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A new adhesive bonding method is introduced for microlamination architectures, for producing 

low-temperature microchannel arrays in a wide variety of metals.  Sheet metal embossing and 

chemical etching processes have been used to produce sealing bosses and flow features, 

resulting in approximately 50% fewer laminae over traditional methods.  These lamina designs 

are enabled by reduced bonding pressures required for the new method.  An assembly 

process using adhesive dispense and cure is outlined to produce leak-free devices.  Feasible 

fill ratios were determined to be 1.1 in general and 1.25 around fluid headers, largely due to 

gaps between faying surfaces caused by surface roughness.  Bond strength investigation 

reveals robustness to surface conditions and a bond strength of 5.5–8.5 MPa using a 3X 

safety factor.  Dimensional characterization reveals a two sigma (95%) post-bonded channel 

height tolerance under 10% (9.6%) after bonding.  Patterning tolerance and surface 

roughness of the faying laminae were found to have a significant influence on the final post-

bonded channel height.  Leakage and burst pressure testing on several samples has 

established confidence that adhesive bonding can produce leak-free joints.  Operating 

pressures up to 413 kPa have been satisfied, equating to tensile pressure on bond joints of 

1.9 MPa.  Higher operating pressures can be accommodated by increasing the bond area of 

devices. 



 

 

 

A two-fluid counterflow microchannel heat exchanger has been redesigned, fabricated and 

tested to demonstrate feasibility of the new method.  Results show greater effectiveness and 

higher heat transfer rates, suggesting a smaller device than the original heat exchanger.  A 

maximum effectiveness of 82.5% was achieved with good agreement between theoretical and 

experimental values.  Although thermal performance was improved, higher pressure drops 

were noted.  Pressure drops were predicted with a maximum error of 16% between theoretical 

and experimental values.  Much of the pressure drop was found to be in the device manifolds, 

which can be improved in subsequent designs. 

Fluid flow simulation results show a 45-65X reduction in fluid leakage velocity past sealing 

bosses, thereby mitigating adhesive erosion concerns.  Theoretical models indicate that the 

worst-case adhesive erosion rate is 1/12th the rate of aluminum and 1/7th the rate of stainless 

steel, implying satisfactory reliability in high fluid velocity applications.  Economic comparison 

indicates an 83% reduction in material cost and 71% reduction in assembly cost with the new 

adhesive bonding process, when compared to diffusion bonding for the recuperator 

investigated in this study.  Adhesive compatibility with common refrigerants is reviewed 

through literature references, with no adverse compatibility issues noted.   

The findings of this research suggest a fairly quick path to commercialization for the new 

bonding method.  Future studies required to pursue commercialization are liquid and gas 

permeability evaluations, and long term strength and performance testing of adhesives in 

targeted applications. 
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1.1. Introduction 

Microchannel process technology (MPT) is the use of microchannel arrays for the bulk 

processing of mass and energy.  Although MPT devices can be on the order of meters in 

dimension, MPT devices include critical microchannel dimensions ranging from 100 µm to 

several mm [1].  An important distinction is made between MPT and micro total analysis 

systems (µTAS).  Although µTAS devices include some amount of fluid processing, they are 

designed with the goal of working with the absolute minimum amount of fluid.  The end result 

of a µTAS system is information and not processed fluid [1].  To date, MPT devices do not 

generally contain signal processing or information acquisition components. 

Fabrication methods used for microchannel arrays are based on microchannel lamination, or 

microlamination architectures involving the patterning, registration and bonding of thin layers 

of material called laminae [1, 2].  Materials are typically chosen based on mechanical, thermal 

and/or chemical properties.  Raw material can be metal foils or thin film polymers.  Metals can 

include copper, stainless steel and Ni-based superalloys [3].  Lamina patterning generally 

includes either surface machining, through cutting or forming processes.  Once patterned, the 

laminae are registered relative to each other and bonded together in a stack to make a 

monolithic device.  Typical patterning and bonding steps for microlaminated components are 

chemical etching and diffusion bonding.  

One of the major advantages of MPT is the high surface area to volume ratios compared to 

conventional fluidic technology.  These ratios allow accelerated rates of heat and mass 

transfer within microchannels due to short diffusional distances.  Consequently, microchannels 

provide the ability to reduce the size and weight of energy and chemical systems [1].  

Applications of MPT include heat exchange [4], climate control, solvent separation, fuel 

processing, and hemodialysis among others [1, 5]. 

1.1. 1. Need for Low-Temperature Low-Cost MPT Applications 

One growing area for MPT application is low-temperature thermal management, such as the 

cooling of consumer electronics.  The peak operating temperatures for electronics cooling 

rarely exceeds 125oC [6] limited by several factors such as thermal leakage currents, 

ergonomics and safety [7].  This implies that high bond strength as a function of temperature 
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is not needed for electronics cooling and other low temperature applications such as climate 

control and recuperation.  Thus, it can be reasoned that the commonly used bonding 

technique for MPT production (i.e. diffusion bonding) results in excessive process capability.  

A consequence of this excess process capability is the high cost of diffusion bonded devices 

due to an energy intensive bonding process, associated heat treatments and significant capital 

outlay for bonding equipment.  

In addition to the high cost, diffusion bonding is limited to materials such as copper, stainless 

steel, etc, which do not have thick native oxide layers that impede the interdiffusion of metal 

atoms.  In applications such as electronics cooling, high thermal conductivity materials are 

desired for heatsinks as explained elsewhere [8].  Copper has the highest thermal conductivity 

among engineering materials and has been used extensively for both passive and active heat 

sinks (fan heatsinks).  For example, copper microchannel heat exchangers have been 

employed for the cooling of electronic packages such as laser diode arrays [9, 10]. 

Aluminum alloys offer several advantages over copper alloys as a heat exchanger material.  

While the thermal conductivity of aluminum is not as good as copper (though comparable), 

aluminum alloys are light-weight (almost 3X lighter than copper) and are lower in material cost.  

Aluminum also forms a very stable and tenacious oxide that is resistant to surface corrosion.  

For these reasons, aluminum alloys such as Al3003 and Al3004 are widely used in the 

traditional heat exchanger industry.  Aluminum microchannel heat exchangers have not been 

reported for application in the electronics industry.  This is largely due to challenges 

associated with diffusion bonding of aluminum microchannel arrays.  Chapter 2 explains some 

of the specialized approaches that can be used for bonding aluminum microchannel arrays.  

However, these specialized approaches are expensive thereby negating the lower cost 

advantage of aluminum alloys.  

Thus it is desirable to find a low-cost bonding method applicable to many materials in the 

context of low-temperature heat exchange.  This dissertation introduces a new bonding 

method for microlamination architectures, capable of meeting the requirements for low-

temperature heat exchanger applications across a wide variety of materials. 
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1.2. Dissertation Chapters 

The new bonding method is discussed in detail in Chapter 2.  The new approach uses sealing 

bosses during patterning to constrain the adhesive to desired locations for bonding, establish 

the height of microchannels during bonding and provide a protective shroud for the adhesive 

during flow operation.  Sheet metal embossing and chemical etching has been used to 

demonstrate the formation of sealing bosses.  Surface mount adhesives are used to bond the 

stack into a monolithic device using a low-temperature thermal cure.  Bond strength is 

investigated with the use of test articles to understand sensitivity to assembly conditions.  

Leak and burst testing is performed to demonstrate ability of adhesive bonding to produce 

hermetic devices and operate safely at desired pressures.  Microchannel geometry is 

characterized in detail with cross-sections and roughness measurements to understand 

variability thresholds and identify critical contributing factors.   

Chapter 3 details the design, fabrication and testing of a counterflow recuperative 

microchannel heat exchanger that was manufactured using the adhesive bonding process.  

The device originally envisioned using photo-chemical etching and diffusion bonding, was 

redesigned to demonstrate applicability for the proposed new method.  Lamina design rules 

are discussed, along with optimization for minimizing sealing boss area and maximizing fluid 

port areas.  Flow maldistribution and deformation under pressure is analyzed, and active 

areas are compared for the two bonding approaches.  A setup was developed to test a partial 

device for heat exchanger performance.  Experimental heat exchanger effectiveness is 

compared against theoretical values.  Similarly theoretical pressure drops are compared 

against experimental values to determine scale-up performance.  An opportunity to reduce 

minor pressure losses by manifold redesign to is also identified.  

Chapter 4 discusses the considerations for commercialization of the adhesive bonding 

approach for microchannel array production.  Erosion-corrosion problems with existing copper 

diffusion-bonded heatsinks used for laser diode arrays are outlined.  Sealing bosses are 

introduced as a concept for minimizing adhesive erosion in the new method for such 

applications.  Flow simulation of pressure drop and velocity reduction due to sealing bosses is 

shown.  A theoretical erosion model is used to calculate relative erosion rates of adhesive and 

base metal to demonstrate suitability in such applications.  An economic comparison is 
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performed to identify the extent of cost savings, thereby establishing a case for the new 

method.  A literature review has been conducted to identify adhesive compatibility issues, if 

any with common refrigerants.  Key process learnings have been documented and topics for 

future research are identified.  

Key findings of the research effort are summarized in Chapter 5. 
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2.1. Abstract 

This paper reports the feasibility of using surface mount adhesives to produce low-

temperature microchannel arrays in a wide variety of metals.  Sheet metal embossing and 

chemical etching processes have been used to produce sealing bosses that eliminate channel 

laminae, resulting in approximately 50% fewer laminae over traditional methods.  An assembly 

process using adhesive dispense and cure is outlined to produce leak-free devices.  Feasible 

fill ratios were determined to be 1.1 for internal ribs and 1.25 around fluid headers.  Bond 

strength investigation reveals robustness to surface conditions and a bond strength of 5.7-8.5 

MPa using a 3X safety factor.  Dimensional characterization reveals a two sigma (95%) post-

bonded channel height tolerance under 10% after bonding.  Patterning tolerance and surface 

roughness of the laminae faying surfaces were found to have a significant influence on the 

final post-bonded channel height.  Leakage and burst pressure testing on several samples has 

established confidence that adhesive bonding can produce leak-free joints.  Operating 

pressures up to 413 kPa have been satisfied equating to tensile pressure on bond joints of 1.9 

MPa.  Higher operating pressures can be accommodated by increasing the bond area of 

devices.  

Keywords: Adhesive bonding, microchannel array, microlamination, low temperature heat 

exchanger.  

2.2. Introduction 

Microchannel process technology (MPT) is the use of microchannel arrays for the bulk 

processing of mass and energy.  Although MPT devices can be on the order of meters in 

dimension, MPT devices include critical microchannel dimensions ranging from 100 µm to 

several mm [1].  One of the major advantages of MPT is the high surface area to volume 

ratios compared to conventional fluidic technology.  These ratios allow accelerated rates of 

heat and mass transfer within microchannels due to shorter diffusional distances.  

Consequently, microchannels provide the ability to reduce the size and weight of energy and 

chemical systems [2].  Applications of MPT include portable heat exchange, distributed 

climate control, solvent separation, fuel processing, and at-home hemodialysis among others 

[1, 3].  
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One growing area for MPT application is low-temperature thermal management, such as the 

cooling of consumer electronics.  The improved performance and shrinking dimensions of 

integrated circuits have resulted in the need to dissipate ever-increasing amounts of power.  

Today, microprocessors require heat dissipation of 50-75W for standard applications, and well 

in excess of 100W for enthusiast and gamer applications.  While the thermal dissipation 

requirements of microprocessors have steadily increased, the maximum allowable 

temperature of these devices has remained relatively steady around 65-85°C, limited by many 

factors including ergonomics and safety.  Due to these limits, several researchers have shown 

that the theoretical maximum for air cooling of electronic components is in the range of 100 -130 W 

[4, 5].   

Traditional strategies for increasing heat dissipation have centered on reducing the thermal 

resistance of the heat sink assembly by increasing the convective surface area through finned 

surfaces and the use of fans to increase the convective heat transfer coefficient.  However, 

increases in surface area are usually accompanied by increases in mass and cost.  Alternatively, 

microchannel arrays provide a means of increasing surface area per unit mass, while 

increasing convective heat transfer coefficients [6].  

To further reduce thermal resistance, the ideal microchannel heat sink would be made of a 

high thermal conductivity material.  Copper has the highest thermal conductivity among 

engineering materials, and has been extensively used for both passive and active heat sinks 

including microchannel heat exchangers for the cooling of laser diode arrays [7, 8].  Aluminum 

alloys offer several advantages over copper alloys as a heat exchanger material.  While the 

thermal conductivity of aluminum is not as good as copper (though comparable), aluminum 

alloys are light-weight (almost 3x lighter than copper) and are lower in material cost.  

Aluminum also forms a very stable and tenacious oxide that is resistant to surface corrosion.  

For these reasons, 300X series aluminum alloys are widely used in the traditional heat 

exchanger industry.  Aluminum microchannel heat exchangers have not been reported for 

application in the electronics industry.  This is largely due to challenges associated with 

bonding of aluminum microchannel arrays.   

Beyond the electronics industry, other low temperature heat exchanger applications require 

low thermal conductivity materials such as stainless steel.  In some heat exchanger 

applications, such as regenerators within heat engines, low thermal conductivity metals such 
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as stainless steel are actually desirable [9].  For a given microchannel heat exchanger, it has 

been shown that an optimal thermal conductivity exists that minimizes axial conductive 

transfer down microchannel fins without significantly penalizing conductive heat transfer 

across the fin in the thickness direction [10].  Maranzana et al. [10] also showed that in low-

temperature (below 100°C) countercurrent microchannel heat exchanger applications, a 

stainless steel heat exchanger can be as much as 20% more efficient than a copper one.   

In the context of low temperature heat exchange, it is desirable to find fabrication methods that 

can be applied to many materials.  Fabrication methods used for microchannel arrays are 

based on microchannel lamination [1], or microlamination architectures involving the 

patterning, registration and bonding of thin foils of metal called laminae.  Lamina patterning 

generally includes either surface machining, through cutting or forming processes.  Once 

patterned, the laminae are registered relative to each other and bonded together in a stack to 

make a monolithic device.  Typical patterning and bonding steps for microlaminated 

components are chemical etching and diffusion bonding.  The objective of this paper is to 

introduce a new microlamination architecture capable of meeting the requirements for low-

temperature heat exchanger applications across a wide variety of materials. 

2.2. 1. Current Fabrication Techniques 

Patterning processes used for microchannel laminae include laser cutting, chemical etching, 

machining or other processes to produce the desired features.  Laser cutting is a through-

cutting process, while chemical etching is capable of both through-cutting and blind-cutting.  

