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Micro Energy and Chemical Systems (MIECS) are multi-scale microsystems, which rely

on embedded nano and micro-scale features to process bulk amounts of fluid in

applications ranging from man-portable heat pumps, distributed fuel reforming and in-

situ waste remediation. Microlamination is a well-known process architecture for

fabricating the highly parallel, high aspect ratio microcharinel arrays needed within these

devices. While the promise of MECS technology is exciting, the propagation of MECS

technology is greatly dependent upon economical fabrication.

The purpose of this thesis is to determine the feasibility of using current surface

mount technology (SMT) electronics assembly platforms to produce microchannel arrays.

Success was measured by the production of leak-proof, high-aspect-ratio microchannels

with uniform channel height.

Experimental results show that fabrication of high-aspect-ratio microchannels is

indeed possible. An aspect ratio of 42:1 was obtained in this study. The use of low

bonding temperatures (under 300°C) and pressures results in well aligned, parallel

channels with low levels of warpage. Channel height variation within these microchannel

arrays was measured to be less than ±1.2% of the overall mean channel height of 270.9

pm. Also, it was found that the device can tolerate an air pressure of at least 1.72 bar (25
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psi) without leakage. Future efforts need to emphasize the development of theoretical

process models and implementation with material systems having better mechanical and

chemical properties.
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1. INTRODUCTION

1.1 Background

Over the past four decades, microsystem development has become an increasingly

important subject for academic and industrial interests. Microsystems are the integration

of micro-scale electrical, mechanical, optical, fluidic and other components for some

functional application. In the field of microfluidics, the combined benefits of

compactness, reduced weight, reduced cost, improved heat and mass transfer rates,

improved temperature control, and other application-specific advantages of

microtechnology, make microsystems development appealing. Modem developments in

the design and utilization of microfluidic devices for fluid transport have found many

applications, ranging from life science industries for pharmaceutical (drug design and

delivery and detection) and biomedical (diagnostic devices) products, to industrial

applications as well as combinatorial synthesis (such as rapid chemical analyses and high

throughput screening). In other branches of medicine, new paradigms for noninvasive

diagnostics and surgery are enabled by small (possibly implanted or ingested)

microdevices. As an example of rapidly increasing demand for biomedical microdevices,

the biochip market was $400 M in the year 2000 and is expected to increase fivefold by

2005.'

Micro Energy and Chemical Systems (MECS) are another branch of microfluidic

devices which rely on arrays of embedded microchannels for the bulk processing of mass
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and energy. Typically, a M1ECS device will have overall system dimensions on the order

of 1 to 100 cm, but will include embedded arrays of microchannels where channel

heights are on the order of 25 to 250 micrometers (jim). Sizes of other features within

microchannels may extend well below 10 pm including contactor pores below 5 jim, or

catalyst features and nanoparticles below 1 jim. Because of this variance in length-

scales, MECS devices are considered multi-scale systems. An example of MECS devices

include microchannel heat exchangers, microreactors for waste remediation, advanced

climate control, solvent separation, microcombustion, fuel processing, microdialysis,

bioreactors and micromixers2 among others.

One class of MECS devices with current appeal are distributed thermal

management systems including compact, heat-actuated heat pumps. It is estimated that

these systems can be used to reduce the heating and cooling costs of an office building by

over 25% through the elimination of energy loss in duct and heat pump cycling.3

Similarly, it is expected that these systems can be applied to automotive markets, where

exhaust heat can be used to replace shaft work for belt-driven air conditioning

compressors resulting in substantial energy savings. Pacific Northwest National

Laboratory (PNNL) and Oregon State University are currently developing miniature heat

pumps for man-portable thermal management.

A key impediment to the proliferation of this type of MECS technology is

economical production. Generally speaking, MECS devices are fabricated using a

process architecture known as microlamination. Figure 1 shows a schematic of a

microlamination architecture involving the patterning and bonding of thin layers of
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material called laminae.4 Lamina patterning includes surface machining, through cutting,

molding or forming of all necessary features in foils or thin films of polymers, metals or

green ceramics having the requisite mechanical, thermal and chemical properties

important to the functioning of the final device. Once patterned, the laminae are

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

device.
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Figure 1: Microlamination scheme used to fabricate a dual micro-channel array. Arrows
show direction of flow.



Initial investigations into the economics of microlamination have shown that in

certain architectures, laminae bonding dominates the costs5 of microlamination though

more recently it has been shown that costs are driven by the number of laminae and the

size of the substrate to be bonded.6 A variety of bonding techniques have been used in

MECS device production including diffusion bonding, polyimide sheet adhesion,

diffusion soldering and brazing, micro projection welding, laser microwelding, capacitor

discharge welding, ultrasonic welding. 4,7,8

One promising avenue for addressing the economical production in these types of

devices is the application of surface mount technology (SMT). It has been shown by

Sharma et. al.6 that the unit cost of MECS devices could go down by more than 50% 6,9

as compared to diffusion bonding (DB) methods if an SMT platform was used which

could replace every other lamina with a solder layer. The reduction in cost is also due to

the decreased cycle time costs associated with the bonding process, where SMT has a

cycle time of about less than a minute as compared to DB cycle times of about 30

minutes to couple of hours, depending on material and geometry.



