated to 

1000°C for 10 minutes. In order to achieve optimal bonding, the oven is ramped up to 

1000°C as quickly as possible. Finally, the fixture is removed from the oven and cooled 

rapidly. This process results in hermetically bonded laminates of stainless steel. 
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3. METHODS
 

The four steps to our metal microlamination process are laminate formation, 

laminate preparation, laminate registration and laminate bonding. Laser ablation is the 

technique employed for laminate formation in this study. Laminate preparation is a two 

step process which first removes the remelt region generated by laser ablation. The 

second step is to electroplate a thin gold layer on each side of every laminate in order to 

achieve optimal laminate bonding. Laminate registration is the process where each 

laminate is aligned to one another via a fixture. The fourth and final step is diffusion 

bonding and this is where the registered laminates are bonded together. This final step 

provides a free standing, testable device. 

3.1 Laminate Formation 

As stated above, laser ablation was the laminate formation technique employed in 

this study. A solid-state Nd:YAG laser was used for laminate formation. As with all 

solid-state lasers, light is generated by an ionized impurity (Nd) falling down to its 

ground state. Unlike other lasers, the impurity is confined inside the host material crystal 

lattice structure, yttrium-aluminum garnet (YAG). The impurity can be ionized by a 

flashlamp, arc lamp or semiconductor laser. Flashpumps and arc lamps provide light at 

many wavelengths even though the impurity can only be excited by certain wavelengths. 

Meanwhile, semiconductor lasers emit light at specific wavelengths which excite the 

impurity to emit light. The power of the laser can be increased by amplifiers and Q-

switching. Often times a combination of these power increasing functions need to be 

employed to reach the desired laser power necessary to adequately remove material. 

Laser ablation offers many attractive qualities over other microfabrication 

techniques. A typical Nd:YAG laser can ablate 30 micron wide geometries in stainless 

steel and other materials24. Laser ablation can also anisotropically etch almost any 

material, which is critical in the performance of high-aspect-ratio microdevices. A laser 

beam will never dull cutting into a hard material like titanium. On the other hand, a laser 

beam will also never bend or deform a soft material such as a polymer. Lasers are ideal 
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for rapid prototyping efforts since they do not require any specialized tooling. However, 

there are several drawbacks of laser ablation. It is a serial process, which means that it 

cannot produce parts in batch quantities such as CMM or plasma etching. Purchasing a 

laser microfabrication instrument can be cost prohibitive (eg: several hundred thousand 

dollars). Laser ablation can also leave a resolidified layer following every pass with the 

laser beam. 

The laser system employed in this study was a one Watt, Q-switched Nd:YAG 

laser. Q-switching is the process of concentrating the laser energy into short intervals 

where a powerful burst of energy can be released as opposed to a weaker, continuous 

laser beam. For this study we employed a doubling crystal since stainless steel has good 

absorption at 532 nm. This optimal wavelength was determined through experimentation 

of various wavelengths. A Nd:YAG laser set at these parameters can etch through 0.003" 

thick 302 stainless steel in approximately 10 passes. 

3.2 Laminate Preparation 

As mentioned in the introduction to this section, laminate preparation is necessary 

for effective laminate bonding. The first step involved in laminate preparation is to 

remove any resolidification ridges generated by the laser during laminate formation. This 

was accomplished by manually polishing each laminate with a fine grit polishing paper. 

A polishing fixture and abrasive tool were used to obtain an even surface finish. The use 

of a polishing wheel was investigated instead of using a manual process. However, this 

idea was abandoned since it was much more difficult to implement and the only benefit 

would be faster polishing times. 

Electroplating the formed laminates with gold was the second part of laminate 

preparation. This step was critical to improving laminate bonding since straight stainless 

steel to stainless steel laminate bonding is difficult. One reason why this is difficult is 

because stainless steel readily oxidizes, while gold does not. Straight stainless steel to 

stainless steel diffusion bonding also requires tremendous pressures, temperatures and 

times. A final benefit to using a gold interlayer is that the surface flatness needs only to 

be in the range of 40 microns for most applications. Meanwhile. the surface flatness 
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necessary for quality diffusion bonding of stainless steel needs to be in the range of only 5 

microns. 

3.3 Laminate Registration 

The goal of laminate registration is to properly align each laminate. Hence, 

laminate registration allows for the laminates to be "built up" in order to realize a 

functional device. Without accurate laminate registration, the device will perform poorly 

(or even fail) during testing. 

There are a variety of ways to achieve laminate registration. The technique 

employed in this study is to provide two alignment pins within the bonding clamp 

(fixture). Hence, two corresponding alignment holes will be laser ablated into each 

laminate so they can fit inside the fixture. This will ensure that the laminates are aligned 

properly with all other laminates via the corresponding alignment holes and pins. 

The outside of the clamp was fabricated in 304 stainless steel. Stainless steel was 

chosen since it's a readily obtained material that is quite heat and pressure resistant. 

Meanwhile, the interior of the clamp was constructed in ceramic. One-quarter inch thick 

aluminum silicate ceramic plates were selected because of their heat resistance (1093°C), 

high compressive strength (38,000 psi) and inertness with the laminates. Both the 

stainless steel and ceramic were fired prior to the initial diffusion bonding. The firing of 

the stainless steel (500 °C. 2 hours) prevented inadvertent bending of the fixture. The 

ceramic was fired at 750°C for three hours in order to improve its strength. Clamping 

pressure was provided by 3/8" stainless steel through hole bolts and nuts. 

3.4 Laminate Bonding 

Laminate bonding is the fourth and final step in our metal microlamination 

process. As stated previously, successful laminate bonding will result in a free standing, 

testable device. Diffusion bonding is the bonding approach taken in this study. 