Through-cutting processes are only capable of producing through-cut slots and holes.  In 

order to form a channel using a through-cut process, three laminae are needed; one fin lamina 

each on top and bottom and one in the middle called a spacer lamina.  Figure 2-1 shows a 

schematic of a microchannel cross-section formed by soldering through-cut Cu laminae with a 

Sn-Pb solder as proposed by Paul et al. [3].  In this architecture, the spacer lamina establishes 

the height of the microchannels (the critical feature).  Blind-cutting processes such as 

chemical etching are capable of eliminating spacer laminae by etching the pattern directly into 

the adjacent fin lamina.  The elimination of spacer laminae results in approximately 50% fewer 

laminae, which can significantly improve economics. 
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A variety of bonding approaches have been used to fabricate MPT devices including diffusion 

bonding [11, 12], ultrasonic welding [12] and diffusion brazing [13].  Diffusion bonding and 

diffusion brazing are energy-intensive processes with long cycle times.  Further, both 

processes require expensive capital equipment for providing an inert atmosphere or vacuum 

to avoid oxidation during bonding.  Although ultrasonic welding has been used to join stainless 

steel laminae, multi-layer aluminum microchannel arrays have not been reported using this 

method.  Ultrasonic techniques can be difficult to adapt to alternative material sets. 

In transient liquid-phase diffusion brazing, a thin layer of filler material, called an interlayer, is 

applied to the faying surfaces and a transient liquid phase is produced at the bonding 

temperature.  The liquid phase accelerates transport into the material enabling lower 

pressures, temperatures and times compared with diffusion bonding.  Diffusion brazing has 

been reported to be effective in overcoming the bonding of materials with stable oxide layer 

such as aluminum alloys.  At bonding temperature, the liquid phase permeates the native 

oxide resulting in deeper diffusion within the parent aluminum [14].  This is typically achieved 

with alloying, which complicates the bond metallurgy leading to reliability concerns.  Additional 

heat treatment can be needed to drive-in filler metals leading to even longer cycle times.  

Further, each brazing interlayer is highly unique to the parent microstructure.  Interlayer 

materials can be applied as pastes or foils.  For the production of microchannel arrays, foils 

must be patterned and have finite thicknesses which do not permit full drive-in of brazing 

materials.  Due to these complexities, fluxless methods are considered expensive and not yet 

suited to MPT production. 

As mentioned earlier, the use of Sn-Pb solders to produce copper microchannel arrays has 

been demonstrated by Paul et al. [3].  In addition to the fact that Sn-Pb creeps at room 

temperature, this process necessitates a fluxing operation prior to reflow.  Thick, native 

aluminum oxide films make soldering or brazing of aluminum difficult [15].  The use of 

aggressive fluxes can lead to reliability concerns requiring the removal of flux residues after 

soldering, which can be difficult in microchannel geometries.   

2.2. 2. Surface Mount Adhesives 

Past efforts to employ adhesives for microchannel lamination have relied upon the patterning 

and registering of adhesive films prior to thermal curing [12, 16].  Peterson and Paul [12] used 
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patterned polyimide films (Kapton) for light pressure applications.  A major limitation of this 

method is that patterned films cannot be used in microchannel arrays utilizing blind-cut 

laminae.  This method is therefore only suitable for simple through-cut geometry. 

In contrast, viscous surface mount adhesives have not been applied to microlamination 

architectures, but have been successfully used in electronics assembly for many years.  

Surface mount adhesives are used to bond a wide variety of materials such as epoxy FR-4, 

plastic bodies of components, metal leads, etc.  These adhesives have some very desirable 

features such as very low volatile-organic-compounds (VOC’s) resulting in low shrinkage.  

Another critical property is the slump resistance of these materials, ensuring that the adhesive 

does not sag or run during cure.  The curing process is also greatly simplified as it does not 

require high temperatures or pressures compared to diffusion bonding.  After bonding, most of 

these adhesives are limited to operating temperatures below 150°C.  Such a method could be 

ideally suited to low-temperature thermal management applications such as electronics 

cooling. 

The use of adhesive bonding eliminates some of the drawbacks of using solder.  No surface 

preparation or pre-fluxing operations are required with adhesive bonding.  The adhesive 

process eliminates the need for cleaning the device post-assembly to remove flux residues.  

Lastly, adhesives are readily adaptable to a wide variety of materials such as aluminum, 

copper, titanium, stainless steel and Ni superalloys.  In this paper, we introduce a novel 

microlamination architecture using surface mount adhesives to produce low-temperature 

microchannel arrays capable of being applied across a wide variety of materials.   

2.3. Experimental Approach 

The experimental objective in this paper is to demonstrate a microlamination protocol utilizing 

surface mount adhesives to make microchannel arrays.  Specifically, the process was 

designed to meet the requirements for low-temperature microchannel heat exchangers 

including the ability to bond to different heat exchanger materials with adequate bond strength, 

dimensional tolerance, and hermeticity.  The method provides a wider material selection being 

compatible with many different materials.  Aluminum 3003, a common heat exchanger 

material, and SS 316L were chosen for this study due to their good formability, low material 

cost and good corrosion resistance.  
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2.3. 1. Fabrication Protocol 

Lamina patterning methods investigated in this paper include both sheet metal embossing and 

photochemical machining.  In early test articles, height control features (Figure 2-2 - circled in 

yellow) were embossed into fin laminae, thereby eliminating the need for spacer lamina.  In 

later test articles, these height control features became sealing bosses used to constrain the 

adhesive to desired locations for bonding, establish the height of microchannels during 

bonding, and provide a protective shroud for the adhesive during flow operation.  These types 

of embossed features provide an added degree of freedom over etched features by allowing 

for multiple step heights within a single lamina.  This is a significant advantage over typical 

blind etching approaches which are constrained to etching roughly one-half the lamina 

thickness assuming the need to produce through-holes in the same foil. 

The assembly sequence used in this study involved adhesive dispense onto the patterned 

laminae followed by manual stacking and adhesive curing to form the final monolithic test 

article.  Adhesive dispense was performed on each lamina both manually and in a controlled 

fashion using an automated adhesive dispenser. 

The dispensing process was designed to produce an adhesive bead just higher than the 

lamina height control features allowing for the adjacent lamina to make consistent contact with 

the adhesive during the stacking operation.  In later test articles, in order to keep the adhesive 

from seeping outside of the sealing boss into adjacent channels, the total volume of adhesive 

could not exceed the space adjacent to bosses available to receive the adhesive.  One 

potential advantage of using these types of adhesive dispense techniques is the ability to 

scale deposition using screen printing processes as is done in electronics assembly. 

In some test articles, features such as chamfers were used to align the lamina to ensure 

proper orientation.  Fixtures were used to provide repeatability in the alignment process.  

Bonding was accomplished by thermally curing the adhesive at a low temperature (e.g. 100 to 

150°C) for one to four hours yielding a microchannel array.  
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2.3. 2. Test Articles 

Several test articles were fabricated to determine the suitability of various surface mount 

adhesives to produce microchannel arrays.  Generation 1 (G1) test articles were used to 

determine the feasibility of using adhesives to produce aluminum microchannels.  Aluminum 

3003 laminae 50mm x 50mm x 500µm thick were used.  Height control features were 

produced by embossing projections (200µm) in the laminae using a die.  Each lamina also 

had a 6.25mm hole to establish a fluid connection for leak testing.  A single channel device 

was formed by stacking the embossed lamina over a flat bottom plate.  A one-part epoxy 

material (Loctite CNB 3509) was used as the bonding adhesive.  The samples were cleaned 

with isopropyl alcohol and adhesive was dispensed on the periphery of embossed lamina 

using a manual pneumatic dispenser.  After dispense, the flat bottom plate was picked up 

using vacuum tweezers and stacked on the lamina containing the adhesive.  Coarse 

alignment was done using the edges of the lamina.  The samples were then placed on a 

palette and cured through a reflow oven using a Sn-Pb profile.  The reflow profile was a 

straight ramp from room temperature to 225°C, with a time above liquidus (183°C) of 60-90 

seconds and a cycle time of ~6 minutes.  A small weight (~150 g) was placed on the top plate 

to ensure contact between laminae.  A cured G1 test article is shown in figure 2-3.  

Generation 2 (G2) test articles were used to evaluate the use of sealing bosses to constrain 

the adhesive and prevent it from leaking into the active area.  An improved bonding adhesive 

(Loctite 3615 [17]) with higher bond strength and a quicker cure was used.  A continuous 

sealing boss (in the form of a groove) and a set of projections were used to control the 

channel height.  The continuous boss was used to keep adhesive out of the channel.  The 

embossed features were staggered from layer to layer to prevent nesting.  The two lamina 

designs are shown in figure 2-4.  Several 2-layer test articles were produced using the same 

approach described above.  Figure 2-5 shows the cross-section of a 2-layer device. 

Generation 3 (G3) devices were 122.4x145.9mm made from stainless steel and were etched 

using photochemical machining (PCM), since the cost of embossing dies was prohibitive.  A 

higher temperature version of the G2 adhesive was used for these test articles (Loctite 3621). 

Double sealing bosses (figure 2-6) were introduced to further constrain the adhesive, along 

with an outer sealing boss for aesthetic purposes.  Two lamina designs (lamina A-1016µm 
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and lamina B-762µm thick) were used to demonstrate a two-fluid counterflow microchannel 

array with inlet/outlet ports for both fluids.  Multi-layer (3, 5 and 7 laminae) test articles were 

assembled with fin aspect ratios from 14 to 100.  These test articles were assembled in a 

similar fashion except through the use of an automated jet dispenser (Asymtek Spectrum S-

820) and an alignment fixture for applying pressure during curing.  The alignment fixture was 

designed to produce a pressure of approximately 276 kPa (40 psig) during thermal cure.  

Figure 2-7 shows the fixture used to align and compress the stack during adhesive cure. 

2.3. 3. Fill Ratio 

The automated dispensing process was designed to produce an adhesive bead just higher 

than the sealing bosses to allow the adjacent lamina to make consistent contact with the 

adhesive during the stacking operation.  In order to keep the adhesive from seeping outside of 

the sealing bosses into adjacent channels, the total volume of adhesive could not exceed the 

space between the sealing bosses available to receive the adhesive.  Consequently, adhesive 

dispense rates ( v& ) and head travel rates (Ud) were related by the following equation: 

 A

v
U d

&
=

      

      (1) 

where A is the cross-sectional area of the space between the sealing bosses to be filled with 

adhesive.  To help characterize adhesive dispensing, the fill ratio is defined as the volume of 

adhesive deposited to the theoretical volume between the sealing bosses.  At a fill ratio of 1, 

the entire space (i.e. 100%) would be occupied by the deposited adhesive.  At fill ratios 

greater than 1, the non-sag property of the adhesive is crucial for deposition of excess 

material without clogging the active channel areas.  Figure 2-8 shows the concept with varying 

fill ratios. 
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2.4. Characterization and Analysis 

2.4. 1. Adhesive Characterization 

The proposed approach uses the adhesive as a structural member, and requires a minimum 

bond strength to withstand operational pressures in the functional device.  Data available from 

the vendor [17] indicates that the adhesive has a strength of at least 15MPa (2,175 psi), when 

bonded to grit blasted steel using ISO 4587 lap shear test.  Bond line thickness, surface 

treatment, roughness or conditioning was unknown.  No information was available on bond 

strength for aluminum surfaces.  In application, adhesive failure would likely be tension, shear 

or a combination of both.  In comparing tension and shear tests, Godzimirski et al. [18] 

concludes that maximum normal stresses do not exceed adhesion strength values for lap 

samples without bending.  Shear values are assumed to be equal to the tensile strength of the 

frontal adhesive layers. Chichili et al. [19] has also shown that shear tests successfully reflect 

trends due to tensile failure as well.  

A lap shear test was constructed to determine the bond strength on Aluminum 3003.  The 

samples were fabricated after ASTM D3163 test method.  Each shear test specimen was 

constructed using two 12.5x50mm plates 0.5 mm thick.  The adhesive wetting dimensions 

were 12.5x12.5mm resulting in a bond area of 156.25.mm2 (0.25 in2).  Adhesive thickness was 

controlled using 3 layers of stacked Kapton tape (3M Corporation, 63.5µm thick), resulting in a 

bond line thickness of approximately 190µm.  The Kapton tape also served to control the 

bonding area.  A schematic of the test sample is shown in Figure 2-9. 

In order to assess the sensitivity of the process to cleanliness, six treatment conditions 

(groups) were introduced with four samples per treatment condition.  Clean-room conditions 

were simulated by plasma cleaning a sample group.  On the other end of the spectrum, a 

group was processed as-procured to simulate a shop-floor condition.  The as-received 

samples were processed with cutting oils and finger residues on them.  Additional cleanliness 

groups were introduced in the form of sanded surfaces (2 groups), surface treatment 

(chromate conversion) and moderate cleaning using isopropyl alcohol.  

The samples were shear tested at a rate of 1.27mm/sec (0.050”/sec) in accordance with 

ASTM D3163 using an Instron 8874 tensile tester with a 8900N (2000lb) load cell.  The test 
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setup is shown in figure 2-10 (left).  The shear test was abandoned after a few trials due to 

base metal fracture, instead of the adhesive bond.  The as-procured samples, all fractured 

within the base metal at 1023 N (~230 lbs) (Figure 2-11).  These tests suggest that with 

uncleaned samples, the adhesive has a minimum bond strength of at least 6.2 MPa (900 psi).  

These results also suggest that the bonding process is very robust to sample cleanliness.   

A second experiment was designed to determine the actual bond strength and variability for 

use in future designs.  The lap shear test was repeated by increasing the thickness of shear 

test samples from the original 0.5mm to 6.25mm.  The adhesive bond dimensions were 

increased to 15.9x12.5mm resulting in a total bond area of 198.75 mm2 (0.325 in2).  The 

increased area was necessary to maintain uniform bond-line thickness during adhesive 

dispense and curing operations.  As before, the adhesive bond-line thickness and bond area 

were controlled using three layers of stacked Kapton tape.  

All samples were prepared by cleaning with an Aquaflux-Strip (Indusco) and water solution 

(25% concentration) in an ultrasonic bath.  The samples were rinsed using deionized water 

and dried using shop air.  The shear test was repeated using the same test procedure as 

before.  The shear rate was increased to 2.54mm/sec (0.100”/sec), and 6 samples were 

tested to failure.  The test setup is shown in Figure 2-10 (right) and test results are 

summarized in Table 2-1.  All six samples were successfully tested and failed at the adhesive 

interface.  Results show that the lap shear strength of the adhesive varies from 17-25 MPa 

(2400 to 3600 psi), which is approximately 50% of the yield strength for common heat 

exchanger aluminum (Al3003). 

A failed sample is shown in figure 2-12.  Investigation of the separated samples indicated that 

the dominant failure mechanism was adhesive separation from the metal surface.  The 

analysis also indicated that the tape mechanism used to control the adhesive spread was not 

entirely successful and sometimes resulted in a larger bonding area than originally intended, 

suggesting that the shear values in Table 2-1 are slightly inflated.  Applying a 3X safety factor 

to the test results yields a bond strength of 5.7 MPa, with bond strength variability between 

5.7-8.5 MPa (~800-1200 psi). 