1.2 Objective

SMT is the practice and method of attaching leaded and non-leaded passive and

IC electrical components to the surface of printed circuit boards. In addition to being an

efficient, economical platform for production, SMT also provides a platform for

integrating electronics into MECS devices. This factor may become more critical as the

need to integrate sensors and actuators within MECS devices grows.

The focus of this research is to find out if surface mount technology (SMT) is

viable for the production of leak-proof, high aspect-ratio microchannels with uniform

channel height. The feasibility will be proved by making 3-layered devices and checking

them for leakage and uniformity in channel height. The technical issues involved with the

development are: (1) control of solder wetting adjacent to microchannels, (2) Flattening

of laminae, and (3) removal of laser burrs.

Typical material combinations in SMT involves pure copper with Sn/Pb solder.

Issues involved with the use of these materials within a MECS device might include

Galvanic corrosion and creep. Galvanic corrosion refers to corrosion damage induced

when two dissimilar materials are coupled in a corrosive electrolyte.1° Whereas, creep is

the permanent plastic deformation of a material at high temperature, at a constant load,

over a long period of time.'1 Research at OSU has shown that certain heat pump

configurations are possible that would minimize these problems. Some heat pump cycles

are capable of using nonpolar solvents such as isobutane (and other hydrocarbon

refrigerants) which would diminish the effects of Galvanic corrosion. Hydrocarbon
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refrigerants are non-corrosive and chemically stable at temperatures far higher than those

that occur in refrigeration equipment, because of this, direct material compatibility is not

a problem.'2' 13, 14 On some rubbers and plastic (butylic rubber, natural rubber, PVC, etc.)

however, problems have been observed.12' 13, 14 Further, the operation of certain heat

pump cycles is possible at or below room temperature where creep effects are minimized.

It has been stated that a creep rate of 1O8 % sec might result in Sn-Pb eutectic solder at

room temperature and an operating pressure of 0.1 MPa (1 atm).15 It is recognized that

for higher temperature applications, additional materials development will be needed

though the concept of solder pastes for mechanical devices is not foreign.16

The microlamination technique to be investigated will involve printing layers of

solder as channel laminae (helps in the flow of fluids) onto fin laminae (helps in transfer

of heat) using solder printing techniques and then reflowing the solder layers through a

converyorized convection oven. In particular, as a first step, it is of interest to determine

if current SMT platforms (i.e. copper substrates with Sn-Pb solder) can be used to

successfully produce microchannel arrays. Process feasibility will be demonstrated by

producing a simple three-layered microchannel device on the order of 4.44 x 1.9 cm in

size.

1.3 Organization of Thesis

Chapter 2 will focus on background information and the relevant literature associated

with this thesis, including work done in previous research. Chapter 3 will describe the



materials used and the approach to fabrication. Chapter 4 will discuss the outcome of

laboratory experiments. Chapter 5 will discuss the conclusions that can be drawn, based

on the results obtained from the experiments.



2. LITERATURE REVIEW

2.1 Microlamination

Microchannel arrays have been constructed using microlamination methods in a wide

variety of materials including metals like copper, stainless steel, intermetallics, porous

polymides, ceramics, and silicon.'7' 18 Silicon, being brittle, expensive and unable to be

tailored to specific environmental conditions, is not preferred in microchannel

fabrication.19 Materials like copper, stainless steel, etc. have higher densities and lead to

heavier final MECS devices. Ceramic and intermetallic materials are used for both high

temperature applications as well as when the environment requires oxidation resistance,

whereas copper and aluminum laminae are used for low temperature applications.

Many machining and patterning techniques have been used in the past for cutting

laminae. Shims can be patterned using techniques like photochemical etching, laser

patterning, blanking etc. 4,20 Proper machining and surface cleaning of the shims is

required for proper bonding of the microchannel arrays.

Many bonding techniques have been used in past for producing MECS devices.

Electron beam welding was used by Beir 21 to join the laminae of a microchannel heat

exchanger, but this is a very expensive and time consuming process. Lai et. a!, 2001,22

developed resin-gas injection-assisted bonding, a novel technique, they named for

polymer-based microfluidic platforms.
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Diffusion bonding has been widely used in microlamination,23'24 but this method

is also time consuming and requires high temperature and pressure. Such extreme

conditions can produce unwanted warpage and residual stress in materials leading to

geometric variations and misalignment between laminae.'825 Kanlayasiri 25 found that

the average percentage deviation in channel height, fabricated with NiA1 as the base

material and DB as the bonding platform, varied from 2 1.4% to 36.8% (channel height

142 microns), depending on the bonding parameters (bonding time, pressure and

temperature). The average percentage deviation in channel height using stainless steel as

the base material and DB as bonding platform without self-registration was found to be

from 3 1.7% to 7.7% for channel heights from 50.8 .tm to101.6 tm respectively.26 It was

also found that a 20% channel height deviation could result in greater than 50% increase

in the heat transfer surface area needed to compensate for this variation. Essentially, this

translates into roughly a 50% increase in the number of channels and consequently a 50%

increase in the device size needed.26 Also, DB requires a simpler device geometry in

order to directly transmit the pressure through all the laminae and exhibit excellent

bonding. It has been seen that the fins in two-fluid, microchannel heat exchangers have a

certain aspect ratio limit, beyond which poor bonding occurs within the device resulting

in leakage and mixing of the two fluids.'8 Aspect ratio is defined as the ratio of channel

width to channel height.