Diffusion bonding (aka-diffusion welding) is a joining process that has been 

around since early Egyptian times25. Typical bonding temperatures for diffusion bonding 

range from 50% to 70% of the melting point of the most fusible metal in the 



16 

composition26. Sometimes a thin metallic interlayer (-1 micron thick) is plated onto the 

substrates for bonding dissimilar or refractory metals. The pressure required for diffusion 

bonding generally ranges from 50% to 60% of the yield strength of the weakest metal. 

Bonding times can vary widely. but the most common range is between 2 to 4 hours. 

Surface roughness must also be minimized with diffusion bonding. Soft metals such as 

aluminum and gold must have a surface roughness of 40-80 microns while most other 

materials require a surface roughness of 5 microns or less 26. Finally, the vacuum required 

for sufficient bonding is approximately on the order of 10-3 torn or less. Often times the 

vacuum furnace is also purged and filled with an inert gas. The use of a vacuum and an 

inert gas prevents virtually any oxide formation or contamination to form on the 

workpiece. 

Diffusion bonding was selected over such approaches as adhesive bonding and 

welding due to the following reasons. First of all, the apparatus necessary for diffusion 

bonding is relatively inexpensive and simple to use. All that is needed is a vacuum 

furnace and an alignment jig for the workpiece. Second, diffusion bonding can join both 

similar and dissimilar metals. Third, diffusion bonding provides hermetic bonding 

bonding between the actual laminates. There is no adhesive interlayer that could fail at 

temperatures and pressures lower than the laminates themselves. Finally, diffusion 

bonding provides hermetic bonding without any excess material flow. For example, 

adhesive bonding must incorporate overflow channels for excess glue. Meanwhile, 

welding leaves weld lines and it can often deform the workpiece with its extreme 

localized temperatures. 

The remainder of this section on diffusion bonding will focus on bonding stainless 

steel microdevices since that is one of the objectives of this study. The basis for the 

diffusion bonding procedure was adapted from previous work performed by Tektronix27. 

The Tektronix procedure for diffusion bonding stainless steel devices is a four step 

process. Step one involves cleaning the stainless steel laminates with an electrocleaner 

electroplating solution. This first step is critical since all contaminants and oxides must 

be removed from the stainless steel in order to achieve effective gold electroplating. Step 

two involves electroplating a 0.125-2 micron thick layer (eg: gold) onto each stainless 
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steel laminate. Step three involves registering each laminate in a fixture that will be used 

during the diffusion bonding process. Diffusion bonding is the fourth and final step in the 

Tektronix method of diffusion bonding stainless steel laminates. According to the 

Tektronix patent, the optimal bonding temperature is approximately 950°C, while the 

optimal bonding pressure is 10 psi. Meanwhile, the "bake time" is only about 10 minutes. 

However, this number can be deceiving. Optimal bonding does occur in only 10 minutes 

at 950°C, but in a prototype production mode, it takes time to ramp up to that 

temperature. The key is to ramp up to 950°C as rapidly as possible and then cool back to 

room temperature as quickly as possible. 

A general outline of the diffusion bonding procedure employed here can be seen 

below. The first step in the diffusion bonding process is to insert the fixture (with 

laminates inside) into the vacuum oven. The oven is then hermetically sealed and purged 

with argon and pumped with a vacuum pump. Then the oven chamber is filled with 

argon and sealed off in order to provide a relatively inert environment. The temperature 

is then allowed to ramp up to -900°C and hold for approximately two hours. Then the 

temperature is shut off and the fixture is left inside the oven to cool. This procedure 

results in a hermetically bonded device. 
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4. RESULTS 

4.1 Hermetic Device Fabrication 

Testing the hermetic qualities of the diffusion bonding process proves whether this 

procedure can produces airtight devices. This was accomplished by fabricating a 5 

laminate device out of 0.003" 302 stainless steel shim stock. The fabrication process 

involved in testing the hermetic seal was quite similar to the four-step MML procedure 

for realizing a microchannel device. Proving the hermetic qualities of the 5 laminate 

device will lead to the next step, which is to fabricate the microchannel device. 

Step one was to machine the 5 laminates necessary for the hermetic seal test. 

Traditional vertical milling was utilized to form the individual laminates of the hermetic 

test device. The bottom piece consisted of only the two 1/8" diameter alignment holes 

while the top piece had the alignment holes and a 1/8" aperture in the center for an air 

inlet. The three interior laminates had pockets. Please see Appendix D for an illustration. 

The next step in laminate preparation involved electroplating a 1 micron gold 

layer onto each of the 5 laminates. Before any of the laminates where plated, each was 

cleaned in a concentrated sodium hydroxide bath for approximately 5 minutes. This 

cleaning stage removed any contaminants and oxides from the stainless steel laminates. 

Each laminate was then ready to be individually electroplated. It should be noted that 

multiple laminates could be electroplated simultaneously, but the experimental apparatus 

used in this study cannot support it. The procedure for electroplating each laminate with 

a I micron thick coating of gold is relatively straightforward. Stock Technic ACR Gold 

Strike 96 electroplating solution is heated to 60°C ±10°C. A 2" by 2" platinum mesh is 

used as the cathode while the 1" by 1" laminate (workpiece) is used as the anode. Then 

the voltage on the power supply is increased until the current output is approximately 15 

milli-amps. It must be noted that the current output varied continuously since the no 

fixturing was used, the solution concentration varied, etc. Typical electroplating time was 

approximately 5 minutes and the end product has a shiny gold coating,, indicating high 

quality plating. 
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Laminate registration of the device is the next step in the MML process. 