Gleich et al. [20] showed that peak interface stresses increase with increasing bond line 

thickness, providing an explanation for the well-known observation of decreasing joint strength 
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with thicker bond lines.  Failure loads (in absence of spew fillet) were reduced by roughly 2.5 

times when the bond line thickness was increased from 0.2mm to 2mm.  Since the upper limit 

of microchannel dimensions is 2000 µm as explained in Section 2.4.3, a 3X safety factor on 

the lap shear values is considered appropriate for projected application scenarios using 

adhesive bonding. 

2.4. 2. Leak Testing and Failure Analysis 

In the context of electronics cooling, Jang et al. [21] fabricated an aluminum microchannel 

heatsink using a micro-mechanical sawing process and tested at pressures of approximately 

3.5 kPa (0.5 psig).  Zhang et al. [6] used a micro-milled aluminum heatsink to cool ball grid 

array (BGA) components.  Although absolute values of pressure are not stated, the system 

was limited to 100-280 kPa (15-40 psig) by compression springs in the setup.  Recently, Ma et 

al. [22] demonstrated a piezoelectric micro-pump with a maximum pressure head of 9.8 kPa 

(1.5 psig) for cooling notebook computers.  It should also be noted that most commercially 

available pumps for liquid cooling of computers (Koolance, Swiftech) have maximum pressure 

heads ranging from 20-75 kPa (3-11 psig).   

Leak testing on G1 articles was performed by attaching 10mm diameter copper tubes to the 

microchannel.  A blowtorch was initially used to attempt soldering using Sn3.5Ag solder 

preforms.  The intense heat from the soldering destroyed several samples.  Subsequent 

attachment was performed using quick set cement (JB Kwik).  Plastic tubing was used to 

connect the devices to compressed shop air.  The samples were immersed in a water bath 

and pressurized.  The air pressure was adjusted in 35 kPa (~5 psig) increments and pressure 

to failure was noted.  The test setup is shown in figure 2-13 and results are shown in table 2-2.  

Most of the soldered samples had initial leaks, with one sample failing at 69 kPa (10 psig).  

The samples attached using quick set cement had no initial leaks and failed at 103 and 138 

kPa (15 and 20 psig) respectively.  Failure analysis of the soldered samples indicated that the 

adhesive had charred or delaminated due to the intense heat of the attach process.  It is 

important to note that these adhesives are designed for use with soldering processes (peak 

temperature ~2600C).  While uncontrolled processes such as a blowtorch may not be viable, a 

carefully controlled process similar to reflow soldering may be a feasible approach for 

attaching headers. 
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Leakage testing of G2 test articles was performed as before by attaching 10mm diameter 

copper tubes to the microchannels using a 2-part quick set epoxy that hardens in 5 minutes 

(Dexter EPOXI-PATCH).  Figure 2-14 shows the copper tube attach setup.  Table 2-3 shows 

the results of the testing.  For successful samples, the testing was stopped at a pressure of 

276 kPa (40 psig) for safety considerations.  Figure 2-15 shows a failed sample.  Analysis of 

the failed samples indicated that the load bearing adhesive area was not uniform.  This is an 

artifact of the manual dispense process, which did not produce a uniform adhesive bead.  This 

suggested the need for an automated dispense process to reduce the variability of adhesive 

beads.  

The geometry of the G3 devices was designed to hold a pressure of 413 kPa (60 psig).  It 

should be noted that at 413 kPa, the pressure on the bond joints in tension is approximately 

1.9MPa, compared to as-tested bond strength of 5.7 MPa (~35% of bond strength).  Leak test 

was done in a similar fashion as above.  Multi-layer test articles were assembled with 

inlet/outlet manifolds (headers) for a single fluid.  The inlet side was pressurized, while the 

outlet side was blocked (dead-ended).  Pressure was maintained for a period of time under 

water to assess small leaks.  Three revisions of the G3 device were pressure tested.  The 

results of the pressure testing are summarized in table 2-4.  Each device revision represented 

a modification of the adhesive dispense, and/or device assembly process.   

Testing of initial G3 multi-layer (five or more) test articles resulted in catastrophic failures 

around 138 kPa (20 psig).  A ruptured device is shown in figure 2-16.  Failure analysis of the 

broken device revealed an insufficient amount of adhesive.  As can be seen from the picture, 

the adjacent lamina shows white witness marks at areas of adhesive contact.  A significant 

portion of the vertical and outer sealing bosses is shown to have insufficient adhesive which 

resulted in early failure.  Fill ratios for this device were found to be 70 to 80%.  Based on these 

results, the adhesive dispense program was modified to deposit 100% fill ratios. 

A seven-layer device (G3.b) was built using the new adhesive dispensing parameters and 

shipped to colleagues for second party testing.  The seven-layer device was found to have 

minor leaks from the start and failed catastrophically at 421 kPa (61 psig).  Figure 2-17 shows 

the failed seven-layer device.  Initial leaks were suspected to be caused by rough handling 

during shipping.  The results indicate that the increase in adhesive and associated bonding 

area contributed to improved performance.   
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Based on these results, the adhesive dispense program was again modified to deposit more 

adhesive for the G3.c devices.  The fill ratio in the vertical ribs was 1.1, and the fill ratio around 

the fluid ports was 1.25.  One-layer and three-layer devices were built using the additional 

adhesive.  After assembly and leak testing, the devices were tested at 413 kPa (60 psig).  The 

three-layer device was found to successfully hold 413 kPa pressure for several hours, while 

the one-layer device was found to develop pin-hole leaks after a few hours.  Figure 2-18 

shows the three-layer device under pressure.  Destructive failure analysis was performed on 

the one-layer device to identify the source of the pin-hole leaks.  Figure 2-19 shows the failure 

analysis of the 1-layer device.  Careful analysis indicated the presence of grease residues 

inside the device.  Grease had been administered on the fixture alignment pins prior to 

alignment and bonding, to prevent adhesion of the device to the fixture.  Excess adhesive 

seepage and subsequent bonding occurs due to lack of sealing bosses on the bottom plate as 

shown in figure 2-21 (bottom).  Apparently, the grease diffused through the assembly at the 

curing temperature for the adhesive causing pin-hole leaks. 

The assembly fixture was reworked to increase the clearance between the alignment pins and 

the lamina.  Grease was eliminated and paper shims were used to prevent the device from 

sticking to the fixture.  An additional four-layer device was produced, which held pressure at 

413 kPa without pin hole leaks.   

Earlier investigations on bond strength revealed that the use of surface mount adhesive for 

bonding was fairly robust relative to surface cleanliness.  However, it is apparent that grease 

and other types of residues interfere with forming hermetic bonds. 

Leak testing also showed that adhesive fill ratio was crucial in determining pressure 

performance of the device.  A fill ratio of 1.1 was found to be suitable on G3.c devices, with a 

fill ratio of 1.25 used around fluid ports.  Higher fill ratios were used around fluid ports to 

eliminate concerns with fluid mixing and pin-hole leaks.  Although successful pressure 

performance was noted on the G3.c devices, figure 2-19 (top) shows some excess adhesive 

around the fluid ports with a fill ratio of 1.25.   

In summary, leakage and pressure tests indicate that adhesive bonding can produce 

microchannel devices that are comparable or exceed results demonstrated using other 
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manufacturing techniques.  This illustrates that adhesive bonding process has significant 

potential for low-temperature, low-pressure applications such as electronics cooling.  

2.4. 3. Dimensional Characterization 

It is well known that the maldistribution of flow within microchannel devices is undesirable.  

Chowdhury and Sarangi [23] and Kitto and Robertson [24] both showed that passage-to-

passage nonuniformity has a significant effect on the thermal performance of compact heat 

exchangers.  Lalot et al. [25] demonstrated that at velocity ratios up to 15, flow maldistribution 

could lead to 7% loss of effectiveness in condensers and counterflow heat exchangers, and 

up to 25% for cross-flow heat exchangers.  Wattanutchariya [26] showed for heat exchanger 

applications, deviations greater than 10% of the critical channel dimension had significant 

impact on effectiveness and deviations on the order of 20% require heat exchangers double in 

size [1]. 

The primary dimension in microchannel arrays is the channel height.  Measurements were 

performed on incoming laminae (pre-bonding) and after assembly (post-bonding) to correlate 

channel height with control feature size and tolerance. 

2.4. 4. Lamina Analysis 

Detailed dimensional characterization was performed on G3 laminae patterned by PCM.  The 

two lamina designs in the G3 test article were 1016 µm and 762 µm thick, with stated feature 

heights of 508 µm and 254 µm respectively.  The height of the control features (i.e. bosses) 

was characterized by selecting a random lamina from each of the two lamina designs and 

measuring numerous points on each plate.  A vertical displacement microscope (Titan ZDM-1) 

with 100X magnification was used for the measurement.  The height of the feature was 

measured by manually focusing the microscope on the artifact of interest.  The accuracy of the 

depth gage was verified by calibration to be 2µm.  The measurement setup is shown in figure 

2-20.  Table 2-5 shows the summary of measurements for pre-bonding lamina measurements.  

The two sigma variations (95%) on feature height were 30 µm and 26 µm for the 1016 µm and 

762 µm laminae respectively, which is about 6.1% to 9.3% pre-bonding variation.  
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2.4. 5. Cross-sectional Analysis 

A five-layer G3.c device was cross-sectioned to assess the variation in channel height after 

bonding.  The sample was cut in two regions providing four cross-section views (see Figure 2-

21).  It can be clearly observed that the sealing bosses were effective in constraining the 

adhesive in the desired areas, without compromising the channel active areas.  After cross-

section, the samples were inspected under a 100X optical microscope to determine the 

variation in channel size.  Measurements were calibrated and the repeatability was 

determined to be 2 µm.  

The results of the post-bonding channel height measurements are also summarized in Table 

2-5.  Analysis of variance (ANOVA) was performed on the post-bonding channel heights to 

determine significant effects of channel variation.  The P-values for post-bonding channel 

heights were 0.000 and 0.008 for the 1016µm and 762µm thick lamina respectively, indicating 

that the post-bonding channel height was different from the pre-bonding height (see figure 2-

22).  

The post-bonded channel height variation decreases for the thicker lamina (lamina A) and 

increases slightly for lamina B as shown in table 2-5.  The two sigma variations (95%) were 

3.9% (20 µm on a 503 µm channel) and 9.6% (28 µm on a 292 µm channel) of the post-

bonded channel height.  This is just below the 10% threshold established by Wattanutchariya 

[26] and compares favorably with the 7 to 31% variation with stainless steel reported by Paul 

et al. [3] for diffusion bonding, and 21 to 37% with NiAl [11] for diffusion bonding.  It is 

important to note that the channel height variability is approximately the same before and after 

bonding, implying that the variation contributed from the bonding process (2 µm) is negligible.  

Figure 2-23 shows the comparison of inter-channel heights within the device.  The 5 channels 

across the device are shown in Figure 2-21 (bottom).  No statistical difference was noted 

among similar laminae.  Channels 1, 3 and 5 are statistically equivalent, while channels 2 and 

4 are equivalent.  Figure 2-23 shows that the inter-channel heights appear to be uniform and 

consistent within the device.  
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Results from Table 2-5 show that the post-bonding channel height is on average 12.5 µm 

higher than the pre-bonding height (see Figure 2-22).  Using a <10% channel height variation 

as an acceptable threshold, a minimum channel height of 125 µm is inferred with this method. 

To investigate the potential causes of the post-bonding height increase, a Tencor Instruments 

AlphaStep 200 profilometer was used to perform roughness measurements on the faying 

surfaces of extra laminae.  Prior to measurements, the tester was calibrated using a known 

standard with a step value of 823Å.  A 12 mg force stylus was used with a scan time of 40 

seconds and a scan length of 2000 µm.     

Roughness measurements were performed on both the front and back faying surfaces of 

random laminae.  Peak-to-valley roughness readings are summarized in Table 2-6.  It is 

apparent that Lamina B (762µm thick) is significantly rougher when compared to Lamina A. 

The largest peak-to-valley roughness values for the two laminae were 6.77 and 1.74 µm, 

respectively.  Using the worst-case values from both laminae, the combined peak-to-valley 

roughness is approximately 8.5 µm.  These measurements indicate that surface roughness of 

the laminae could be a major contributor towards the observed difference in the channel 

height measurements.  Variation in measurement technique, excess adhesive and lamina 

warpage could be other contributors to the increase in post-bonding channel height.  Figure 2-

24 shows further evidence that surface roughness could contribute towards the observed 

increase in channel height after bonding.   

In section 2.4.2, it was noted that fill ratios of 1.1 in general, and fill ratios of 1.25 around fluid 

headers provide consistently good results with pressure testing.  The increase in post-bonding 

channel height and the amount of surface roughness provides some explanation for the larger 

fill ratios required, although excess adhesive might itself be a contributor to the increased 

post-bonded height.  Other factors affecting fill ratios could include the precise shape of fill 

cross-sections and the dimensional stability of the adhesive during curing. 

Based on results from this study, it is expected that the adhesive bonding process is capable 

of producing microchannel arrays with channel heights ranging from approximately 125 to 

2000 µm.  Repeatable deposition of very small adhesive quantities is expected to be an issue 

at smaller channel heights.  At the other end of the spectrum, cycles times for adhesive 
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deposition get unacceptably long with very large adhesive quantities.  There are also limits to 

the quantities of adhesive that can be deposited with stencil printing. 

2.5. Conclusions 

Adhesive bonding has been successfully demonstrated as a viable technique for producing 

microchannel arrays for low-temperature applications.  Sheet metal embossing and chemical 

etch patterning processes have been used to produce sealing bosses, which control the 

channel critical dimension and ensure channel integrity.  Sealing bosses eliminate spacer 

laminae needed resulting in 50% fewer laminae processed.  Feasible fill ratios were 

determined to be 1.1 in general, and 1.25 around fluid headers for good hermeticity.  The 

need for excess adhesive was found due to patterning tolerances and faying surface 

roughness, and may also be affected by the precise shape of fill cross-sections and 

dimensional stability of the adhesive during curing.  Bond strength characterization indicates 

that the adhesive bond strength is fairly robust relative to sample cleanliness.  The effective 

bond strength on heat exchanger aluminum was found to be 5.7 MPa using a 3X safety factor 

applied to the results of a lap shear test.   