Direct bonding methods have also been used in the past. The direct bonding

method relies on atomic-level forces that attract smooth and flat surfaces together,

however this technique puts enormous constraint on the surface roughness of the two
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surfaces (should be <50 A°) and requires very high temperature (8OO12000C).27.28

Another commonly used bonding technique is anodic bonding. Anodic bonding utilizes

field assisted bonding between glass, metals and silicon surfaces, but this method requires

high voltage (800-1200 V) along with high temperature of about 400°C.29'30'31'32 Other

techniques used for bonding are diffusion soldering, diffusion brazing, ultrasonic bonding

etc.23'24 All these methods require extreme operating parameters, vacuum conditions

and/or long cycle times. It has been found that the bonding process, which controls the

shape variation in laminae, comprises the majority of the cost in some microlamination

platforms.5 Thus, a new, relatively inexpensive bonding architecture needs to be

developed that works at lower bonding temperature & pressure and thus nullifying the

effect of material warpage and residual stresses.

2.2 Surface Mount Technology

Surface Mount Technology (SMT) is the practice and method of attaching leaded and

non-leaded electrical components (transistors, resistors, capacitors, etc.) to the surface of

conductive patterns in the electronic assembly industry. The current trend in SMT is to

produce electronic assemblies that have greater functionality, smaller size, less weight,

low cost, and can be mass-produced. These requirements have led to the assembly of

progressively smaller electronic circuit boards.

SMT includes three processes for fabricating a complete printed circuit board

(PCB). They are: (1) solder printing, (2) component mounting, and (3) reflow bonding,
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respectively. These processes are similar to the MECS fabrication processes i.e.

patterning, registration and bonding. Presence of these parallel fabrication methods drives

the need towards using these existing and widely used SMT processes to make MECS

devices.

The SMT process presents several advantages for MECS device production. The

bonding process in SMT requires a low temperature (most solder reflow below about

300° C) and occurs at atmospheric pressure. Low fabrication temperatures and pressures

prevent warpage and residual stress in materials, leading to a more stable geometry and

better alignment. The reflow process throughput for a 4 x 4 inch PCB usually takes less

than 1 minute, for a five zone reflow oven.33 This throughput time is negligible when

compared to techniques like diffusion bonding which takes hours to bond the laminae

sheets. Figure 2 is an updated version of the graph from Sharma et. al.6 and shows how

the unit cost of MECS devices could go down by more than 50% 6,9 as compared to

diffusion bonding (DB) methods if SMT platform was used which could replace every

other lamina with a solder layer. The equipment required for SMT is highly efficient for

high volume production. The printing and reflow process can easily be automated with

minimum human interaction.33'34
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Figure 2: Effect of Surface Mount Technology on the unit cost of a 50 mm x 50 mm x 50
mm microchannel array device assuming a production rate of 100,000 units/year:

Breakout of unit cost across four different microlamination platforms consisting of
combinations of the following: photochemical machining (PCM), blanking (BLK),

diffusion bonding (DB) and surface mount technology (SMT).
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While the economics of the surface mount technology-based production systems

have been shown to be significantly better,6 the use of a solder will place restrictions on

the chemical inertness and operating temperature of the final device. The two major areas

of concern for MECS devices produced by SMT are yield and reliability. Defects that

adversely affect the yield of the soldering process are related to the geometry of the

solder joint. From a reliability standpoint, joint geometry also has an impact on the

fatigue life of the assembly during thermo-mechanical loading. Solder bond shape can be

of different types like the hourglass shape, barrel shape, cylindrical shape and the

truncated cone shape (Figure 3). Yields of a soldering process are affected by many

variables such as misalignment, line width, solder material, substrate material, type and

amount of flux, variation of solder volume and thickness, temperature profile, ambient

temperature and reflow orientation.35 Within the context of SMT for printed wiring

assemblies, it has been proved in the past that:36

. Thermo-mechanical stresses increase with decreasing solder thickness

The chances of delamination occurring increases with decreasing solder thickness

Non-uniformity of solder thickness marginally decreases fatigue life over the

uniform bond of minimum thickness

The number of cycles to failure of the solder bond during Accelerated Thermal

Cycling (ATC) decreases linearly with decrease in solders bond thickness. The

results showed 1-2 orders of magnitude decrease in fatigue life as the bond

thickness decreases from 5.1 to 71.1 tm



15

All these factors provide a hint towards using solder with greater volume and

higher thickness. This provides a stable bond with better fatigue life (Figure 4). In this

project, a solder paste thickness of 0.02 cm (8 mil) was printed onto the laminae.

Although, less volume of solder paste i.e. low solder thickness could have been used, the

case presented in figure 4 encourages using greater volume of solder for better bond

fatigue life.
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The removal of soldering fluxes and other contaminants, in general, from printed

circuit board (PCB) assemblies has always been a cause of concern for the PCB industry.