Registering the 5 hermetic device laminates was accomplished by inserting each laminate 

into a precision machined fixture. A complete discussion of the fixture can be seen in 

Section 3.3 on Laminate Registration. 

Bonding each gold plated laminate to one another is the fourth and final step in 

fabricating the hermetic test device. A torque wrench was utilized to apply an even 

pressure of 60 inch-pounds to the registered laminates. The clamp was then inserted into 

the vacuum oven and the oven was turned on. Then the oven was purged with argon and 

pumped down to a pressure of 200 microns of mercury three times. After that, the pump 

was left on and the argon flow was terminated. 

Table 1: Parameters from the Hermetic Device Diffusion Bonding Process 

Time Temp on left Temp in middle Temp on right Pressure -µm of Hg 

0.00 hrs 18°C 17°C 18°C 200 

1.25 hrs 408 393 397 110 

2.58 hrs 612 654 602 84 

3.82 hrs 718 784 713 85 

4.50 hrs 758 829 753 85 

6.80 hrs 827 906 825 71 

7.00 hrs 830 910 829 70 

4.2 Hermetic Device Testing 

After baking, the device was now ready to test whether the diffusion bonding 

process results in a hermetic bond. This was accomplished by adhering a test fixture to a 

gas line, with room temperature air as the fluid. Adhering a vacuum tight connection 

between the fixture and the hermetic test device was accomplished by utilizing a 

combination of Clear RTV Silicone adhesive sealant by Permatex and Quick Tite super 

glue by LocTite. The fixture was fabricated out of acrylic and the gas line interface was 

connected via a Swage lock connection. Please see the following page for an illustration. 
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Figure 1: Hermetic Device Test Apparatus 

The actual test for a hermetic bond was accomplished by submerging the device, 

with gas line attached, under water. If bubbles emerged from the device, this indicates 

that the bond was not hermetic. However, the device easily held at a pressure of 

approximately 5 psi. 

4.3 Microchannel Device 

The remainder of this chapter is focused on the fabrication and pressure drop of 

the microchannel device. Successful implementation of this phase will be a major step in 

realizing a miniature alpha-Stirling cycle heat pump. 

4.3.1 Microchannel Device Design 

Design issues were the first problems addressed before fabricating the 

microchannel device. The first question was the following, what type of device should be 

fabricated? It was determined that the goal was to fabricate a microchannel regenerator. 

This decision tzenerated a multitude of questions, such as size and material. A complete 

AutoCAD drawing of the microchannel device can be seen in the Appendix E. The focus 
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of this research regards the fabrication of the microchannels of the microchannel 

regenerator. 

The next step in the design process was to determine dimensions of the device. 

Calculations performed by Dr. Rich Peterson determined that near optimal performance 

of the microchannel regenerator would result with channel widths of only 50 microns. 

However, Dr. Peterson settled on microchannel widths of 100 microns so the device 

fabrication process would be easier. The average microchannel length was designed to be 

approximately 8.00 mm. Calculations by Dr. Peterson concluded that this microchannel 

length was long enough to provide sufficient cooling. This microchannel length was also 

an excellent choice since it conveniently fit into the 1" by 1" footprint of the device. The 

final dimensional decision was the height of the microchannels. Dr. Brian Paul 

determined the height of the microchannels to be 2.06 mm, which consists of 27 0.003" 

thick laminates, in order to obtain an aspect ratio of greater than 20:1. 

Material selection was the next design parameter. Dr. Peterson and Dr. Paul 

determined that 302 stainless steel would be the best material for the microchannel 

regenerator due to the following reasons. First of all, 302 stainless steel has a low 

thermal conductivity (16 W/mK) for a metal, which is preferable in a microchannel 

regenerator. Meanwhile, all other metallic microcooling devices found in the literature 

have high thermal conductivities: Cu = 393 W/mK and Al = 222 W/mK. Secondly, 302 

stainless steel is nonmagnetic, which is beneficial since it won't interfere with the pumps 

that will be inserted into the microchannel regenerator. Third, 302 stainless steel has 

good fatigue resistance and is a very durable material. Finally, fluid selection will not be 

constrained since 302 stainless steel is quite resistant to almost any fluid. 

4.3.2 Microchannel Device Laminate Formation 

Fabricating the microchannels was the next step in realizing a microchannel 

regenerator. The procedure for fabricating the microchannels was almost identical to the 

procedure used for fabricating the hermetic test device. Hence, the first step in the 

microchannel regenerator fabrication process was laminate formation. This was 

accomplished via laser ablation. 
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An ESI 4420 laser micromachining system was the instrument employed for 

machining the microchannel laminates. The ESI 4420 system incorporated a HP Pascal 

lift format. Hence, our device designs (generated on AutoCAD v12) were converted from 

SmartCAM files to this format. Laminates were fabricated in batches of 9 since the ESI 

4420 system could only handle a sheet size of 3" by 3". As stated earlier, the ESI 4420 

system utilizes a Nd:YAG laser. A doubling crystal was inserted since 302 stainless steel 

readily absorbs light at 532 nm. Laser excitation was accomplished by a continuous arc 

lamp while cooling was achieved with deionized water. The ESI 4420 system was Q-

switched at a frequency of 1000 Hz with a bite size of 10 microns. Pulse width was set at 

50 ns and the machining speed was 10 mm/s. An average power of 0.9 Watts was finally 

achieved by setting the current to 17 amps. 

Mounting the 3" by 3" 302 stainless steel shim was the next step in the process. 

First of all, the ESI 4420 system held the workpiece via a vacuum fixture. Mounting the 

3" by 3" shim onto the vacuum fixture was accomplished by adhering the shim to a 3" by 

3" nickel plate via double stick tape. The nickel plate was then attached to a 3" by 3" 

glass plate via double stick tape. Due to previous experimentation, it was discovered that 

fibers from the glass plate would crystallize into the microchannels during the machining 

process if a nickel plate was not employed. 