Leakage and burst pressure testing on several samples has established confidence that 

adhesive bonding can produce leak-free joints.  Operating pressures up to 413 kPa, 

equivalent to tensile stresses of 1.9 MPa within bond joints were successfully applied without 

leakage or failure.  It is expected that higher operating pressures can be accommodated by 

increasing the bond area of the device.  While bond strength appeared to be insensitive to 

cleanliness, grease was found to inhibit hermetic bonds.  Dimensional characterization 

revealed that the adhesive bonding process is capable of producing consistent dimensions 

with a two sigma post-bonded channel height tolerance under 10% after bonding.  A 

considerable part of this variation was shown to be due to patterning tolerance.  Surface 

roughness of the lamina faying surfaces was also found to influence the final post-bonded 

channel height. 

The process was found adaptable to both aluminum and stainless steel bonding surfaces.  

The new process eliminates pre-fluxing and/or coatings prior to assembly, and does not 

require any flux removal or cleaning post assembly.  These findings suggest that the 
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application of surface mount adhesives to microlamination is a potentially cost effective 

method of producing low-temperature microchannel arrays.  
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Figure 2-1: Schematic of through-cut soldered microchannel device as produced by Paul et al. 
[2005].  Notice that it takes a total of 5 laminae (3 fins + 2 spacers) to produce 2 

microchannels. 
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Figure 2-2: Adhesive bonding without the use of spacer lamina.  Notice the embossed 
features (circled) used to control the channel height.  A total of 3 laminae are used to produce 

a 2 channel device.  Adhesive is shown in RED. 
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Figure 2-3: Cured G1 test article. 
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Figure 2-4: Top view showing the two different lamina designs (G2 test article).  Notice the 
outside sealing bosses along with embossed projections in the middle. 

 

  

Lamina A Lamina B 

Bottom Plate 

Alignment 

chamfer 



 

 

  30 

 

 

 

 

Figure 2-5: Cross-section of a 2-channel G2 device.  Notice the bosses are staggered to 
prevent overlap.  Also notice that the adhesive is completely constrained by the sealing boss 

thereby preventing leakage into the active area. 
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Figure 2-6: Concept of double fluid sealing boss to constrain the adhesive, along with the 
outer boss on G3 test article. 
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Figure 2-7: Fixture to align and compress stacked assembly during adhesive cure. 
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Figure 2-8: Adhesive fill ratio concept-fill ratios from 0.75 to 1.2(75-120%) are shown.  Non-
sag property ensures adhesive does not run with higher fill ratios.  Adhesive is shown in RED. 
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Figure 2-9: Schematic of lap shear test sample.  Dimensions are in mm. 
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Figure 2-10: Initial shear test setup (left).  Updated shear test with thicker samples is shown 
on the right. 

 

 

  



 

 

  36 

 

 

 

 

Figure 2-11: Initial shear test sample showing base metal fracture. 
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Figure 2-12: Failed shear test sample indicating adhesive separation.  The tape control 
method and resulting increased bond area is also shown. 
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Figure 2-13: Leak testing setup on G1 device.  A soldered sample is shown. 
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Figure 2-14: Attach of copper fluid connections using quick set epoxy (G2 devices). 
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Figure 2-15: Failed G2 test sample (2-channel) showing leakage at minimum adhesive cross-
section location. 
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Figure 2-16: Failure analysis on G3.a device.  Areas of adhesive contact carry white witness 
marks.  Notice insufficient adhesive in circled areas (no witness marks). 
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Figure 2-17: G3.b device (7-channel) that failed at 421 kPa during pressure testing.  The 
failure location is also shown. 
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Figure 2-18: G3.c device during pressure testing.  The device successfully held 413 kPa for an 
extended period. 
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Figure 2-19: Close-up view of pin-hole leak location (G3.c).  Notice the grease residue on the 
adhesive (top).  The reduced bonding area in the bottom plate is shown circled above. 
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Figure 2-20: Vertical displacement microscope setup for pre-bonding feature measurements. 
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Figure 2-21: Cross-section view of a 5-channel device.  The vertical bosses are shown above.  
Notice the red adhesive constrained within the bosses thereby maintaining channel integrity. 
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Figure 2-22: Plot of pre and post-bonding channel heights.  Notice that the post-bonding 
channel heights are 12 to 13µm higher when compared to the pre-bonding heights. 
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Figure 2-23: Variation in inter-channel heights across the device.  Channels 1, 3 and 5 are 
similar, and channels 2 and 4 are statistically equivalent. 
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Figure 2-24: Contribution of surface roughness to increase in post-bonding  
channel height due to stacking of laminae. 
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Table 2-1: Adhesive lap shear test results (thicker samples). 

 

 
Sample 
# 

Force @ 
failure 
N 

Bond area 
m2 

Bond 
Strength 
N/m2 

Bond 
Strength 
MPa Failure Type/Notes 

1 4329.5 0.00019875 21783647.8 21.78 
Adhesive failure on 
surface 

2 5095 0.00019875 25635220.13 25.64 Adhesive failure 

3 3400.7 0.00019875 17110440.25 17.11 
2 small voids noticed-
adhesive failure 

4 4043.9 0.00019875 20346666.67 20.35 Adhesive failure 

5 5043 0.00019875 25373584.91 25.37 Adhesive failure 

6 4941.4 0.00019875 24862389.94 24.86 

Glue cracked-
adhesive failure on 
both surfaces 
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Table 2-2: Results of leak testing on G1 devices. 

 

Sample 
# 

Attachment 
Method 

Leak/ No 
Leak 

Pressure 
@ fail 

1 Solder 2 Leaks NA 

2 Solder 1 Leak NA 

3 Solder No Leak 69 kPa 

4 Solder 1 Leak NA 

5 Solder 1 Leak NA 

6 Solder 1 Leak NA 

7 
Quick set 
cement No Leak 103 kPa 

8 
Quick set 
cement No Leak 138 kPa 
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Table 2-3: Leak test results on G2 devices. 

 

# 
Pressure 
 @ fail Notes 

1 138 kPa Rupture at 138 kPa 

2 103 kPa Rupture at 103 kPa 

3 138 kPa Rupture at 138 kPa 

4 276 kPa Pass at 276 kPa-testing stopped. 

5 276 kPa Pass at 276 kPa-testing stopped. 
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Table 2-4: Results of pressure testing on G3 test devices. 

 

Vintage Testing Notes Corrective Actions 

G3.a Full stack 
tested 

Broke at 138 kPa  
Inadequate 
adhesive causes 
early failures 

40% more adhesive in 
vertical and fluid sealing 
bosses. 
30% more adhesive in 
outer boss 

G3.b 

5-channel 
device 
shipped to 
PNNL 

Major leak at 421 
kPa-minor leaks 
from start; shipping 
damage 

10% more adhesive in 
vertical and fluid sealing 
bosses. 
25% more adhesive in 
outer boss 

G3.c 

1-channel 
and 3-
channel 
parts tested 

Both parts held 413 
kPa for extended 
periods 
Small pin-hole leak 
on 1 part 

Eliminate greasing of 
fixture posts 
Rework fixture to use of 
paper shims 
Lightly sand end plates 
to improve header 
adhesion 
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Table 2-5: Summary of pre-bonding and post-bonding height measurements. 

 

Lamina Detail # of 
readings 

Mean 
(µm) 

Std. 
Dev 
(µm) 

% 
Variation 

95% confidence 
on mean (µm) 

Low High 

Pre-Bond Lamina A 29 490 15 6.1 485 495 

Post-Bond Lamina A 30 503 10 3.9 498 506 

Pre-Bond Lamina B 30 280 13 9.3 275 286 

Post-Bond Lamina B 20 292 14 9.6 285 299 
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Table 2-6: Roughness testing (peak-to valley) results. 

 

Lamina 
Thickness Surface 

Peak-Valley Roughness in kÅ 

Value 1 Value 2 Value 3 Average 

762µm Back 48.65 58.3 67.67 58.21 

762µm Top 54.73 45.56 52.62 50.97 

1016µm Back 17.36 11.22 10.26 12.95 

1016µm Top 9.04 12.85 7.17 9.69 
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3.1. Abstract 

A low-temperature liquid-to-vapor counterflow microchannel heat exchanger has been 

redesigned and fabricated using a scalable, low-cost adhesive bonding process.  Adhesive 

erosion concerns are mitigated with the use of sealing bosses.  Performance has been tested 

using water and compressed air as test fluids.  Results show greater effectiveness and higher 

heat transfer rates than the original heat exchanger due to relaxed design constraints afforded 

with adhesive bonding.  A maximum effectiveness of 82.5% was achieved with good 

agreement between theoretical and experimental values.  Although thermal performance was 

improved, higher pressure drops were noted.  Pressure drops were predicted with a maximum 

error of 16% between theoretical and experimental values.  Much of the pressure drop was 

found to be in the device manifold which can be improved in subsequent designs.  

Keywords: adhesive bonding, microchannel array, counterflow heat exchanger, effectiveness, 

pressure drop 

3.2. Introduction 

Microchannel process technology (MPT) is the use of microchannel arrays for the bulk 

processing of mass and energy.  Although MPT devices can be on the order of meters in 

dimension, MPT devices include critical microchannel dimensions ranging from below 100 µm 

to several mm [1].  One of the major advantages of MPT is the high surface area to volume 

ratios compared to conventional fluidic technology.  These ratios allow accelerated rates of 

heat and mass transfer within microchannels due to short diffusional distances.  As a result, 

microchannels provide the ability to reduce the size and weight of a wide variety of energy and 

chemical systems including microelectronic cooling systems (Kawano et al. [2]; Little [3]) , 

chemical reactors and separators (Cao et al. [4], Matson et al. [5]), fuel processors (Ryi et al. 

[6]), and heat pumps (Garimella et al. [7])  among many others. 

A significant barrier to commercializing MPT has been the cost of manufacturing microchannel 

arrays [8,9,10].  Prior work has demonstrated and characterized a new approach to bonding 

low-temperature microchannel arrays that relies on mass production techniques for electronics 

assembly [11].  The new approach involves the use of surface mount adhesives to bond a 

stack of microchannel laminae (thin layers of material also referred to as shims) with 
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integrated height control features or sealing bosses.  The objective of this paper is to 

demonstrate the feasibility of using this approach in the redesign of a microchannel heat 

exchanger, in an effort to investigate its value. 

3.3. Constraints with Original Design 

A stainless steel counterflow heat exchanger (liquid to vapor) with microchannel features was 

originally designed for a fabrication process involving photo-chemical machining (PCM) and 

diffusion bonding.  In this study, it was redesigned to improve its manufacturability in part 

through the use of the adhesive bonding process.  Some specifications for the two heat 

exchangers are outlined in Table 3-1.   

Figure 3-1 shows the lamina designs for the two heat exchangers.  Typically, in the design of 

microchannel heat exchangers, bosses (ribs or islands) can be added for any one of four 

purposes.  First, ribs can be used to direct flow in an effort to eliminate flow maldistribution.  

Second, ribs and islands can be used to avoid creep, fin buckling or other failure mechanisms 

known to occur during diffusion bonding by distributing bonding pressure, reducing local 

stresses and reducing channel spans.  Third, standalone features can be used to resist 

channel deformation during heat exchanger operation by reducing channel spans.  Fourth, 

these features ultimately control the channel height, which is the critical dimension in 

microchannel arrays.   

3.3. 1. Patterning and Diffusion Bonding Constraints 

Fin aspect ratios (ratio of channel span to adjacent lamina thickness; shown by w/t in figure 3-

2) are severely restricted due to the high pressures needed during diffusion bonding.  For the 

diffusion bonding of two-fluid microchannel devices made out of stainless steel, the critical 

limit established by Paul et al. [12] was 6:1 for a 500 µm thick lamina.  Exceeding the critical 

limit resulted in unbonded fin regions at locations 1 and 2 as shown in figure 3-2 (top).  

Moreover, the critical limit was shown to decrease with increasing lamina thickness.  For 

instance, increasing the lamina thickness to 1000 µm reduced the aspect ratio to 4:1, requiring 

more ribs to transmit bonding pressure.  Paul et al.  [12] concluded that while a thicker fin 

would increase the stiffness, the acceptable span does not increase linearly with thickness 

due to non-linearities in plate mechanics.  Consequently, geometries with higher fin aspect 
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ratios can be hermetically sealed with diffusion bonding (at locations 1 and 2 in Figure 3-2) 

when using thinner laminae.  As a result, figure 3-1 (top-exploded header area) shows islands 

used in the header region (along with vertical ribs in the active region) to reduce channel 

spans in order to not violate the critical aspect ratio limit during diffusion bonding.   

Use of photo-chemical machining (PCM) as a patterning process constrains the geometry 

further.  Isotropic etch limitation in PCM patterning forces an increase in the width (shorter 

dimension) of the islands/ribs (figure 3-1 exploded area) if thicker laminae are used.  Also fin 

thickness cannot be arbitrarily reduced, due to the need to produce fluid ports and other 

through features.  The net result of using thicker laminae is an increase in rib/boss area due to 

etch constraints.  This is undesirable as an increase in boss area reduces the active area in 

the heat exchanger.  This forces a tradeoff between boss area and lamina thickness. 

The combination of PCM patterning and diffusion bonding is biased towards thinner laminae 

due to the constraints mentioned above.  As a result, the original heat exchanger design (PCM 

+ diffusion bonding) uses two thinner laminae to form a single microchannel layer.  A 

schematic of the design, along with the fin aspect ratio is shown in Figure 3-2 (top) for the 

diffusion-bonded heat exchanger. 

3.3. 2. Constraints due to Cooling Rates 

In addition to patterning and high bonding pressures, cooling rates introduce additional 

constraints with diffusion bonding.  In the microchannel active area (indicated by dashed lines 

in Figure 3-1), fin aspect ratios are even further constrained by the cooling rates in diffusion 

bonding which can lead to thermal stresses large enough to warp even small aspect ratio fins 

[13].  Cooling rates as slow as 0.1 °C per minute have been employed to avoid these thermal 

stresses.  With bonding temperatures over 1000 °C, this can lead to cooling times of several 

days.  Consequently, the designer using diffusion bonding is faced with either long cycle times 

or small fin spans with large pressure drops and reduced active areas [14].  

3.4. Design Considerations with Adhesive Bonding 

One key lamina design feature for adhesive bonding is the need to use sealing bosses.  Prior 

work involving the use of sealing bosses within microlamination architectures has been in 
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conjunction with the entrapment of poly(dimethylsiloxane) (PDMS) membranes adjacent to 

polymeric microchannel arrays for implementing membrane microvalves [15] with 

compression seals.  Two distinguishable functions performed by sealing bosses in adhesive 

bonding are:  1) to constrain the adhesive to desired locations during bonding, thereby 

preventing the clogging of adjacent channels; and 2) to provide a protective shroud for the 

adhesive during operation of the heat exchanger in an effort to minimize adhesive erosion.   

Adhesive bonding uses significantly lower pressures, thereby permitting much larger aspect 

ratios than diffusion bonding.  This allows the use of thicker laminae.  The use of thicker 

material in the adhesive-bonded design resulted in a 50% reduction in the number of laminae 

as shown in Figure 3-2 (bottom).   