In this project, the presence of fluxes in abundance (after bonding) would likely hamper

the flow of fluids through the channels by leaving residues which might block the

microchannels. Most commonly, rosin based fluxes are used for both wave and reflow

soldering. Rosin is a natural product that is extracted from the stumps or bark of pine

trees. Rosin fluxes contain both polar and non polar contaminants after reflow. Examples

of nonpolar contaminants are rosin residues, grease from placement equipment, and hand

lotions picked up from operators during handling. If not removed, nonpolar contaminants

will attract dust and other foreign particles. The dust itself may bear polar contaminants

that could cause corrosion or electromigration under the influence of temperature and

humidity. Examples of polar contaminants are activators, such as halides, acids, and salts.

They are main causes of concerns in electromigration or corrosion.34

In the past, the cleaning of PCBs has exclusively relied on solvents that are based

on chiorofluorocarbons (CFCs) compounds, which are not environmental friendly.

Richards et al., 1993, discussed the efficiencies of alternative cleaning technologies

after JR reflow soldering. Among sixteen different options, the use of Arklone EXT with

ultrasonic agitation seems to be the best for the purpose of our project (being the best for

overheated reflow profile). It has also been suggested that the delay between soldering

and cleaning, results in decreased efficiency of the cleaning process used.37
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2.3 Solder Wetting Behavior

The driving force behind the wetting (tendency of a liquid to spread across a surface) of a

surface by any liquid is surface tension of that liquid. Surface tension is defined as the

tensile force acting on the surface of a liquid in contact with a gas or a solid substrate

such that the contact surface behaves like a membrane under tension. The magnitude of

this force per unit length of the free surface will have the same value as the surface enegy

per unit area. Surface tensions in expressed in SI units as Newton per meter (N/m).38

Surface tension is the result of the unbalanced intermolecular forces that occur at

the surface of any bulk substance. The phenomenon of surface tension is explained by

Figure 5. Consider two molecules A and B in a mass of liquid. The molecule A is

interacting in all directions equally by the surrounding molecules of the liquid. Thus the

resultant force acting on the molecule A is zero. But the molecule B, which is situated

near the free surface, is acted upon by upward and downward forces which are

unbalanced. Thus a net resultant force on molecule B is acting in the downward direction.

Thus we can say that all the molecules on the free surface of the liquid experience a

downward force. Thus, the free surface of the liquid acts like a very thin film under

tension and controls the wetting behavior.38

Another set of important concepts to consider is the interaction of adhesion,

cohesion, and wetting.39 Adhesion is the intermolecular force between the unlike

molecules while cohesion is intermolecular force between like molecules. If the cohesive

forces are stronger than adhesive forces, poor wetting will occur. If cohesive forces are

weaker than the adhesive forces, good wetting will occur.
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Figure 5: Surface tension phenomenon. Forces on molecule A are balanced. Whereas,
molecule B faces an unbalanced resultant force in the downward direction.
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Figure 6: Illustration of wetting angles. A small wetting angle () is indicative of good
wetting, while a contact angle greater than 90° shows poor wetting.
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A measure of the relative ability of one substance to wet another in the presence

of a particular atmosphere is the contact angle. A liquid is said to wet a solid if the

contact angle does not exceed 900. If the contact does exceed 90° the liquid is said to be

non-wetting (Figure 6).40 Presence of any contaminants or a rough adherend surface

restrict necessary surface tension to occur. Various methods have been adopted in the

past to clean the adherend surfaces in order to obtain better wetting behavior. These

methods include:41

Plasma Etching: One of the most effective methods in ashing the organic surface

contamination

Chemical Etching: One of the oldest methods of cleaning. Different chemical

etchants will be required to clean or modify different metals, plastics, and

inorganic surfaces

Corona Oxidation: Is used for modified surfaces of polyolefins and other difficult

to bond plastics.

To maximize the yield and reliability of solder joints, assemblies must be

improved by controlling design and process parameters in an optimal manner.42 Several

models have been proposed in the SMT industry to show how the final joint geometries

are related to the design parameters (pad sizes on component and substrate side, solder

ball size(s) on the component, component weight, solder properties) and the soldering

process parameters (paste volumes, reflow orientation, i.e. upright or inverted).42'43' It

can be concluded from these models that the main parameters that control the solder melt
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and height are bonding pressure or weight, inherent solder hydrostatic pressure, surface

tension and atmospheric pressure.

2.4 Micro-scale Soldering Methods

A review of the available literature revealed no published effort to use SMT (or

solder paste) in the production of microchannel arrayed devices.

Goyal et. al.45 showed that solder can be used to produce bonds for MEMS

applications. Tin metal was electro-deposited and used as a soldering material in their

efforts to produce bond between two substrates.

One of the most common methods for MEMS device fabrication is by using

surface micro-machining. Due to the nature of thin film deposition technology, a

fundamental problem with surface micro-machining is its inability to produce highly

three-dimensional structures. Harsh et. al.46 have developed a solder self-assembly

method for the assembly of 3D MEMS devices from surface micromachined substrates.