The ESI 4420 system was allowed to operate once the machine parameters were 

set and the workpiece was mounted. Approximately 10 passes were needed in order to 

adequately machine each 3" by 3" shim of 302 stainless steel. Again, each 3" by 3" shim 

resulted in 9 laminates. During the laser ablation process 20 micron high remelt ridges 

were formed adjacent to all etch patterns. These remelt ridges need to be removed by a 

polishing process. 

One unsuccessful method investigated to simplify the removal of this remelt ridge 

was to coat the stainless steel shim with Dupont semiconductor grade polyimide. The 

polymide had the viscosity of honey and was pale yellow in color. It was applied via spin 

coating at 1000 rpm for 20 seconds. Finally, the polymide was baked at 120°C for twenty 

minutes. Unfortunately. the remelt ridge penetrated the polymide coating during the laser 
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ablation process. Hence, when the polymide is removed in a hot n-methyl pyrrolidone 

bath, the remelt ridge would remain. 

4.3.3 Microchannel Device Laminate Preparation 

Once the laminates were formed, the next step was to remove the remelt ridge 

generated by the laser ablation process. This was accomplished by individually hand 

polishing each laminate with a corresponding laminate fixture and tooling. An AutoCAD 

illustration of this setup can be seen in the Appendix F. Each laminate was adhered to the 

aluminum fixture via double stick tape. The aluminum fixture flatness was toleranced to 

±0.0005" and it was bolted to a fixturing plate, which has a flatness tolerance on the 

micro-inch scale. Meanwhile, the tooling consisted of a 1.2" by 4.25" Delrin acetal 

block, which was also incorporated a flatness tolerance of ±0.0005". PSI SiC 15 micron 

grit lapping film with psa (adhesive on the backside) was adhered to the tooling. This 

setup was utilized to individually polish every laminate. 

Before the polished laminates could be electroplated, they must be cleaned first. 

This was achieved by individually electrocleaning each laminate with Technic 

Electrocleaner 42. Technic Electrocleaner 42 was used in place of a concentrated NaOH 

bath since there was concern that a strong base (or acid) would etch any features on the 

laminates. The concentration of the electrocleaner solution was 1 ounce of Technic 

Electrocleaner 42 (solid) for every 100 ml of deionized water. The cathode was a 2" by 

3", 0.003" thick shim of 302 stainless steel while the anode was the 1" by 1" laminate. 

Just as with previous electroplating, the voltage was increased until a current of 15 

±0.020 milliamps was achieved. The electrocleaning time was approximately 1-2 

minutes. Good surface cleaning was evidenced when slight bubbling occurred at the 

surface of the workpiece, which resulted in a shiny finish. After electrocleaning, each 

laminate was placed in a deionized water bath while it waited to be electroplated. 

Electroplating the laminates was the next step in fabricating the microchannel 

device. The process involved here was identical to the one performed on the hermetic 

test device. As with the electrocleaning, the electroplating process was also performed 

individually on each laminate. The electroplating plating solution used here is the same 
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premixed Technic ACR Gold Strike 96. As before, the cathode was the 2" by 2" 

Platinum wire mesh while the anode was the laminate. Again, the voltage was increased 

until a current of 15 ± 0.020 milli-amps was drawn. A current near 15 milli-amps 

resulted in slight bubbling on the workpiece surface, which resulted in a 1 micron thick, 

shiny gold coating. Like all other previous electrocleaning/plating processes, the plating 

solution temperature was kept at 60°C ±10°C. The plate time for each laminate was 

about 5 minutes. Every laminate was flipped over about half way through the plating 

process. This assured even plating and it also eliminated plating voids left by the 

alligator clip. 

Unlike the hermetic test device electroplating process, some difficulties were 

encountered. One such difficulty was that the effectiveness of the electroplating solution 

decreased over time. It was empirically determined that when the electroplating solution 

turned from pink to gold, the solution had lost its effectiveness. This occurred after an 

hour or two of use. 

Another problem encountered was the degradation of the Platinum tool. After 

electroplating a cummulative total of 40 laminates, the tool side facing the workpiece was 

electroplated with gold so severely that it was no longer effective. To solve this problem 

the tool was placed in a concentrated sodium hydroxide bath for about 10 minutes and 

then rinsed. The tool was also reversed onto the backside during subsequent plating 

operations. These steps resulted in the process returning to the usual high quality 

electroplating specifications. 

4.3.4 Microchannel Device Laminate Registration 

Laminate registration was performed using the same fixture utilized for 

registering the hermetic test device. The only change in the procedure here was that the 

pressure was increased from 60 in-lbs to 75 in-lbs. This was because there was slight 

bowing in the laminates due to the increase in the number of laminates. 
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4.3.5 Microchannel Device Laminate Bonding 

As with the hermetic test device, the exact same procedure was implemented for 

diffusion bonding the microchannel device. This was because the bonding procedure 

used for fabricating the hermetic test device resulted in a strong hermetic bond. Hence, 

the fixture was inserted into the vacuum furnace and the furnace was purged with argon 

gas and pumped down to 180 microns of mercury three times. Then the argon flow was 

terminated and the fixture was allowed to bake in the vacuum environment for 7 hours. 

Table 2 indicates all of the parameters needed for the diffusion bonding process. 