In the new design, the larger aspect ratio enables the channel header area (figure 3-1 bottom) 

to be implemented without islands significantly reducing the pressure drop through the lamina.  

Further, because of the reduction in small island features, the adhesive-bonded lamina design 

is much easier to implement using stamping, which could further reduce lamina patterning 

costs. 

3.4. 1. Constraints due to Operating Pressure 

In addition to bonding pressures, another source of fin deflection can be differential fluid 

pressures on the two sides of the fin during operation.  For the adhesive-bonded design, fin 

aspect ratios as high as 100:1 were used in the channel headers.  Analysis based on a finite 

element model showed that the maximum deflection under operating pressures for the worst 

case (in channel headers, longest span) was 7%.  Wattanutchariya [16] determined that the 

effectiveness of stainless steel microchannel heat exchangers drops off precipitously at 

microchannel fin deflections beyond 10%.  The deflection changes the channel dimensions 

through the array causing flow maldistribution between channels leading to lower heat transfer 

performance and higher pressure drop.  Fin deflection during operation is therefore a limiting 

factor in the adhesive-bonded design, even though higher aspect ratios can be bonded using 

the adhesive process.  
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3.4. 2. Constraints due to Flow Uniformity 

For the adhesive-bonded design, the minimum aspect ratio in the microchannel area is 14:1.  

Although aspect ratios as high as 100:1 could be used based on deflection modeling, the 

bosses (vertical ribs) are used for a different purpose here.  The bosses in the adhesive-

bonded design were designed to provide good flow distribution across the microchannel array.  

Based on a computational fluid dynamics analysis (see below) and the relaxation of bonding 

conditions discussed above, the number of bosses/ribs in the microchannel area was able to 

be reduced from 25 to 9 (see figure 3-1).  With further analysis in flow distribution modeling, it 

is expected that even fewer bosses may be possible thereby increasing the available active 

area.  

3.4. 3. Adhesive Bonding Design Changes 

As noted earlier, the adhesive-bonded design uses thicker material resulting in the processing 

of 50% fewer laminae compared with the diffusion-bonded design.  For the redesign, lamina 1 

(used with fluid 1) is 762 µm thick with an etch depth of 254 µm. Lamina 2 is 1016 µm thick 

with an etch depth of 508µm.  The web of material between the fluid layers (i.e. fin thickness) 

remains the same at 508 µm for both designs (denoted as F in figure 3-2).  Critical channel 

heights remain the same for both designs as noted in table 3-1.  

Other significant changes for adhesive bonding also included the redesign of lamina inlet and 

outlet headers, the size of the device margin and the number of bosses (ribs) for distributing 

flow.  These changes allowed an increase in the active area of the lamina.  The number of 

bosses and the number of inlet/outlet headers was based on an optimization of flow 

distribution, fin deflection and active surface area within the heat exchanger.  Consequently, 

the final number of fluid headers was increased to 7 per lamina (from 6).  Under these 

conditions, flow analysis using a finite-volume model (Flotherm) showed velocity 

maldistribution (ratio of highest to lowest velocity) of approximately 12% across the 

microchannel which was considered satisfactory from a performance standpoint.   

Comparison of the two heat exchanger designs as shown in table 3-2 indicated the following, 
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� Header area increases by 22% with the adhesive bonded design.  This is due to lack 

of islands with the new design as noted earlier.  Header areas are indicated with solid 

lines and shown by the light and dark blue regions in figure 3-1.   

� Active microchannel area increases by 17% with the new design.  More of the device 

margin is used with adhesive bonding.  Active areas are indicated with dashed lines 

and shown by the light and dark green regions in figure 3-1. 

� The ratio of boss-to-active area increases by 19% with the new design.  This indicates 

that the bosses (ribs) are fairly large when compared to diffusion bonding.  Using 

thicker laminae with adhesive bonding results in wider bosses due to PCM etch 

constraints, as noted in section 3.3.1.  The use of double sealing bosses also 

increases the inactive boss area in the adhesive bonded design.  Boss areas are 

indicated with dotted lines and shown by the grey regions in figure 3-1.   

However, it is expected that the new design could be further improved.  The adhesive-bonded 

laminae were originally redesigned for stamping.  Due to tooling costs, the design was 

converted to a PCM design.  Consequently, the bend radius during stamping dictated the size 

of the adhesive-bonded bosses.  Table 3-2 shows the additional savings that could be 

achieved by designing the laminae for PCM (optimized PCM adhesive bonded).  Redesign for 

PCM involved reducing the size of internal bosses and eliminating the outer boss ring.  With 

these changes, the following improvements can be achieved. 

� Header area increases by 22% as before.  

� Active microchannel area can be increased by 31%.  

� The ratio of boss-to-active area increases by 5% over diffusion bonding.  

The analysis suggests that the adhesive-bonded approach can lead to significant reductions in 

heat exchanger size on the order of 20 to 30% for the same heat load.  The increased channel 

header area also suggests lower pressure drops.  However, a drawback of this method is the 

relatively large size of the double sealing bosses when compared to diffusion bonding.  



 

 

  65 

 

 

3.5. Theoretical Estimations of thermal performance 

3.5. 1. Effectiveness Calculation 

If the inlet and outlet temperatures of the two fluids are known, the heat transfer rates for the 

hot and cold fluid can be calculated as follows, 

)( ,,, ohihhphh TTCmQ −= &
     (1) 

)( ,,, icoccpcc TTCmQ −= &
     (2) 

where �� �, �� � are the mass flow rates,  ��,�, ��,� are the constant specific heats (assuming no 

phase change), and Th,i, Th,o, Tc,i and Tc,o are the inlet and outlet temperatures of the hot and 

cold fluids respectively. 

Assuming negligible heat transfer rates to the ambient and negligible potential and kinetic 

energy changes for both fluids, an energy balance may be computed as  
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   (3) 

The effectiveness of a heat exchanger relates the effective heat transfer rate to the maximum 

transfer rate, or 

maxQ

Q
=ε

       (4) 

where Q and Qmax are the effective and maximum transfer rates of the device.  The 

experimental effectiveness can be simplified to a temperature difference ratio as follows, 
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Heat exchanger effectiveness can also be predicted using theoretical analysis as below 
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The overall heat transfer coefficient (U) can be related to the respective heat transfer 

coefficients between the two sides using the Wilson plot [17] method as follows, 

cwwh hthU /1//1/1 ++= λ
     (6) 

where tw and λw are the thickness of the partition wall and thermal conductivity of the wall 

material, hh and hc are heat transfer coefficients of the hot and cold fluid respectively.  

The Nusselt number (Nu) is defined as  

λ
hhD

Nu =
       (7) 

where Dh is the hydraulic diameter of the microchannel passage.  The Nusselt number is 

constant for fully developed, laminar flow (6.99 for a rectangular microchannel with an aspect 

ratio of 14).  For this study, the Reynolds number for the airflow side varied from 295 to 2060 

indicating laminar flow.  For the full-scale device projections in Table 3, fluidic property 

differences (R245fa) such as density and viscosity account for slightly higher Reynolds 

numbers as shown in table 3-3.  However, it is noted that the flow is much closer to laminar 

flow regime than turbulent regime.  Laminar flow analysis is therefore considered to be 

appropriate for the full-scale devices. 

For a counterflow heat exchanger, the theoretical effectiveness can be obtained using the 

number of transfer units (NTU) and heat capacity ratio (CR) using the following relationship 

[18], 
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where NTU and CR are defined as 
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where A is the area of the heat exchanger and Cmin and Cmax are the heat capacity rates of the 

two fluids.  

3.5. 2. Pressure Drop Calculation 

The total (system) pressure drop in a heat exchanger can be calculated as the sum of major 

and minor losses.  Major losses are friction losses, while minor losses occur due to geometry 

of the system (valves, bends, expansion and contraction).  

Using the Darcy-Weisbach equation for fully-developed flow, friction loss in a section is 

expressed as follows 

2

V
..

2ρ

h

major
D

L
fp =∆      (11) 

where L, Dh and V is the length, hydraulic diameter and average fluid velocity in the section, ρ 

is the density of the fluid and f is the friction factor. 

For laminar flow, the Darcy friction factor is a function of Reynolds number (Re) as follows, 

Re

64
=f       (12) 

Friction factor for turbulent flow is obtained from Moody diagram using Reynolds number (Re) 

and relative roughness (ε/D ratio of mean roughness to pipe diameter).  Turbulent flow was 

noted in the inlet and outlet rubes of the fluid manifolds (SS 316L; ε/D = 0.00025).   

Minor losses are computed as follows, 

2

V
.

2

min

ρ
Lor Kp =∆      (13) 
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Where KL is the loss coefficient associated with a particular geometry.  

The total pressure drop constitutes the sum of the major and minor loss components, 

∑∑ ∆+∆=∆
x

or

n

majorTotal ppp
1

min

1

    (14) 

3.6. Experimental Approach 

3.6. 1. Test Article 

Due to test setup limitations, a partial heat exchanger (Figure 3-3) was built from two laminae; 

one for each fluid.  Based on the adhesive bonding process described in [11], sealing bosses 

were patterned on laminae (Stainless Steel 316L) using PCM.  A controlled amount of 

adhesive (Loctite 3621) was deposited between the sealing bosses using a dispenser 

(Asymtek Spectrum S-820).  Laminae with adhesive were stacked on top of each other and 

cured at low temperatures (<150 °C) to produce the bonded device.  Characterization of 

typical bonds and cross-sections are described in detail elsewhere [11].  

3.6. 2. Experimental Setup 

The 2-layer microchannel heat exchanger was installed in a test loop to evaluate thermal and 

pressure drop performance.  Fluid manifolds were attached to the heat exchanger using an 

epoxy adhesive (J-B Weld).  The test device was covered in foam insulation and plastic hoses 

were attached using clamps.  Hot water (fluid 1 used with lamina 1-762 µm) and compressed 

air (fluid 2 used with lamina 2-1016 µm) were used as the working fluids.  For pressure drop 

testing, the airflow was varied from 150-1100 cm3/s (20-140 CFH).  For effectiveness testing, 

water flow was maintained at 0.32 cm3/s (0.3 GPH) and airflow was varied from 150-1100 

cm3/s (20-140 CFH).  Inlet and exit pressures were measured for both fluids using pressure 

transducers (Omega DPG1000b-15G) and temperatures were measured using K-type 

thermocouples.  Flow rate was measured using flowmeters for both water and airflow.  Flow 

rate uncertainties were estimated at 0.014 cm3/s (0.013 GPH) for water flow and 19.7 cm3/s 

(2.5 CFH) for air flow respectively.  The uncertainty in the pressure transducers was 0.034 
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kPa and temperature measurement uncertainty was 0.05 °C.  The maximum errors in 

pressure drop and effectiveness were estimated at 6% and 2% respectively.  

3.7. Results and Discussion 

3.7. 1. Effectiveness 

The experimental and estimated values of heat exchanger effectiveness are compared in 

Figure 3-4.  The predicted values exclude axial conduction losses and show that the 

theoretical effectiveness varies from roughly 0.99 to 0.55, decreasing with increasing airflow 

rates.  This effect is clearly explained by equations 8 and 10.  The effectiveness decreases as 

the capacity rates of the two fluid streams approach each other.  The experimental 

effectiveness varies from 0.825 to 0.55.  At very low airflow rates, the difference between the 

theoretical and experimental values is quite large.  The energy balance errors for the three 

lowest airflow settings were 48%, 27% and 17% respectively, indicating that heat loss was 

significant.  Sources of heat loss include axial conduction and leaks to ambient.  Energy 

balance errors for the remaining airflow settings were less than 5%, indicating that axial 

conduction dominated at low flow rates and was relatively unimportant at higher flow rates.  

Using the theoretical analysis as described in section 3.5.1, results extrapolated to the two full-

scale designs are shown in table 3-3.  R245fa liquid (fluid 1 used with lamina 1; 254 µm 

channel height) and R245fa vapor (fluid 2 used with lamina 2; 508 µm channel height) are 

used as fluids for the two full-scale devices.  The full-scale devices have a total of 65 fluid 

layers (32 fluid 1 layers +33 fluid 2 layers).  From table 3-3, it is noted that the Reynolds 

numbers for the full-scale devices are 2320 and 2720 respectively, for the diffusion and 

adhesive bonded designs.  As mentioned earlier, laminar analysis is still considered 

appropriate as the flow regime is much closer to laminar than turbulent flow.   

For the full-scale device comparison, available heat exchanger area increases by 17% in the 

new design as noted in table 3-2, resulting in a corresponding increase in NTU.  A greater 

effectiveness (+4%) and larger heat load (+6%) is realized in the new design as a result of the 

increase in NTU.  Using an optimized PCM adhesive bonded device, NTU increases by 31%, 

resulting in a 7% increase in effectiveness and 11% increase in heat load.  Regardless of 
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optimization, the implication is that a smaller heat exchanger is possible with the adhesive-

bonded design providing additional raw material savings.  

3.7. 2. Pressure Drop  

In figure 3-5 (top), the theoretically calculated system (total) pressure drops for the test device 

are compared with experimental data for the airflow side.  The system pressure drop includes 

losses when the fluid enters the inlet manifold and exits the outlet manifold, and is 

schematically shown in figure 3-5 (bottom).  The experimental pressure drop varies 

approximately with the square of the flow rate, and is expressed with a least squares fit as 

shown in the figure 3-5 (top).  Experimental results are in excellent agreement with pressure 

drop calculations as shown in section 3.6.2.  The maximum variation between the 

experimental and theoretical values is 16%, with the maximum pressure drop of 28.3 kPa at 

the highest flow rate.   

Since the manifold details were unknown for the diffusion-bonded device, the pressure drop 

across a single lamina was calculated for both designs and compared in Table 3-3.  The 

adhesive-bonded design has approximately 42% higher pressure drop (9.4 kPa) than the 

diffusion-bonded design (6.6 kPa).  The adhesive-bonded design has approximately 14% 

higher average fluid velocity in the microchannel section due to fewer, albeit larger flow 

passages.  

In comparing table 3-3 and figure 3-5, it is apparent that the single lamina pressure drop 

(9.4kPa) is approximately 3X lower than the experimentally measured system pressure drop 

of 28.3kPa.   