Solder self-assembly uses the surface tension properties of molten solder or glass as the

assembly mechanism. Solder self-assembly uses a hinged plate with a specific area

metallized as solder wettable pads. Solder is deposited onto these gold pads. Once

deposition is complete, the sacrificial layer is removed. Applied solder is then heated to

its melting point, and the force produced by the molten solder to minimize its surface

energy pulls the free plate away from the substrate. Figure 7 shows the basic solder self-
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assembly process. This research work shows that solder self-assembly can be

successfully used for sub-micron level soldering.

1
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Figure 7: Solder self-assembly: Basic process

2.5 Why MECS-SMT?

Using SMT platform for producing MECS devices provides various advantages:

Faster cycle time: Using SMT as the bonding platform, i.e. using traditional

conveyerized reflow ovens, leads to sub-minute device throughput times. This is

relatively very less when compared to diffusion bonding platform, where bonding
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takes anywhere from 30 minutes to couple of hours. Due to these faster cycle

times, the overall device cost is brought down drastically.

Ease of automation: By using existing SMT technology, the MECS device

fabrication can be easily automated, with minimum human interaction.

Automated equipments for both solder printing and reflow bonding have been

widely used in the SMT industry. Presence of automated equipments makes SMT

a platform for producing MECS devices on a mass production basis.

Lower temperature: A lower bonding temperature of about 300°C prevents

buckling of shims and thus unwanted microchannel warpage. Existance of lower

fabrication temperatures also provides opportunity to integrate nano-particles

inside microchannels.

No bonding pressure: It is tougher to produce devices with complex geometries

using platforms that require high bonding temperatures, since existence of

microchannels prevent the transfer of pressure to the next subsequent layers.

Elimination of bonding pressure in SMT platform provides means of producing

more complex geometries.

Integration of electronics: SMT provides platform to integrate electronics into

MIECS devices. This becomes more important when need for integrating sensors

and actuators is considered.

Potential for fewer laminae: Solder acts as the channel layer within MECS

devices, thus saving drastically on material requirement of additional laminae for

channels.
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3. PROCESS DEVELOPMENT APPROACH

3.1 Test Article Desi2n

3.1.1 Materials

Material selection was considered for a micro-scale heat pump running a

compressor/expander cycle. Within this context, a significant amount of time was spent

choosing a material system(s) for the proof-of-concept experiment.

Substrate: The properties that makes a substrate ideal for use in a soldered

expander/compressor cycle micro-scale heat pump are: low density (portable),

high thermal conductivity, inert to working fluids and refrigerants (in this case

isobutane), solderable (wettable), machineable, readily available and economical

with a high modulus of elasticity (able to resist deflection under several

atmospheres of fluid pressure). Operating temperature was considered to be near

ambient conditions. Initially, candidate materials under consideration were:

aluminum, nickel-plated aluminum, and titanium. Aluminum, though being

economical with high thermal conductivity and low density, is hard to solder.

Nickel has low corrosion rates with typical refrigerants such as ammonia (< 20

Mils Penetration/Year), lithium bromide (<20 Mils Penetration/Year) and water

(<50 Mils Penetration/Year).47 Consequently, nickel-plated aluminum is a good

choice for the heat-actuated heat pumps where corrosion is a larger factor, but it is
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difficult to source for proof-of-concept experiments and not required for the

application at hand. It is also difficult to produce without pinholes in the nickel

layer which can lead to subsurface corrosion of the underlying aluminum.

Titanium has excellent corrosion resistance with low density, but is the costliest

of all the materials under consideration. Though not initially considered, copper

was chosen for this experiment primarily because of it has excellent thermal

conductivity, excellent solderability with SnPb solder, is cheap and is readily

available. Copper and tin-lead solder alloy are close to each other in galvanic

series making the reactivity between them very low.'0 Copper is also easy to cut

and machine using laser, which makes copper the best choice for the proof-of-

concept experiment. Copper shim stock 203 p.m (0.008 inches) in thickness was

used; the shim stock used was alloy 110 copper (99.9% copper).

Solder Alloy: It is desirable to find a solder paste that possesses good mechanical,

thermal and chemical properties (both the solder alloy and the substrate material

should be closer to each other in the galvanic series to avoid galvanic corrosion).

It is important that the solder paste be low in cost. For this project it is desirable to

use solder paste with reflow temperatures in excess of 250°C. It is necessary to

use solder paste with reflow temperatures up to 250°C, because the final device

may actually be operated at temperatures up to 250°C and will need to maintain

physical dimensions at this temperature. The solder alloys that meet the initial

criteria are Sn95-Sb5, SnlO-Pb90 and SnlO-Pb88-Ag02. From the cost point-of-

view Sn95-Sb5 and SnlO-Pb90 are the most favorable alloys. Although, these
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alloys have better thermal and mechanical properties, they are expensive and are

not commonly used in the industry. The cost and easy availability of Sn63-Pb37

(eutectic tin-lead) solder alloy makes it the best choice for this experiment.

Kester-256 no-clean tin-lead solder alloy was used in the experiments.