Table 2: Parameters from the Microchannel Diffusion Bonding Process 

Time Temp on left Temp in middle Temp on right Pressure --gm of Hg 

0.17 hrs 67°C 59°C 65°C 160 

3.12 hrs 670 726 665 325 

4.42 hrs 756 827 754 100 

7.00 hrs 829 909 830 71 

Successful diffusion bonding of the 29 0.003" thick laminates resulted in a device 

with an aspect ratio of over 20:1. Note that the entire device consists of 29 laminates but 

two of the laminates are simply a top and bottom and do not contribute to the aspect ratio 

of the device. All future reference to the device will consist of 27 laminates since these 

are the laminates that contribute to the aspect ratio of over 20:1. Verification of this 

aspect ratio was confirmed by measuring the microchannel widths and heights with a 

calibrated microscope. Unfortunately, this aspect ratio is so high that it could not be 

incorporated into a single micrograph at the lowest magnification level (5x). 

Magnification at the 5x level only allowed for 13.5 of the laminates to be shown. This 

accounts for only half of the microchannel laminates since a total of 27 0.003" thick 

laminates are required to give a greater than 20:1 aspect ratio. A micrograph of half of 

the device can be seen in Figure 2, which is on the next page. 
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Figure 2: Micrograph of 10:1 Aspect Ratio-1/2 of the Device 
(Magnification is 5x, view is from the output of the device) 

4.4 Microchannel Device Testing 

Unfortunately, the testing the device was much more complex than testing the 

hermetic device. Hence, an entire new approach must be developed. The primary goal in 

testing the microchannel device is to determine the pressure drop of the device at various 

flow rates of air. A successfully fabricated device will not only be hermetic, but will also 

have a low pressure drop. The latter is critical since a low pressure drop means that less 

force is needed to pump the air through the microchannels. One must also remember that 

pressure drops are inversely proportional to microchannel sizes. Figure 3, which is on the 

next page, will illustrate the approach taken in measuring the pressure drop of the 

microchannels. 
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Figure 3: Microchannel Test Apparatus 

The only portion of the microchannel test apparatus that's missing from Figure 3 is 

the fixturing designed to interface the incoming air line with the microchannel device. 

This challenge was overcome by utilizing an o-ring interface with the 1/2" diameter 

copper tubing interface. A 0.100" step was machined into the 1/2" diameter copper tube 

via a lathe in order for it to fit into the 0.400" diameter microchannel device inlet. A 

0.200" wide opening was milled into the step so air could freely flow into the micro-

channels. Meanwhile the o-ring was slipped over the step to provide an airtight seal. 

Finally, an acrylic fixture was fabricated in order to firmly press the o-ring into the 

device, thus creating a hermetic seal. The fixture was bolted together with the device 

sandwiched in between. A small steel C pin was utilized to support the acrylic plates, 

along with a corresponding notch in the 1/2" diameter copper tubing. Please see the 

AutoCAD drawing in Appendix G for further detail. 

A slightly modified version of this same fixture was utilized to test the hermetic 

bonding of the microchannel device. This was accomplished by flowing air at 5 psi into 

the device and submerging it underwater. No bubbles emerged, which indicated that the 

device was hermetically bonded. 
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4.5 Microchannel Pressure Drop Calculations 

The ultimate test to the quality of the metal microlamination process was 

determined by testing the pressure drop of the microchannel device. If low pressure drop 

results are obtained, that will indicate that the MML process was a complete success. 

Theoretical pressure drop calculations serve as a reference to the experimental results. 

Another method of evaluation is to compare the results with that out in the literature. 

Several assumptions were made before calculating the theoretical pressure drop of 

the microchannel device. First of all, it was assumed that the hydrodynamic entrance 

region has minimal effect on the pressure drop calculations. This assumption is realistic 

since the fluid (air) will reach a fully developed flow in minimal distance due to the scale 

of the microchannels. The microchannels are only 100 microns wide and 2.0574 mm 

high while the average microchannel length is 8.00 mm. 

Another assumption made is that the device has a fully developed laminar flow 

and not a turbulent flow. This is a valid assumption since turbulence at the macroscale 

begins at a Reynolds number of 2300 and the Reynolds number calculation from the 

device is under five at the maximum flow rate of 4.96 Uminute. 

Given these valid assumptions, the following equation can be used to determine 

the pressure drop across the microchannel device. 

Ap = F * (pum2/2D) * L (1) 

Where Ap is the pressure drop, F is the friction factor, p is the fluid density, u, is the 

mean fluid velocity, D is the hydraulic diameter for a rectangular cross-section and L is 

the length of the microchannel. The goal is to manipulate equation 1 in order to calculate 

the theoretical pressure drop at a given flow rate. In order to simplify this task, equations 

2 and 3 are listed below. 

D = (4*area of microchannel) / perimeter of microchannel (2) 

F = 64 / ReD (3) 

Here Rep is the Reynolds number. which can be simplified by the following derivations in 

equations 4-6. 

ReD pumD / (4) 
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For equation 4, t is the absolute viscosity of the fluid. Equation 4 is the 

fundamental equation for defining the Reynolds number in a circular tube. The hydraulic 

diameter can be converted into a rectangular cross-section by utilizing equation 2. 

m = purnAc (5) 

Here m is the rate of mass flow through the channel while Pic is the area of the 

channel. Combining and simplifying equations 4 and 5 will result in equation 6. 

Rep = 4m / 7011 (6) 

The next step is to derive an expression for defining the mean fluid velocity. This can be 

accomplished by solving equation 5 for the mean fluid velocity and using equation 7. 

These two steps are then illustrated in equation 8. 

Ac = icD2 / 4 (7) 

um= (4m) / (702p) (8) 

Note that all of the variables in equations 7 and 8 have been previously defined. The 

derivations from equations 2-8 can now be used to come up with equation 9, which is a 

simplified version of equation 1. Again, the purpose of these derivations is to formulate 

an equation where a flow rate is the independent variable and pressure drop is the 

dependent variable. 