A breakdown of the pressure loss components (figure 3-5 bottom) indicates that the total 

pressure loss across a single lamina is approximately 27% (dotted region in figure 3-5 bottom), 

while other (non-lamina) losses (friction loss in manifold tubes + minor losses) are fairly large 

at 73%.  A redesign of the manifolds (circled region in figure 3-5 bottom) would significantly 

reduce minor losses due to expansion and contraction.  For example, doubling the diameter of 

the inlet and outlet tubes reduces non-lamina losses to 32% of system pressure drop. 
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3.7. 3. Erosion mitigation in adhesive bonding 

Metallic microchannel coolers used for laser-diodes have experienced reliability issues due to 

erosion of microchannels [19, 20].  High water velocities cause erosion due to presence of 

particles in the process cooling water.  Rapid erosion of adhesive bonds is therefore a serious 

concern that needs to be addressed with the proposed method.  The sealing bosses used to 

constrain the adhesive also provide a protective shroud acting as a barrier separating the 

adhesive from the fluid.  The bosses do not provide a water-tight seal but have a small gap 

that has been characterized elsewhere [11].  While the gap provides fluidic access to the 

adhesive, the pressure drop across the gap is very large significantly reducing the velocity of 

the water that impacts the adhesive.  Flow simulations show a 45-65X reduction in velocity 

components under an experimentally characterized gap of 12-13µm [11].  Using erosion 

models developed by Oka et al. [21, 22], the adhesive is expected to erode at about 1/7th the 

rate of stainless steel base material at the worst-case wall gap.  Using a measured wall gap of 

15µm, the adhesive erodes at a remarkable 515X slower than stainless steel base metal.  

This implies that the adhesive bond will outlast the metallic base material and requires that the 

device be taken out of service prior to complete base metal erosion. 

3.8. Conclusions 

An adhesive-bonded, air-water microchannel counterflow heat exchanger has been designed, 

fabricated and tested, and shown to provide improved heat transfer performance for air flow 

rates up to 1100 cm3/s (140CFH).  Relaxed aspect ratios resulted in 50% reduction in the 

number of laminae in the new design.  Results suggest a 31% increase in active area for a 

given footprint using optimized PCM and adhesive-bonded design.  A maximum effectiveness 

of 82.5% was achieved with good agreement between theoretical and experimental values at 

high flow rates.  The new design has a larger NTU due to a 17% increase in active area, 

resulting in a higher effectiveness and greater heat dissipation within the same footprint.  This 

suggests that a smaller heat exchanger is possible with the adhesive-bonded design, implying 

additional savings.  The penalty for improved heat transfer is  higher pressure drop than the 

original design due to fewer flow passages in the microchannel section.  Air-side experimental 

pressure drops were in good agreement with theoretically predicted pressure drops.  High 

experimental pressure drops can be lowered by increasing the diameter of the inlet and outlet 
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headers ensuring that the full-scale device meets pressure drop specifications.  Flow 

simulations and erosion calculations indicate that the base metal erodes much more rapidly 

than the adhesive bonds eliminating concerns about adhesive erosion.  
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Figure 3-1: Comparison of lamina designs between diffusion (top) and adhesive bonding 
(bottom).  The top exploded area shows islands in the header region.  Notice the lack of 

islands and fewer bosses/ribs in the adhesive design.  Header, boss and active areas are 
shown in the two designs.    
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Figure 3-2: Lamina design comparison.  Diffusion-bonded design is shown on top.  Fin aspect 
ratio is defined as w/t in the above figure.  Exceeding the critical aspect ratio results in 
unbonded fin regions at locations 1 & 2.  Notice the larger channel aspect ratio in the 

adhesive-bonded design (bottom).  This allows the new design to use 50% fewer laminae.  
The total fin thickness (F) remains the same in both designs. 
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Figure 3-3: Schematic of 2-layer microchannel heat exchanger test device.  The individual 
lamina designs (Lamina 1-right) and Lamina 2 (left) are also shown. 
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Figure 3-4: Comparison of experimental and theoretically calculated heat exchanger 
effectiveness as a function of flow rate. 
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Figure 3-5: Comparison of experimental and calculated pressure drops as a function of airflow 
(top).  System pressure drop components are shown below.  
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Table 3-1: Heat exchanger specifications and comparison with adhesive-bonded design. 

 

Microchannel Heat Exchanger 
Diffusion-bonded 
design 

Adhesive-bonded 
design (extrapolated) 

   Fluid 1 Fluid 2 Fluid 1 Fluid 2 

    
R245fa 
liquid 

R245fa 
vapor 

R245fa 
liquid 

R245fa 
vapor 

Number of fluid layers  32 33 32 33 
Number of lamina  64 66 32 33 
Mass flow rate (kg/min)  1.8 1.8 1.8 1.8 
Lamina thickness (µm)  381 508 762 1016 
Etch depth (µm)  127 254 254 508 
Critical channel height (µm) 254 508 254 508 
Fin thickness (µm)  508 508 508 508 
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Table 3-2: Comparison of heat exchanger areas between diffusion and adhesive-bonded 
designs. 

 

Design 
Lamina 
Area m2 

Active 
Area m2 

Boss 
Area m2 

Header 
Area m2 

Boss/Active 
Area Ratio % 

Active/Lamina 
Area Ratio % 

PCM/Diffusion-
bonded 

0.01786 0.00594 0.00096 0.00143 16.16 66.53 

PCM/Adhesive-
bonded (stamp 
simulated) 

0.01786 0.00698 
(+17%) 0.00247 0.00174 

(+22%) 
35.37 
(+19%) 

78.22 
(+12%) 

Optimized PCM/ 
Adhesive-bonded 

0.01786 0.00777 
(+31%) 0.00165 0.00174 

(+22%) 
21.24 
(+5%) 

87.03 
 (+21%) 
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Table 3-3: Comparison of heat exchanger parameters between diffusion and adhesive-bonded 
designs.  Results are extrapolated for full-scale devices with both designs. 

 

Microchannel Heat Exchanger 
Diffusion bonded 
design 

Adhesive bonded 
design 

    Fluid 1 Fluid 2 Fluid 1 Fluid 2 

    
R245fa 
liquid 

R245fa 
vapor 

R245fa 
liquid 

R245fa 
vapor 

Reynolds Number 81 2320 98 2720 
Convection Coefficient (W/m2K) 1340 117 1340 117 
Inlet temperature (ºC) 51.6 16.1 51.6 16.1 
Estimated outlet temperature (ºC) 36.3 39.8 35.3 41.4 
Inlet Pressure (kPa) 550 102 550 102 
Estimated pressure drop (kPa) 0.031 6.6 0.044 9.4 
Heat exchanger area (m2) 0.386 0.45 
Overall heat transfer coeff. (W/m2K) 107 107 
No. of transfer units (NTU) 1.53 1.78 
Effectiveness % 67 71 
Heat Load (W)   643 684 
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CHAPTER 4   
 
 
 
 

Considerations for Commercialization of Adhesive-Bonded Microchannel 
Arrays 
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4.1. Addressing Erosion Concerns with Adhesively Bonded 
Microchannel Arrays 

4.1. 1. Laser Diode Microchannel Heat Exchanger Reliability 

Microchannel heat exchangers have been widely employed for the cooling of laser diode 

arrays [1, 2].  These heatsinks are constructed using high thermal conductivity materials 

(usually copper) and provide state-of-the-art cooling by incorporating microchannel arrays 

below the mounting surface of the laser bar [3].  A liquid, usually water, is circulated in the 

microchannels to cool the hot-spot under the laser.  These techniques allow for stacking of 

laser diode bars with very high power densities on the order of several kilowatts [1].  

Microchannel heatsinks also permit the individual laser bars to dissipate higher wattages 

upwards of 100W, significantly more than passively cooled heatsinks [3].  

Existing water-cooled microchannel heatsinks have shown significant reliability issues [1, 2].  

Corrosion and erosion issues affect the service life of laser heatsinks leading to decreased 

efficiency, wavelength shifts, increasing temperatures and sometimes complete device failure 

[2, 3].  Ebert, et al. [2] reported failures on microchannel heatsinks after just a few weeks of 

use, well below service life requirements.  

Haake and Faircloth [1] outlined the fundamentals of corrosion of nonferrous metals in 

aqueous solutions and discussed approaches for minimizing them.  A summary of the different 

corrosion types along with mitigation strategies is summarized in Table 4-1.  As shown in the 

table, most forms of corrosion can be mitigated by good design practice.  A given 

microchannel array application should use appropriate materials to avoid oxidation, pitting and 

galvanic corrosion, while minimizing biological growth.  Cavitation issues can be largely 

designed out by avoiding very large pressure drops, thereby minimizing the formation of 

bubbles.  The corrosion and erosion issues that occur with existing copper based 

microchannel heat exchangers have two major contributors, as discussed below.  

4.1.1.1. Corrosion due to the use of De-Ionized Water 

De-ionized (DI) water is commonly used for laser diode heatsinks to isolate the fluid from the 

electrical circuit.  The very small geometries in microchannels can lead to high field strengths, 
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requiring the use of aggressive DI water [4].  The aggressive DI water (5-10 µS/cm) can attack 

the copper leading to disruption of the protective oxide layer.  Manufacturers have tried to 

counter this issue by coating the copper surfaces with a noble material like gold.  However, 

thick gold layers can result in uniformity issues and added costs.  The use of ceramic layers 

as proposed by Bonati et al. [5] isolates the electrical and water circuits.  This isolation allows 

the use of regular industrial water or tap water, significantly reducing overall cost of the system.  

Though this approach has been demonstrated to be feasible, no discussion was given 

regarding the implication of increased thermal resistances.  

4.1.1.2. Erosion due to High Water Velocities 

Microchannel heatsinks in diode bars circulate water at high velocities close to the heat source 

area.  The high velocities result in very low convection resistances, thus permitting higher 

power dissipation than possible with passively cooled heatsinks.  Flow rates from 0.3-5 L/min 

have been used, with water velocities reported as high as 5-7m/s [1,5,6].  At these high 

velocities, protective coatings on the copper surfaces can be eroded, along with the formation 

of localized galvanic cells that lead to corrosion.  Some of the corrosion products remain as 

insoluble compounds that get circulated causing clogging and further erosion.  Erosion is also 

compounded by the presence of particles in the cooling water.  At these high water velocities, 

the particles act as abrasives causing major damage.  The use of industrial or tap water is 

only expected to exacerbate this problem.  Bonati et al. [5], Haake and Faircloth [1] and Ebert, 

et al. [2] have outlined several instances where microchannels have been enlarged or 

completely washed out due to this form of erosion.   

The most common approach to avoid erosion damage has been to reduce the water velocity.  

Macro channels have been used instead of micro channels [3,4,5] to reduce the water 

velocities by several magnitudes.  However, this approach carries the penalty of reduced 

cooling performance, resulting in increasing junction temperatures causing other reliability 

issues.  Erosion corrosion due to high velocities and the presence of particles remains a 

significant concern in the service life of microchannel heatsinks.   

In prior work [7], the authors have demonstrated the use of surface mount adhesives for 

assembling microchannel arrays made out of stainless steel and aluminum.  In this approach, 

the adhesives used for bonding are generally less wear resistant than the base material and 
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therefore have the potential to erode more rapidly when compared to metals.  Consequently, 

an erosion mitigation strategy is needed to address suitability of the adhesive bonded 

approach for high fluid velocity applications.  The following analysis was performed to address 

these potential erosion concerns with adhesive-bonded microchannel arrays.  

4.1. 2. Sealing Bosses for Erosion Protection 

Erosion of metallic microchannels in laser diodes occurs mostly as a result of high water 

velocities.  Reducing the water velocity is an obvious solution to the problem, as evidenced by 

the approaches of Bonati et al. [5, 6], Ebert et al. [2] and several other commercial vendors.  

Accordingly, erosion of the adhesive could also be greatly minimized by reducing the flow 

velocities at areas of adhesive contact.  Such a design would ensure that the rapid erosion of 

the adhesive does not introduce additional reliability risks for these heatsinks.  The adhesive 

joint would no longer be the weakest link in the reliability chain.  

In the novel adhesive bonding process described elsewhere [7], sealing bosses were used to 

constrain the adhesive to desired locations for bonding, establish the height of microchannels 

during bonding and provide a protective shroud for the adhesive during flow operation.  The 

bosses essentially act as a barrier separating the adhesive from the fluidic regions.  It should 

be noted that the boss features are not water-tight.  A small gap exists between the laminae 

due to several factors such a feature co-planarity, surface roughness, etc.  This gap has been 

experimentally measured to be on the order of 10-15 µm using cross-sections from test 

articles [7].  It is expected that this small gap would reduce water velocities adjacent to 

adhesives by providing a very large pressure drop.  Consequently, the reduced water 

velocities are expected to result in very low adhesive erosion rates, when compared to the 

base material.  

4.1. 3. Evaluation of Erosion Effects 

4.1.3.1. Velocity Reduction Model  

A simulation model was developed to determine the magnitude of fluid velocity reduction that 

could be obtained by the partial shielding of the adhesive provided by sealing bosses.  A 

single microchannel was modeled as shown in Figure 4-1, using a finite volume model 
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(Flotherm).  It was assumed that the microchannel was formed by 2 plates that were 

50x50x0.5mm.  The top plate had a projection that represented the boss feature to control the 

channel height.  The boss feature was 2 mm wide, with a height of 0.2 mm.  Water at 5 0C 

was used as the working fluid.  

Haake and Faircloth [1] have noted that velocities greater than 5 m/s can cause erosion of the 

copper microchannels.  To simulate this condition, the input flow rate was adjusted to provide 

an inlet water velocity between 5-7 m/s.  Once a suitable inlet velocity was achieved, the flow 

rate was held constant.  The wall gap was varied between 10-50 µm (in steps of 10 µm) to 

simulate velocity reduction for a wide variety of use cases.  For all cases, the leakage velocity 

was noted using the monitor points as shown in Figure 4-2.  These points represent the 

velocity of the water that would leak beyond the boss feature and impact the adhesive.  

A sample solution plot of the model is shown in Figure 4-2.  It can be seen that the majority of 

the flow is from the inlet to the outlet, with very little leakage beyond the sealing bosses.  

Figure 4-2 shows the x-velocity component of the flow.  Both X and Y velocity components 

were simulated for the varying wall gaps and the results are plotted in Figure 4-3.  As shown in 

the figure, the inlet velocities decrease slightly with increasing leakage velocities with the 

constant flow rate condition.  Leakage velocity in the plot is defined as the velocity of fluid that 

transcends the wall gap.  As expected, the figure shows that leakage velocity decreases in a 

non-linear manner with wall gap.  This is due to the non-linearity between pressure drop and 

hydraulic diameter in laminar pipe flow.  From Figure 4-3, it can be seen that in general there 

is a 7X reduction in leakage velocity at the worst case wall gap of 50 µm.  The wall gap has 

been previously measured to be approximately 12-13 µm with cross-sections, suggesting a 

Reynold’s number of 2.  Using a condition of the measured wall gap of ~15µm, the leakage 

velocities (X-component =0.11 m/s; Y-component =0.08 m/s) are approximately 45-65X lower 

than the inlet velocities as shown by the measured wall gap line in Figure 4-3. 