Flux: Low-residue, no-clean flux is used for localized wetting of the copper where

the solder paste was not applied (tie-bar areas).

Cleaning and de-oxidizing: It is necessary to remove the oxide layer from the

copper surface to form a strong bond between copper and solder alloy. In PCB

industry 10% ammonium hydroxide solution and 3% hydrogen peroxide

solution has been widely used for localized micro-etching of the copper surface.48

This localized micro-etching removes the oxide layer from the copper surface and

thus helps to form a stronger bond.

3.1.2 Geometry

The test article design involved a stack of three copper laminae 203 m (8 mu) thick.

Figure 8 shows the three different lamina geometries used in the test device: (1) interface

plate, (2) spacer/channel, and (3) bottom end cap. The overall device dimensions were

4.4 x 1.9 cm. The interface plate allows interconnection with the test loop for leakage

tests. The spacer acts as a microchamber for testing leakage. The spacer is also critical

for controlling the wetting behavior of the solder melt during solder reflow.



27

Consequently, channel height is defined by the thickness of the spacer and the volume of

solder paste after reflow.



4.4 cm
4 1

0.18cm

(a)

3.68 cm

(b)

14cm
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(d)

Figure 8: Geometry (a) Interface plate for the single-pass fluid flow. (b) Spacer which
acts as the channel for the fluid flow. (c) End cap. (d) Exploded view of the device.



29

3.2 Process Design

3.2.1 Lamina Patterning

A 355 nm Nd:YAG laser mounted on an ESI 4420 laser micromachining system was

used to pattern the copper shims into laminae of the required geometry. The laser was

programmed for cutting each lamina using standard G-codes. Laser burrs of significant

height (as shown in results) were produced during the cutting process. Scotch brite was

used for the mechanical removal of burrs. The laser burr height was measured on three

samples before and after the mechanical deburring treatment, using a Veeco Dektak 3

profiler.

Lamina flattening was an important part of the experiment because of its

significance to solder paste printing and for proper solder filling of the copper surface

during reflow. A flat substrate surface further helps in producing channels of uniform

height. A vacuum hot press was used for flattening laminae. Laminae were sandwiched

between thin, flat graphite plates and placed one over the other to form an array. This

array of alternate graphite and copper lamina was loaded in the hot press and heated to a

temperature of 500°C for 30 minutes while applying a flattening pressure of 36.75 bars.

This flattening process was done in a vacuum environment of about 1 x iO4 mbar. Three

different laminae samples were measured for their surface flatness before and after the

flattening process. The Dektak 3 profiler was again used to measure the surface flatness.



30

3.2.2 Lamina Bonding

Wetting of the copper surface by the SnPb solder was assisted by selectively removing

the oxide layer from the copper surface via chemical etching. Chemical etching was

performed selectively over the copper surface in the areas where the solder needed to

wet. This "micro-etching" also helps in providing the necessary surface tension for the

molten solder to wet the copper surface. Selective etching, therefore, helps to control the

flow of solder during reflow. Approximately 10% Ammonium Hydroxide solution and

3% Hydrogen Peroxide solution were mixed together to form the micro-etch solution.48 A

copper template, of size equal to the inner spacer dimensions was put over the lamina

area where micro-etching was not required. The micro-etch solution was swabbed onto

the remaining lamina areas with the help of a Q-stick. Excess solution was taken off from

the Q-stick with the help of a cloth before the copper laminae were micro-etched. This

was done to prevent an excess amount of micro-etch solution on the lamina, which could

leak under the template and etch the restricted lamina area. After the micro-etching

process, laminae were washed with DI water to remove excess micro-etch solution.

Next, solder paste was printed on the cleaned and micro-etched laminae. An Ekra

semi-automatic screen printer was used to apply solder paste. In printing solder paste, the

lamina were held on a Printed Circuit Board (PCB) with the help of Kapton tape. The

PCB was placed on the work holder table and held firmly by vacuum. A stencil was used

to apply solder paste. A stencil has etched openings to match the design pattern, where

solder paste must be deposited for the mechanical joint (Figure 9). During the printing
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process, the print squeegee dispenses/prints the solder paste on the substrate through the

openings in the stencil. Dual squeegee passes were made for proper solder paste

distribution. Figure 9 shows the stencil design used in this project. As seen in the figure,

it is not possible to produce a continuous solder print line using a stencil. Tie bars are

required to hold the central part of the stencil with the rest of the stencil body. Due to the

presence of these tie bars, solder paste is not printed in the tie-bar areas on the lamina.

The line width of printed solder paste was measured as 0.127 cm (0.05 inch) using a

microscope. The height of solder paste was assumed to be the same as the height of the

stencil i.e. 0.02 cm (0.008 inch).

Figure 10 shows the printed solder paste and tie-bars on a spacer lamina and end

cap lamina. Low-residue no-clean flux was applied at the tie-bar areas on all laminae.