= (8n[tmL) / (pA2) (9) 

Since we assume a fully developed laminar flow, material selection is independent 

of the pressure drop results. Therefore, comparison between the results and the literature 

is valid. A summary of this comparison can be seen in Figure 5. 
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Pressure Drop vs. Flow Rate
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Figure 4: Actual vs. Theoretical Pressure Drops 

It is evident from Figure 4 that the actual pressure drops are approximately 20 

times higher than the theoretical pressure drop calculations. A log scale was used so the 

results were easier to represent due to significant difference between the actual and 

theoretical results. This significant difference indicates that there is significant blocking 

occurring within the microchannels. See Section 4.7 for an in depth analysis of the 

sources for blocking within the microchannels. 

http:1000000.00
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Table 3: Actual and Theoretical Pressure Drop Results 

Flow Rate (Us) Actual Pressure Drop (mbar) Theoretical Pressure Drop (mbar) 
0.00188 17065 822
 
0.00225 19598 985
 
0.00262 24398 1147
 
0.00298 29331 1308
 
0.00335 34397 1469
 
0.00372 40797 1629
 
0.00408 47063 1789
 
0.00444 53595 1948
 
0.00481 61328 2107
 
0.00517 68794 2265
 
0.00553 76127 2422
 
0.00588 83460 2579
 
0.00624 91192 2735
 
0.00659 97592 2891
 
0.00695 105458 3046
 
0.00730 112790 3200
 
0.00765 119323 3354
 
0.00800 126123 3508
 
0.00835 135455 3660
 
0.00870 143721 3813
 
0.00904 153854 3964
 
0.00939 161586 4115
 
0.00973 169319 4265
 
0.01007 176785 4415
 

4.6 Pressure Drop Results from the Literature 

Again, comparisons between the results and the literature can be made since 

material selection is irrelevant because the device has a fully developed laminar flow. 

Every device listed in Table 4 (see next page) is based off air cooled microchannels and 

they are the only known devices out in the literature. Note that none of the listed devices 

are fabricated out of stainless steel. All dimensions are in microns unless otherwise 

noted. 
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Table 4: Pressure Drops from the Literature 

Delta P Material Air Flow Channel Channel Channel Aspect Ratio 
(mbar) (Us) Width Height Length 

(microns l (microns) (cm) 
11.60 Cu 0.50 127 12700 0.64 100:1 
2.90 Cu 0.50 254 12700 0.64 50:1 
0.47 Cu 0.50 635 12700 0.64 20:1 

70.00 Si 1.30 250 1700 5.10 7:1 

50.00 Si 0.90 250 1700 5.10 7:1 

40.00 Si 0.50 250 1700 5.10 7:1 

165.00 Si 1.10 127 1140 3.10 9:1 

110.00 Si 0.80 127 1140 3.10 9:1 

70.00 Si 0.50 127 1140 3.10 9:1 

1.40 Cu 0.94 1500 25000 4.25 17:1 

12.50 Cu 5.00 300 25000 5.00 83:1 
5.50 Cu 3.00 300 25000 5.00 83:1 
2.50 Cu 2.00 300 2500 5.00 8:1 

12.35 Cu 6.00 500 2500 5.00 5:1 

8.55 Cu 4.67 500 2500 5.00 5:1 

3.39 Cu 2.50 500 2500 5.00 5:1 
17.20 Cu 5.50 450 1500 5.00 3:1 

10.30 Cu 3.87 450 1500 5.00 3:1 

5.87 Cu 2.50 450 1500 5.00 3:1 

9.52 Al 4.20 500 1500 5.00 3:1 

4.60 Al 2.50 500 1500 5.00 3:1 

By observing Tables 3 and 4, it is obvious that the pressure drops obtained from 

the microchannel device are significantly higher than the pressure drops found in the 

literature. This is primarily due to the fact that there is significant blockage within the 

microchannels of the device. Figure 5 on the next page graphically illustrates the 

differences between the actual pressure drops from the device and the pressure drops of 

similar devices found in the literature. 
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Actual vs. Theoretical Results 
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Figure 5: Actual vs. Literature Results 

4.7 Microchannel Fabrication Analysis 

After comparing the theoretical and actual results, it was readily apparent that the 

actual pressure drops are substantially higher than the theoretical predictions. There are a 

variety of reasons why the actual pressure drops were different from the theoretical 

pressure drop calculations. One reason why the device performed so poorly was due to 

bent fins within the device. These bent fins significantly impeded the airflow through the 

device, which in turn caused the pressure drop to increase. The greatest contributer to the 

bent fins was the laminate polishing step. Please see the next page for a micrograph of 

the bent fins. Notice on the micrograph that one of the channels has clogging in it too. 

Hence, clogging also contributed to the blocking within the microchannels. This 

clogging is due to particles becoming embedded within the microchannels during the 

laminate polishing step. 
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Bent Fin 

Clogging 

Figure 6: Bent Fins and Clogging 
(Magnification is 10x, view is a birds eye view from the top of the device) 

Misregistration was another problem that increased the pressure drop throughout 

the microchannels. This problem occurred during the laminate registration step, which 

was right before laminate bonding. On the following page a micrograph of 

misregistration of the laminates can be seen in Figure 7. 
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Figure 7: Misregistration of the Laminates
 
(Magnification is 10x, view is looking into the output of the device)
 

Utilizing crossbars to support the microchannels, due to the stacking direction, 

will also drive up the actual pressure drop. These crossbars did not factor into the 

theoretical pressure drop calculations yet they increase the actual pressure drop. It is 

estimated that these crossbars have a significant effect on the pressure drop of the device. 