In prior work [7], measurements have shown that surface roughness is a major contributor to 

the observed gap.  Other contributing causes are co-planarity of the boss features and 

warpage of the lamina.  This implies that using smoother surfaces (thereby reducing wall gap) 

is a means to further minimize leakage velocity and adhesive erosion during device operation.  
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4.1.3.2. Theoretical Erosion Calculation 

Since the erosion rates of the adhesive are unknown, it is still possible that the softer adhesive 

could erode more rapidly even at the low leakage velocities.  In order to gain acceptance for 

these devices, the adhesive bonds should be at least as reliable as the metallic channels.  

Hence some sort of an erosion assessment is required to evaluate and compare adhesive and 

metal erosion rates.  

Several erosion models are available to compare the erosion rates of materials.  Oka, et al. 

[8,9,10] proposed an erosion model applicable for “any materials under any impact conditions”.  

This model has been validated using erosion tests on metals, plastics and ceramics.  Zhang, 

et al. [11] compared the use of several erosion equations such as the Finne erosion model,   

Hashish and Bitter erosion model, and the Oka et al. model with experimental erosion probe 

data.  Zhang states that the Erosion-Corrosion Research Center (E-CRC) and the Oka, et al. 

models give very good correlation between experimental and model results.  Although 

originally developed for large particles with high velocities, Zhang [11] concludes that the Oka 

et al. model is still applicable to fine particles at low velocities based on correlation of actual 

erosion probe data with theoretical models.   

The effective parameters for the Oka et al. model are particle impact velocity, angle, size and 

type of particles and material hardness of the target material.  In the model, erosion damage, 

E, is defined as the amount of target material volume removed per mass of impacting particles 

(mm3/kg).  The erosion model is stated as follows.  
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where, 

� E(α)  and E90 is the erosion damage at any arbitrary angle and a normal angle in  

mm3/kg; 

� g(α) is the effect of impact angle on normalized erosion; 

� Hv is the Vickers hardness in GPa; 

� n1, n2 are determined by particle hardness and properties such as shape; 

� Vparticle, Vref are the particle and reference velocities respectively in m/s; 

� Dparticle, Dref are the particle and reference diameters respectively in µm; 

� K, k1 and k3 are constant and exponents of an arbitrary unit;  

� k2 is an exponent that is determined by material hardness and particle properties.  

The reference diameter and reference velocity are used in the experiments for correlations of 

erosion damage.  The following assumptions were used in the model to estimate erosion 

damage: 

� Aluminum 3003 was used as the microchannel base metal.  This is considered to be 

worst case.  

� The particle velocity for the base metal was chosen as 5 m/s.  

� A wall gap of 50 µm was used for analysis.  Actual values were measured to be 

around 12-13µm.  
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� A leakage velocity of 0.787 m/s (from flow simulations) at a 50 µm wall gap was used 

for calculating the worst case adhesive erosion rate.  

� The erosion is assumed to be caused by 5 µm SiO2 (sand) particles present in the 

water.  

The presence of sand particles was chosen to simulate the use of industrial or tap water 

instead of DI water.  Constants in erosion equations 2 and 3  are available for these conditions 

and are shown in Table 4-2.  

As indicated earlier, aluminum was used in the erosion model to simulate the worst case 

erosion condition.  Aluminum has the lowest hardness among common heat exchanger 

materials like copper and stainless steel, and is therefore expected to erode much more 

rapidly.  Prior work [7] has shown that the adhesive readily bonds to aluminum.  Stainless 

steel 316L is also shown for comparison as it is a common heat exchanger material. 

The results of the erosion estimation are shown in Figure 4-4.  The individual erosion rates of 

the base metal and the adhesive are compared.  The maximum erosion rates for the 

aluminum, stainless steel and the adhesive occur at different angles, primarily due to the 

ductility and hardness of the materials.  It can be seen that the adhesive erodes at 

approximately 1/12th the rate of aluminum and 1/7th the rate of stainless steel base metals at 

the worst case wall gap.  Using a 45X reduction in leakage velocity corresponding to the 

measured wall gap of 15 µm [7], the adhesive erodes at a remarkable 848X and 515X slower 

than aluminum and stainless steel respectively.  This clearly implies that the adhesive bond 

will outlast the metallic base material.  It is expected that the erosion of the adhesive will not 

be accelerated as the metal erodes because the erosion is not likely to be adjacent to the wall 

gap.   

These findings suggest that the adhesive bonding process could be used for high velocity 

applications such as microchannel arrays for the cooling of laser diodes, with the provision 

that the device is taken out of service prior to complete base metal erosion.  This also allows 

the use of aluminum-based microchannel heatsinks, which could significantly reduce the cost 

of existing diffusion bonded copper-based heatsinks as suggested elsewhere [7].  
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4.2. Economic Comparison 

The adhesive bonding technique has the potential to reduce the overall cost of microchannel 

array production due to compatibility with cheaper materials such as aluminum and by 

simplifying bonding processes.  The material and bonding costs for the heat exchanger 

described in Chapter 3 are compared to determine the extent of cost savings.   

The cost comparison is outlined in Table 4-3 for a full-scale device.  Both the diffusion and 

adhesive-bonded devices were constructed out of stainless steel 316L, have the same 

external X, Y, Z dimensions, and are 2-fluid counterflow microchannel devices designed for 

similar operating conditions and pressures.  Both designs used photo-chemical machining 

(PCM) for patterning, although the laminae were redesigned for adhesive bonding.  As 

explained earlier in sections 3.3-3.4, approximately 50% fewer laminae were needed due to 

relaxed design constraints with adhesive bonding.  Fixtures, setup and programming costs 

were not considered because they were not known for the original diffusion-bonded device.  

From Table 4-3, it can be seen that the patterning cost has been reduced by 83% and the 

bonding cost has been reduced by 71%, when compared to diffusion bonding.  The 

prototyping cost of the new device is approximately 20% of the cost of the traditional diffusion 

bonded device.  By moving to sheetmetal embossing and using automation available within 

the electronics assembly industry to scale up the bonding process, a 10X cost reduction is 

expected over the original fabrication approach based on PCM and diffusion bonding.   

At a prototyping level, cost savings were realized in several areas namely,  

� The patterning cost of the laminae is significantly reduced.  The simpler design not 

only costs less to manufacture, but also the adhesive process uses 50% fewer lamina 

as the diffusion bonding process.  This is due to the elimination of half-etching of 

laminae afforded by the lower pressures needed for adhesive bonding as described in 

Section 3.3.   

� Laminae were coated with gold for the diffusion-bonded design to enable robust 

bonds.  Adhesive bonding does not require any lamina coating.  
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� Due to the relatively low pressures needed for assembly, the end plates are thinner 

and significantly less expensive.   

The costs of adhesive dispense and cure is significant and is the biggest contributor to the 

overall cost of the new device.  While this is significantly cheaper than diffusion bonding, steps 

can be taken to reduce bonding costs as described below.  

� Adhesive dispense and assembly process for the prototype device took approximately 

6 hours.  Subsequent assembly times are expected to be shorter due to an assembly 

protocol being already established.   

� The dispense program deposited adhesive on two laminae per run during the 

experiment.  A simple program change to dispense four laminae per run can 

significantly increase throughput.  

� A 10cc adhesive syringe was used for the program.  While the smaller size allowed 

easier handling, a syringe needed to be replenished every 5th program repetition.  As 

part of the syringe change, a flow calibration routine also needed to be run.  The use 

of a larger 30cc syringe would cut down the time needed for assembly.  

� The dispense program was not optimized for speed.  Similarly a jet dot-size was 

selected based on historical experience with other applications.  Optimum program 

settings, combined with larger jet dot-sizes can significantly reduce program run time.   

� Replacement of the dispensing step with screen printing is expected to significantly 

reduce costs.  

� The adhesive cure was done at 100 oC for 4 hours.  However, the adhesive can be 

readily cured at a higher temperature for shorter periods of time.  For low volume 

assembly, the cure time can be reduced to 1 hour at 150 oC.  

4.3. Adhesive Refrigerant Compatibility 

The adhesive bonding process is ideally suited to the application of low-temperature heat 

exchangers.  The electronics cooling industry is a prime candidate for employing this particular 
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technology.  Liquid cooling is presently used for dissipating high heat fluxes in performance 

products such as computer motherboards and gaming systems.  Research showed that the 

most commonly used fluids are water and ethylene-glycol (anti-freeze).  Some systems use 

phase change cooling similar to a refrigeration cycle and employ R134a as the working fluid.   

A literature review was conducted to determine compatibility of these common refrigerants 

with adhesives, along with the particular fluid for the design explained in Chapter 3, namely 

R245fa.  Specifically, the refrigerants reviewed for compatibility testing were water, ethylene-

glycol water mix (50/50), R134a and R245fa.  

4.3. 1. Water/Anti-freeze Compatibility 

Some data was available from the adhesive vendor regarding testing under ambient 

conditions after high temperature aging at 150oC and 40 oC with 98% relative humidity.  This 

data indicates that the adhesive retains 75% of its strength after 1000 hours of exposure 

under these conditions [12].  No vendor information was available on compatibility with 

ethylene-glycol, R134a and R245fa.  However, the data sheet for an earlier formulation 

adhesive [13] indicates that it is resistant to Freon113 and retained 100% of its strength after 

1000 hours of testing.   

Compatibility of epoxy plastics with water and anti-freeze (ethylene glycol) is well documented 

in the industry.  Epoxy based compounds are used to seal wood in the boating industry.  It is 

also noted that epoxy resin lined tanks are recommended for long term storage of anti-freeze 

[14].  It is therefore concluded that there are no adverse compatibility issues for these types of 

epoxy-based adhesives with exposure to anti-freeze or water.  

4.3. 2. R134a Compatibility 

R134a (tetrafluoroethane) is widely available and used in automotive refrigeration systems.  

Data available from various formulators [15] indicates that it has good compatibility with epoxy 

resins.  As the adhesive is an epoxy material, it is assumed that there will be no compatibility 

issues with this refrigerant.  Campbell, et al. [16] has proposed a method to cool power 

electronic devices using R134a refrigerant.  In their experiments, they submerged electronic 

components in the refrigerant and used an epoxy compound to seal the vessel.  Although not 
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intended as a compatibility test for the epoxy, it simulated use in an automotive air 

conditioning system.  No material issues or leakage was reported for the test duration of 850 

days.  Since this test was intended to mimic an actual automotive operation, it is inferred that 

epoxy materials have good compatibility with R134a refrigerant.  

4.3. 3. R245fa Compatibility 

R245fa is a relatively new refrigerant and most of the available information is from the foam 

blowing industry.  Honeywell produces the refrigerant under the ENOVATE 3000 brand name.  

Available literature from Honeywell indicates that R245fa is fairly benign and compatible with a 

wide variety of metals and plastics used in foam processing equipment.  Bowman, et al. [17] 

states that R245fa serves as a direct replacement for the now banned HCFC-141b, but is less 

aggressive towards metals and plastics.  They also indicated that gaskets and seals that were 

redesigned for HCFC-141b are compatible with R245fa.  HCFC-141b was previously widely 

used in the electronics industry as a cleaning agent and has good compatibility with epoxy 

resins [18].  It is therefore inferred that R245fa also has good compatibility with epoxy 

materials.  It is also noted that most refrigerant reclaiming systems use epoxy-lined steel tanks 

for refrigerant recovery.   

R245fa is also used as a skin refrigerant for treatment of minor sports injuries.  One such 

product is Gebauer’s Spray and Stretch® aerosol refrigerant.  A review of the technical data 

sheet [19] indicates that it is a proprietary mixture of R245fa and R134a.  The material 

information [19] indicates that it has excellent compatibility with epoxies, based on absence of 

leaching or breakdown of packaging material.  It is therefore expected that R245fa will have 

no compatibility issues with the epoxy adhesive.  

In summary, the available literature indicates that the epoxy-based adhesive bonding 

approach is expected to be compatible with commonly used refrigerants.   
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4.4. Key Learnings 

4.4. 1. Sophisticated Dispense Pumps 

A 3-axis dispenser was initially used to create dispensing programs for adhesive deposition.  

The dispense mechanism was a pressurized syringe pump, with a selection of needle 

diameters based on application.  

While the dispenser was adequate in terms of positional accuracy, the deposition of adhesive 

was entirely unsatisfactory.  The syringe pump created patterns by switching a solenoid, to 

apply/remove pressure to the adhesive syringe.  This mechanism was especially troublesome 

during starts/stops.  Since there was no mechanism to reverse or create suction at the end of 

a stroke, the adhesive would continue leaking even after the pressure was removed.  This 

created stringing issues, where a line of adhesive was deposited in undesired areas (i. e. 

between 2 adjacent ribs).  

Several syringe pressures, needle types and sizes were experimented with, to avoid or 

minimize the stringing.  Generous amount of dwell times were also introduced into the 

program to reduce stringing.  None of these approaches were successful, and the syringe 

pump was abandoned in favor of jetting equipment.  This indicated the need for a somewhat 

sophisticated mechanism, when compared to a pressurized syringe.  For example, the use of 

an auger pump can avoid stringing by reversing the auger at the end of a dispense cycle.  

Similar mechanisms exist for piston and jetting pumps to avoid stringing.  

4.4. 2. Manifold Attach Process 

A low temperature process is required for manifold attach as explained in [7], due to thermal 

excursion limits on the bonding adhesive.  For the adhesives mentioned earlier, the maximum 

attach temperature was ~100C, ruling out traditional processes such as welding.  

A 2-part epoxy was used for the low temperature manifold attach process as described in [7].  

Although it does not require a heat cure like the one-part formulations, longer cure times are 

needed for two-part materials.  Epoxy work-life and strength considerations dictated that 

manifolds on one side were cured overnight, before attaching manifolds for the other fluid.  
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The use of special fixtures can enable all the manifolds to be attached simultaneously with a 

single overnight cure to develop full strength, thereby significantly reducing the time required 

for manifold attach.  

4.5. Future Work 

4.5. 1. Long Term Reliability and Performance Characterization 

Commercialization of adhesive-bonded microchannel arrays would require studies on long 

term mechanical reliability, along with evaluation of performance critical factors.  Adhesive-

bonded microchannel arrays have potential in several low temperature applications such as 

electronics cooling, distributed climate control, portable heat exchange and automotive 

systems.  Each application has different requirements for mechanical reliability and would 

need evaluation on the suitability of adhesive-bonded devices for those applications.  

Electronics cooling is considered to be a leading application for the use of adhesive-bonded 

devices.  The adhesives described earlier [7], have been derived from electronics assembly 

and have been formulated with compatible properties for use near sensitive electronic devices.  

Some of these properties include good insulation characteristics, low outgassing, resistance to 

corrosion and biological growth [20], fast cure and good adhesion to various materials [12,13].  

Long term mechanical data is available for several instances of adhesives in electronic 

assembly applications such as underfill, corner and edge bonding.  Capillary underfill of BGA 

(ball grid array) and CSP (chip scale package) devices for high reliability applications is well 

known, where the device is encapsulated with epoxy material and cured.  Rampurawala et al. 