This extra flux provides the necessary surface tension for solder to flow at the tie-bar

areas after the device is reflowed through the oven. Figure 11 shows a graphical-

flowchart representation of the whole device fabrication process.
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Figure 9: Stencil design used in the project. Figure shows the thru-openings and the tie-
bars in the stencil. Tie-bars are required to hold the central part of the stencil to the main

body.
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Figure 10: (a). Printed solder paste with tie-bar areas on channel spacer. (b) Printed solder
paste with tie-bar areas.

o 0

01

0

0

1. Cut shims to form fins, spacers and end caps
2. Deburr (using scotch brite) and flatten them on hot
press

3. Clean and Micro-etch laminae using Ammonium
Hydroxide (10%) and Hydrogen Peroxide (3%)

4. Print solder paste on end cap, spacer and fins
5. Apply low residue, no-clean flux at tie bar areas
6. Stack laminae with alternating layers of spacers and
fins with end caps on both ends
7. Reflow the stacked microchannel array to obtain a

bond

0 0

Figure 11: Complete device-fabrication process.
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The solder-printed laminae were stacked in the required order to form an array

(Figure 12). These laminae were edge-aligned using a graphite fixture. This stacked 7-

layered array of microchannel device was then loaded in the vacuum hot press for

bonding. An optimum bonding pressure of 0.0 187 bar (0.2723 psi) was obtained through

multiple trials. The bonding pressure was applied by placing a small graphite shim on top

of the sample. It was experienced that without this small bonding pressure, the stack of

shims became misaligned at bonding pressure. The furnace temperature was ramped at a

rate of 19 °C/minute, and the device was heated up to a temperature of 370°C for 2

minutes before cooling it to room temperature. This temperature was obtained through

multiple trial runs. The bonding cycle was done in a vacuum environment of

approximately 1 x i0 mbar. Bonding in a vacuum environment helps in degassing of the

solder paste and thus prevents post-bonding solder voids.
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Bottom End Cap

Figure 12: Stacking order of solder-printed laminae for reflow bonding.
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3.3 Theoretical Model for Prediction of Channel Height

Since channel height (i.e. of the fluid flow passage) non-uniformity reduces the

performance of a micro heat exchanger 26, in this study, channel height was measured to

evaluate the uniformity of the channels in each device. A simple mathematical model was

derived predict the height of channels in the device using device geometries.

The volume of solder paste printed onto the lamina (Vp) is given by the equation:

V = A . (1)

where, A is the upfacing solder paste area as shown in Figure 10, and, t is the height

(thickness) of the printed solder paste (equivalent to the stencil thickness).

The volume of solder after reflow (Vs) is therefore:

V=VS (2)

where, Vp is obtained from Equation 1, and S is the solids loading of the solder paste.

Solids loading is the metal content of a solder paste, expressed in percentage by volume.

Thus, the resulting solder thickness, t can be predicted with the help of equations

1 and 2 as follows:

(3)
A

where, A is the upfacing area of the channel/spacer lamina (Figure 8b).

The resulting channel height, h, can be obtained from the following equation:

h=t+2t (4)

where, t is the lamina thickness.
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3.4 Experimental Approach

3.4.1 Channel Height Measurement

Metallography was performed on the device to observe a cross section of the

microchannels in an effort to verify the channel height. The metallography of a 3-layered

device was done by molding it in epoxy resin. After hardening of the resin, the device

was sectioned and polished to observe the flatness and parallelism of the channels and

also to measure the channel heights. All of the measurements were taken using a video

micrometer at 50X magnification on an optical microscope. The resolution of the

microscope used for these measurements is 2 tm at a magnification of 50X.

Two measurements of channel height, each at sections 1-1, 2-2 and 3-3 were

taken for each individual channel (Figure 13). An average of three measurements (one for

each section) was taken to obtain channel height of each channel. This way a total of two

measurements were obtained for each channel (top, middle and bottom) height. Three

different operators were used to take the same set of measurements. A gauge repeatability

and reproducibility (R&R) study was performed on the microscope with these three

different operators (Appendix A). The computations were performed using the ANOVA

routine in Minitab. Each channel on the three devices was considered a separate device

for the gauge study. Based on the P-values for the gauge R&R test, it can be concluded

that the effect of both operators and the part-operator interaction are not significant (p-

value: 0.137 and 0.837 respectively).
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Figure 13: Figure showing the sections 1-1, 2-2 and 3-3, where two measurements for
channel height for each channel were taken.

Since the sample size was small, a Kruskal-Wallis nonparametric analysis was

completed to compare the three sample means. Two measurements were taken for each

sample. The analysis was performed to test the null hypothesis that the three sample

means are equal. The test statistic was compared with the Chi-square distribution to

verify the null hypothesis (Appendix B). Similarly, the top, middle and bottom channel

heights were compared using the Kruskal-Wallis nonparametric approach. The sample

size for each channel was three. The null hypothesis of equal channel means was verified

using the Chi-square distribution (Appendix B). Later, the average top, medium and

bottom channel heights for the three samples were compared graphically. A box plot was

drawn to look for any outliers in the channel heights (Appendix A).

3.4.2 Leakage Test

After bonding, additional 7-layered samples were tested for their bond quality by

performing a leak test. A leak-proof hermetic bond is a required condition for all
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microfluidic devices. To perform the leak test, the device was connected to an air supply

source. A polydimethylsiloxane (PDMS) gasket was used to seal the opening between

device and fixture. The test fixture and device were immersed in water and leakage was

detected by watching for the formation of air bubbles up to one minute. The device was

pressurized to an air pressure of 1.72 bar (25 psi) and found to be hermetically sealed.