A final source of blockage was due to warpage from the diffusion bonding 

process. This result is due to the immense pressure, heat and time placed on the device 

during the diffusion bonding process. Again, an optimal setup of this process would have 

included a much shorter ramp time, which would have greatly reduced warpage. See 

Figure 8 (next page) for an illustration of laminate warpage. 
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Figure 8: Warpage of the Laminates 
(Magnification is 5x, view is a cross-section of the side of the device) 
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5. CONCLUSIONS
 

The final chapter of this paper will be broken down into a Final Analysis section 

and a Future Action section. Final Analysis will deal with the results of the four step 

metal microlamination approach used in this study. Meanwhile, the Future Action 

section will deal with proposed areas of future microfabrication research at OSU. 

5.1 Final Analysis 

Microchannels were fabricated at greater than a 20:1 aspect ratio. The pressure 

drop results indicate that the current approach results in significant air blockage within 

the microchannel passageways. There are a variety of reasons attributed to this, which 

were discussed in detail in Chapter 4. Further efforts need to be developed into 

fabricating microchannels that are free of significant blockage. A detailed investigation 

of such future efforts can be seen in Section 5.2. 

5.2 Future Action 

No research project is ever the "beginning and end" of an area of work and this 

research is no exception. The work performed here is a stepping stone for future 

microfabrication efforts at OSU. As stated earlier, this section is devoted to proposing 

future actions that will enhance future microfabrication research at OSU. 

An obvious future step is to fabricate a functional microchannel device that has 

low pressure drops. The following modifications to the MML process should make this 

future step a reality. First of all, a superior alternative to the current laminate polishing 

method needs to be developed. The current method results in some of the laminates 

having bent fins and clogging. Another improvement would be to find an alternative to 

laser ablation. A laminate formation technique such as EMM would completely 

eliminate the laminate polishing step. Fabricating a higher toleranced diffusion bonding 

fixture would also reduce misregistration. 

Another future step is to finish fabricating the miniature alpha-Stirling cycle heat 

pump. One portion of this task is to fabricate the micropump and heater necessary to 

drive the fluid through the microchannels. The second step is to apply the expanding cap 
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over the other opening of the microchannel device. These two steps would complete the 

entire fabrication process of the miniature alpha-Stirling cycle heat pump. 

Fabricating other devices is another future step regarding microfabrication efforts 

at OSU. The metal microlamination approach developed here is not limited to 

microcoolers. It can also be applied to other meso-scale devices such as miniature 

chemical mixers and sensors. These devices can also be fabricated out of engineering 

metals other than 302 stainless steel. Despite a material change, the same metal 

microlamination principles developed in this study can be used. 

Developing a new diffusion bonding fixture is another proposed area of future 

improvements. Unfortunately, the current fixture breaks the ceramic plates after every 

diffusion bonding run. This results in having to fabricate a new matched pair of ceramic 

plates every time a diffusion bonding experiment is run. 

A final area for improvement is to seek an alternative to gold plating each 

laminate. This step is quite costly and time consuming. A more economical method 

would be to plate each laminate with nickel or copper instead of gold. One major time 

saving step would be to purchase preplated material. Another suggestion is to use an 

alternative method to diffusion bonding, which would entirely eliminate the plating 

procedure. One such alternative that is currently being investigated at OSU is projection 

welding. 
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APPENDIX A: Chemical Micromachining (CMM) Procedure 

Originally, chemical micromachining (CMM) was the technique employed for the 

laminate formation technique. As stated in the Literature Review, CMM has several 

advantages and disadvantages, which can be summarized below. 

CMM Advantages 

Low cost and easy to implement. 

Batch fabrication possibilities and rapid etch rates suit a manufacturing scenario. 

CMM Disadvantages 

Isotropic etch patterns which are typically 1:1. 

Quite difficult to attain repeatable etch rates. 

Depth control is virtually impossible to obtain. 

Disposal can be difficult and etchants are extremely corrosive. 

The remainder of this Appendix is focused on elaborating the procedure for chemically 

micromachining 0.003" stainless steel shim stock. 

1.	 Clean the shim stock with acetone, then methanol, then deionized water (AMD). 

2.	 Place the shim stock on a vacuum photoresist spinner and apply 2-3 drops of 1, 1, 1, 

3, 3, 3-Hexamethyldisilazane (HMDS). The HMDS aids in the photoresist adhering 

to the shim stock. Then apply 9-10 drops of Shipley positive 1350J microposit 

photoresist. Turn on the spinner at 500 rpm and spin coat for 20 seconds. Note the 

amount of HMDS and photoresist are for approximately 2" by2" sheets of shim 

stock. These amounts will vary according to the size of the shim stock. 

3. Remove the shim stock with forceps and place into an oven at 90°C for 10 minutes. 

4.	 Repeat steps 2 and 3 for the other side. 

5.	 Place the shim stock onto the fixture of the lithography exposure station. Insert the 

corresponding mask into the lithography station and align it with the shim stock. 

Expose the shim stock for 25 seconds on high power. 

6.	 Place the exposed shim stock in the developing bath for approximately 5 minutes. It 

will become visually apparent when the pattern is developed on the shim stock. The 

developer bath consists of a 1:1:1 mix of Shipley 352 developer, Shipley 353 

developer and deionized water. 
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7.	 Then the developed shim stock is rinsed with deionized water and placed into a 

vacuum furnace. The shim stock is baked for 30 minutes at 130°C. 