[21] reports that underfilled samples survive between 3 and 11 times longer than non-

underfilled samples in torsion.  No failures were found after thermal cycling on underfilled 

samples indicating superior thermal fatigue performance.  

In edge and corner bonding applications, adhesive material is applied to the periphery of BGA 

and CSP components to improve mechanical reliability.  Farris et al. [22] reports that edge-

bonded CSP’s survive 5 to 8 times longer than non edge-bonded parts in drop impacts.  

Toleno and Schneider [23] reported a fatigue life improvement of 50% in PBGA 256 and 11% 
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in PBGA 313 packages under thermal cycling with corner bonding.  Higher improvements 

were likely obtained for smaller BGA devices, but could not be verified under test conditions.  

The combined data indicates that adhesives likely meet mechanical reliability requirements for 

general electronic cooling applications, implying a quicker path to commercialization.  Critical 

performance factors such as liquid transmission and gas permeability should also be studied 

to determine suitability for a given application.  

4.5. 2. Shock Tolerant Adhesive Materials 

The adhesives evaluated for the prior mentioned bonding process [7] are fairly brittle after 

thermal cure, making the device highly susceptible to shock fracture.  Although adhesives are 

used to improve shock performance as mentioned earlier [21, 22], it should be noted that 

other electronic assembly materials such as printed circuit board (PCB) laminates and BGA 

substrates have fairly low modulus, imparting some flexure in the system.  For future work, 

adhesives that remain pliable after cure would make the device more tolerance to shock loads.  

Desirable traits such as no-sag during dispense, high bond strength and chemical resistance 

would need to be balanced with shock tolerant properties.  

4.6. Summary 

High fluid velocities have been reported to cause erosion of metallic microchannels, raising 

significant concerns of rapid adhesive erosion with the proposed method for those applications.  

Sealing bosses have been introduced as a concept to reduce the velocity of the fluid leaking 

past the bosses and impacting the adhesive bonds.  Flow simulation results show a 45-65X 

reduction in leakage velocity at the experimentally observed wall gap condition.  Results also 

show that even higher reduction in leakage velocities can be obtained by using laminae with 

smoother surfaces.  A theoretical erosion model was used to calculate the relative erosion 

rates of adhesive and base metal.  Results indicate that the worst case adhesive erosion rate 

is 12X and 7X slower than aluminum and stainless steel respectively.  Using conditions at the 

measured wall gap, the adhesive erosion rate is a remarkable 848X and 515X slower than 

aluminum and stainless steel respectively..  This indicates that the adhesive will outlast the 

metallic material, implying reliable performance for high fluid velocity applications.   
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Economic analysis indicates that the overall cost of the device with the new process is 

approximately 20% of a diffusion-bonded device, with a 10X reduction in cost expected with 

low volume assembly.  Material cost has been reduced by 83%, and bonding cost reduced by 

71% with the new adhesive bonding approach.  Adhesive compatibility concerns have been 

addressed with a literature search, indicating no compatibility issues with commonly used 

refrigerants.  Key process learnings have identified the need for more sophisticated dispense 

pumps, along with fixtures to reduce time needed to attach manifolds.  Future efforts should 

focus on improved adhesives for better shock tolerance, along with testing for long term 

strength and performance concerns.   
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Figure 4-1: Schematic of flow simulation model to determine velocity reduction using sealing 
bosses.  Dimensions are not to scale. 
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Figure 4-2: Plot of x-component velocities (20 µm wall gap).  The sealing boss is depicted as 
the dotted grey ring.  The monitor points indicate leakage velocities.  The highest leakage 

velocity occurs close to the inlet area (shown circled) and is approximately 30X lower than the 
peak inlet velocity at the 20 µm wall gap. 
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Figure 4-3: Inlet vs. leakage velocity for varying wall gaps.  The leakage velocities increase 
roughly with the square of wall gap.  The worst case and experimentally measured wall gaps 
condition are shown.  A 45X reduction in velocity is observed at the experimentally measured 

wall gap. 
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Figure 4-4: Comparison of erosion rates of adhesive and base metals.  The worst-case 
adhesive erosion is 1/12th and 1/7th the rate of aluminum and stainless steel respectively. 
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Table 4-1: Summary of corrosion types and mitigation strategies.  

 

Corrosion Type Relevance Mitigation 

Oxidation General design Selection of appropriate materials, control 
of dissolved gases 

Pitting General design Control of dissolved gases, filtering for 
suspended particles, etc 

Galvanic  
corrosion 

General design Similar materials, avoid different galvanic 
potentials 

Erosion  
corrosion 

Application 
dependant 

Good design of system to reduce high fluid 
velocities, selection of base material 

Cavitation General design Minimize changes in pressure to avoid 
formation of bubbles 

Biofouling General design Good material selection, use of bio-
inhibitors 
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Table 4-2: Summary of constants used in Oka erosion model. 

 

Constant Value 

s1 0.71 

s2 2.4 

q1 0.14 

q2 -0.94 

K 65 

k1 -0.12 

k3 0.9 

Vref 104 m/s 

Dref 326 um 
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Table 4-3: Cost comparison of diffusion and adhesive bonding approaches on a full stack 
device. 

 

Item Original 
Diffusion 
Bonded Device 

New Adhesive 
Bonded Device 

Cost 
Savings % 

Quantity-lamina A 66 33 
Quantity-lamina B 64 32 
Cost/lamina- (Lamina A, B) $23.50 $11.56 51% 
Total cost of laminae $3,055 $751.40 75% 
Cost of end plates (2x) $1,500 $32.64 98% 
Total Material Cost $4,555.00 $784.04 83% 
Adhesive usage cost N/A $160 
Gold treatment/ lamina $6 N/A 
Diffusion assembly & bonding costs $2,500 N/A 
Adhesive assembly costs 
@$100/hour 

N/A $600 

Adhesive cure costs @ $50/hour N/A $200 
Total Assembly Cost $3,280 $960 71% 
Total cost of device $7,835 $1,744.04 78% 
% Cost Comparison 100% 22.3% 
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CHAPTER 5   
 
 
 

Summary 
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A novel bonding method has been demonstrated for microlamination architectures, for the 

production of low-temperature microchannel arrays.  This approach addresses the need for 

low-cost, low-temperature microchannel process technology (MPT) applications.  Viscous 

surface mount adhesives have been used in conjunction with sealing bosses to demonstrate 

the novel technique.  Sealing bosses have been shown to reduce laminae quantities by 50%, 

due to relaxed design constraints with adhesive bonding.  The method combines low 

processing costs with cheaper materials to reduce overall MPT array costs.  The new process 

is compatible with a wide variety of metals, unlike traditional methods like diffusion bonding 

and brazing that exclude materials with thick native oxides.  Stainless steel 316 and aluminum 

were used to demonstrate the new bonding approach.  

Generation 1 (G1) test articles were used to demonstrate the feasibility of producing 

microchannels in aluminum using adhesives.  Sheet metal embossing and manual adhesive 

dispense was used to successfully produce leak-free devices.  Key learnings from this test 

article were control of adhesive spread, and low temperature requirement for attach of fluid 

manifolds.  Generation 2 (G2) test articles were used to demonstrate the concept of sealing 

bosses.  Sealing bosses control the channel critical dimension (height), constrain the adhesive 

to desired regions and shield the adhesive during fluid flow operation.  An improved adhesive 

was used with sheet metal embossing, manual adhesive dispense and low-temperature fluid 

attach to successfully produce microchannel arrays.  Key learnings from this test article were 

the need for automated adhesive dispense to reduce variability in bond strength due to 

uneven adhesive spread.  Generation 3 (G3) test articles were used to develop design rules 

for embossing and photo-chemical machining (PCM), along with automated adhesive 

dispense.  Double sealing bosses were evaluated using PCM on stainless steel 316 to 

successfully demonstrate counter-flow operation.  

Bond strength investigation using shear tests revealed that the adhesive bonding is very 

robust and insensitive to surface cleanliness.  This implies that operations like fluxing, pre-

cleaning or bond coatings are not necessary with this technique.  The bond strength on 

aluminum was found to be 5.5-8.5 MPa, using a 3X safety factor applied to the results of a lap 

shear test.   

Leak testing indicated that the bonding adhesive was very sensitive to manifold attach 

temperature, with charring of adhesive noted with conventional techniques like brazing or 
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uncontrolled soldering.  The pressure to failure varied with the uniformity of the adhesive bead, 

suggesting the need for automated adhesive dispense process.  A fill ratio concept was 

introduced to correlate leak performance to the amount of adhesive dispensed.  Feasible fill 

ratios were found to be 1.1 in general, and 1.25 around fluid headers for the G3 test articles.  

Although bond strength was unaffected by surface contamination, grease was found to inhibit 

hermetic seals under pressure.   

Dimensional analysis revealed that the adhesive bonding process is capable of producing 

consistent dimensions, with a two sigma post-bonded channel height tolerance under 10% 

(9.6%) after bonding.  A considerable part of this variation was shown to be due to incoming 

patterning tolerance.  The post-bonding channel height was on average 12.5 µm higher when 

compared to the pre-bonding measurements.  Surface roughness of the faying lamina was 

found to be a major contributor towards the observed differences in channel height.  The 

increased post-bonding channel height also partially explains the need for a larger fill ratio as 

indicated above.  

A 2-fluid counterflow heat exchanger was redesigned, fabricated and tested to demonstrate a 

functional device using the new method.  Aspect ratios as high as 100:1 were found to be 

capable of managing microchannel deformation during bonding and deflection during 

operation.  Inlet and outlet ports were redesigned based on the optimization of flow distribution 

and active surface area within the heat exchanger.  Flow maldistribution across the 

microchannel was approximately 12%, and deflection during operation was approximately 7% 

indicating acceptable performance.  Comparisons showed an approximately 17% increase in 

active area for a given footprint with the new method, when compared to traditional diffusion 

bonding.  

Functional performance was tested with a partial device using water and air as the test fluids.  

The maximum experimental effectiveness was 82.5%.  High heat loss was observed at low 

airflow settings, and good agreement was noted between experimental and theoretical values 

for larger airflow settings.  A higher heat exchanger effectiveness and larger heat dissipation 

rate is realized in the new design, due to the 17% increase in active area.  This suggests a 

smaller device, implying additional savings.  
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System (total) pressure drop varied with approximately the square of the flow rate.  Excellent 

agreement was noted between theoretical and experimental pressure drops, with a maximum 

variation of 16% between theoretical and experimental values.  In comparing designs, the 

pressure drop across a single lamina was approximately 42% higher in the new design, due to 

fewer, albeit larger flow passages in the microchannel region.  Analysis also indicated that 

non-lamina losses were approximately 73% of total pressure drop.  A simple redesign of fluid 

manifolds was shown to significantly reduce non-lamina pressure drop.   

High fluid velocities causing erosion in metallic microchannel coolers raise significant 

concerns of rapid adhesive erosion with the proposed method for high fluid velocity 

applications.  The sealing boss concept also serves to reduce the velocity of the fluid leaking 

past the bosses during flow operation.  Flow simulation results show a 45-65X reduction in 

leakage velocity at the experimentally observed wall gap condition.  Results also show that 

even higher reduction in leakage velocities can be obtained by using smoother surfaces on 

the lamina.  A theoretical erosion model used to compute relative erosion rates shows that the 

adhesive erodes at 1/12th the rate of aluminum and 1/7th the rate of stainless steel, at the 

worst-case wall gap.  This indicates that the adhesive will outlast the metallic material, 

implying reliable performance for high fluid velocity applications.  

Economic analysis indicates that an adhesive bonded device is approximately 20% of the cost 

of a comparable diffusion bonded device.  Material costs have been reduced by 83% and 

bonding costs reduced by 71% when compared to diffusion bonding for the recuperator 

mentioned in the study.   

Available literature indicates that the adhesive bonding approach can be used on commonly 

used refrigerants without any adverse compatibility effects.  Key process learnings have 

identified the need for sophisticated dispense pumps, along with fixtures to reduce time 

needed to attach manifolds. 

The findings of this research suggest a fairly quick path to commercialization for the new 

bonding method.  Future studies required to pursue commercialization are liquid and gas 

permeability evaluations, and long term strength and performance testing of adhesives in 

targeted low-temperature applications such as electronics cooling.   
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APPENDIX A 

Adhesive Stress Evaluation 

The adhesive bonding process described earlier is expected to be applicable for low-

temperature applications such as electronics cooling, climate control, etc.  The peak 

operational temperature for such devices is approximately 1000C, limited by the degradation 

of adhesive bond strength with temperature.  At the peak temperature, it is possible that 

additional stresses could be encountered, primarily due to varying coefficients of thermal 

expansion between adhesive and metals.  This would imply that even higher safety factors 

would need to be introduced in designs in order to compensate reduced bond strength and 

additional stresses at the peak temperature.  An understanding of additional stresses at peak 

temperature is therefore needed for future designs.   

A two-dimensional finite element model (Solidworks) was created to determine additional 

stresses imposed in the adhesive at peak temperatures.  A schematic of the model is shown 

in figure A1.  Two plates 5mmx1mm (thickness) were bonded using adhesive (3mmx0.5mm 

thick).  Stainless steel 316 was chosen as the bonded metal and Loctite 3615 was used as the 

bonding adhesive.  The bonded assembly was raised to a peak temperature of 1000C (room 

temperature 210C).  At the peak temperature, stresses in the adhesive due to varying 

coefficients of thermal expansion were studied. 

Figure A2 shows the stress field at peak temperature.  Stress value is highest at the adhesive 

corner, with large values along the adhesive sides rapidly dissipating in the bulk adhesive.  

The high stresses in the plates are artifacts of constraining and can be ignored.  Figure A3 

shows the resulting strain plot, focused around the adhesive corner (region of highest stress).  

From figure A3 (bottom), it can be noted that the maximum strain at peak temperature is 

approximately 0.01% (1e-4). 

The model shows that at peak temperatures, additional stresses imposed on the adhesive are 

relatively small.  Strain values are negligible implying larger safety factors may not be needed 

for future designs.  However, it is possible that repeated temperature cycling of the device 

could cause fatigue failures at the corner due to concentrated stress regions.  Although crack 
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propagation in the bulk adhesive is considered unlikely due to low stresses, this should be 

evaluated for future applications.  
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Figure A1: Schematic of 2D model for stress evaluation. 
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Figure A2: Stress plot at peak temperature.  Stress values are highest at adhesive corner 
(circled) and sides, rapidly dissipating in bulk adhesive.  High stress values in the metal are 

artifacts of constraining and can be ignored.  
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Figure A3: Strain map at peak temperature (top).  The bottom figure shows the highest 
adhesive strain at the corner, along with high strain values along the sides.  The largest strain 

in adhesive corner is 0.01%. 
 

 