8. Now the shim stock is ready to be chemically etched since the protective layer of 

photoresist is completely cured. The shim stock is placed into an airated, 1:1:1 bath 

of 37% HC1, 69% HNO3 and deionized water. The temperature of the bath is 50°C ± 

5°C and the approximate etch time is 7.50 minutes. After approximately 7.50 

minutes have surpassed, the shim stock can be removed and inspected to see if 

adequate etching has occurred. If not, the shim stock is placed back into the etch 

bath. It's highly desireable to use a nonmetallic fixure here so the etch rate can be 

visible through the etch bath beaker. A strong word of caution, the etchant solution 

used here is quite corrosive and all materials should be thoroughly rinsed with water 

before they are handled. 

9.	 Rinse the shim stock with acetone in order to remove the photoresist. Then wash the 

shim stock with deionized water for a final step. 

Unfortunately, CMM was not considered a viable laminate formation technique 

for the microchannels. This is primarily due to the fact that CMM etches isotropically at 

an approximate 1:1 rate. Hence, as the shim stock is etched vertically, it's also 

simulataneously etching horizontally at the same rate. This produces sloped sidewalls 

which result in suboptimal performance when it comes to microchannel devices. 
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APPENDIX B: Electrochemical Micromachining (EMM) Procedure 

Our second approach to laminate formation involved electrochemical 

micromachining (EMM). As stated in the Literature Review, EMM has several 

advantages and disadvantages, which can be summarized below. 

EMM Advantages 

Low cost since EMM machine is only substantial cost at $50,000-$100,000. 

Very environmentally friendly since etchants are easily disposable. 

Batch fabrication possibilities and rapid etch rates suit a manufacturing scenario. 

Relatively anisotropic etching is achievable, which means straight sidewalls. 

EMM Disadvantages 

Extremely difficult to implement, especially with features under 250 microns. 

Quite difficult to attain repeatable etch rates. 

Depth control is virtually impossible to obtain. 

The remainder of this Appendix is focused on elaborating the procedure for 

electrochemically micromachining 0.003" stainless steel shim stock. 

1.	 Clean the shim stock with acetone, then methanol, then deionized water (AMD). 

2.	 Insert the shim stock onto a vacuum photoresist spin coater. Pour Hoechst-Celanese 

4903 positive photoresist onto the shim stock. The resist should have the consistency 

of honey. Spin coat at 3000 rpm for 30 seconds. 

3.	 Bake the shim stock for 15 minutes at 90°C. 

4.	 Repeat steps 2 and 3 for the other side. 

5.	 Align the shim stock with the corresponding mask at the photolithography exposure 

station. Expose the shim stock for 7 minutes at high power. 

6.	 Develop the shim stock in a 1:4 mix of deionized water and Hoechst-Celanese 421 

developer for approximately 2 minutes. The develop time will be visually apparent to 

the operator. 

7.	 This step is optional but highly encouraged. It involves using a Q-tip and applying 

photoresist to the edges of the workpiece and then baking at 90°C for 15 minutes. 

This will prevent the EMM process from slightly etching the edges of the workpiece. 
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8.	 Place the shim stock (workpiece) into a precision fabricated fixture that will hold the 

workpiece and the Ni tool, which is same size as the workpiece. The fixture needs to 

be fabricated out of a transparent, electrically nonconductive material (eg: acrylic) 

and amount of electrically conductive components (Cu) should be minimized. 

Transparancing in the fixture is quite important since etch rates vary and the operator 

needs to be able to view the workpiece. The workpiece is the anode and the tool is 

the cathode. The spacing between the workpiece and the tool should be in the range 

of 5 mm. Remember, spacing is inversely proportional to the etch rate. However, if 

the spacing is too close then arcing will occur. 

9.	 The 3M NaNO3 etchant should flow at a rate of approximately 5 m/s. Then the 

voltage should be increased to 10 V, which should draw a current of 6 amps. These 

electrical conditions are based of workpiece/tool spacing of 5 mm. This setup should 

result in an approximate etch time of 2.50 minutes. Depending on the current drawn, 

the etch time will vary. Higher currents will result in faster etch rates and vice-versa. 

10. Once the workpiece has been fully etched, remove it from the fixture. Once again, 

the etching process is visually monitored and not based solely off etch time. The 

completed workpiece can then be rinsed with acetone in order to remove the 

photoresist. Then the workpiece is finally rinsed with deionized water. 

Regretably, EMM was not considered a suitable laminate formation technique 

given the time frame and equipment scenario. The instrumentation arrived so late to the 

laboratory that only two weeks could be devoted for etching the laminates. Since EMM 

has a steep learning curve, this was very difficult. Given these circumstances, feature 

sizes under 250 microns were unachievable. 

However, several improvements could be implemented in order to make EMM a 

viable laminate formation procedure. First, it would be preferable to have an EMM setup 

which would allow for an accurate flow meter. Second, an advancing fixture setup would 

also allow for consistent etching since the tool or workpiece should advance at the etch 

rate. Third, the equipment should have been completely digital in order to exactly 

reproduce the etching parameters and results. Finally, a superior solution flow apparatus 

should be developed in order to achieve even and precise etchant flow over all areas of 

the workpiece and tool. 
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APPENDIX C: Diffusion Bonding Fixture Drawing and Photograph 
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APPENDIX D: Hermetic Test Device Drawing 
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APPENDIX E: Microchannel Device Drawing and Photograph 
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APPENDIX F: Polishing Fixture Drawing and Photograph 
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APPENDIX G: Microchannel Test Fixture Drawing 
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APPENDIX H: Micrograph of Laminate Formation
 
Laminate Formation Micrograph after Laser Ablation (magnification is 2.5x)
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APPENDIX I: Laser Ablation and Electroplating Setup Photographs 

Laser Ablation Setup 

Electroplating Setup 