The device cannot be checked beyond this pressure limit due to limitations of the testing

fixture i.e. due to line-pressure restrictions.



4. RESULTS AND DISCUSSION

The flatness procedure performed on the hot press resulted in significant

improvement in the surface flatness of the copper shims. The fresh shim stock received

from the vendor had a mean flatness of 99.9 ± 32.9 im over a substrate size of 4.44 x

1.90 cm (length of scan: 1 cm), and the post heat-treated laminae had a mean flatness of

4.73 ± 1.14 xm over a substrate size of 4.44 x 1.90 cm (length of scan: 1 cm). Figure 14

show some flatness profiles obtained before and after heat treatment on the hot press. The

burrs produced by the laser were greatly reduced after the mechanical deburring process;

the mean burr height reduced from 19.1 ± 8.5 pm to 2.9 ± 2.3 tm after treatment (Figure

15).

Using this flattened shim stock, six 3-channel arrays were fabricated and tested in

this study. The results obtained from the channel height measurement and leakage test are

presented in the next two sections.
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Figure 14: Surface flatness when measured in millimeters (y-axis) over length of scan (x-
axis). (a) Flatness profile of a fresh copper shim-stock showed a mean flatness of 99.9 ±

32.9 microns. (b) Flatness profile of a heat treated copper shim showed a mean flatness of
4.7 ± 1.14 microns.
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Figure 15: Results from mechanical deburring when measured on profilometer in
millimeters (y-axis) over length of scan (x-axis). (a) Laser burrs before mechanical

treatment showed a mean height of 19.1 ± 8.5 microns. (b) Laser burrs after being treated
mechanically using scotch bnte, showed a mean height of 2.93 ± 2.3 microns.
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4.1 Channel Hei2ht

Three 3-channel devices were checked for channel height. The average top, middle and

bottom channel heights and standard deviation for the three samples are shown in Table

1. Figure 16 illustrates a cross-section of the microchannel arrayed device fabricated in

this study. The box plot in Appendix A shows that there were no outliers in the channel

height data.

Table 1: Comparison of channel height and standard deviation for the three samples.

Channel
Top Middle Bottom

Average Channel Height (microns) 273.7 273.0 263.0
Sample 1 Standard Deviation 1.03 1.79 2.83

Percentage variation: ± 0.6%

Sample 2
Average Channel Height (microns) 279.0 275.7 270.0

Standard Deviation 2.83 5.16 1.09

Percentage variation: ± 1.1%
Average Channel Height (microns) 268.7 272.3 263.0

Sample 3 Standard Deviation 2.94 2.06 4.19

Percentage variation: ± 1.1%

Theoretical Model Mean Height: 267.2
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(a) (b)

Figure 16: Cross section of a 42:1 aspect-ratio, 3-layered microchannel array device. (a).
3-layered micro-channel array with the middle channel height measured to be 271.6 tm.
(25X Magnification) (b). Two micro-channels with the top channel height measured to be

275 .tm. (50X Magnification)

Micro-channels with aspect ratios of 42:1 were produced using this technique.

The average percent change in the channel height was calculated to be within ± 1.2% for

an overall mean channel height of 270.9 J.tm and a standard deviation of 3.19 tm for the

three devices. Results obtained from the Kruskal-Wallis test on the comparison of means

for the three samples, showed no evidence of differences in mean (p-value = 0.102). The

average percentage variation in channel height for the three individual samples was

calculated to be ±0.6%, ±1.1% and ±1.1% respectively. Kruskal-Wallis test showed no

evidence of differences in mean for the three channel heights i.e. top, middle and bottom

(P-value: 0.118). The average percentage variation in channel height for the top, middle

and bottom channels was calculated to be ±0.8%, ±1.1% and ±1.0% respectively. This



difference in channel height may have been due to a combination of (1) variation in

lamina flatness, (2) bending of lamina during micro-etching, and (3) variation in any of

the parameters included in Equations 1-4. This variation in channel height is insignificant

when compared to DB platform, where the variation was found to be between 21% to

37% for microchannels made out of NiA1.25 Further, from past studies it is known that

1% channel variation will result in about a 1% change in the number of transfer units of a

typical microchannel heat exchanger which is negligible.26

A repeatability and reproducibility study was performed for the video micrometer

system (Appendix A). Based on the p-values for the gauge R&R test, it can be concluded

that the effect of both operators and the part-operator interaction were not significant (p-

value = 0.137 operators and p-value = 0.837 part-operator interaction). The total

measurement error was found to be relatively small (2.3%) and is on the same order of

magnitude as the channel variation reported. (Appendix A) This suggests that the actual

microchannel variation could be smaller than that reported.

Good solder-bond quality was observed, as shown in Figure 17. Small voids were

detected at the solder joint. These voids can be attributed to (1) oxidation of copper

surface which prevents the formation intermetallic bonds between the solder and

substrate, and (2) entrapped gases from the evolution of flux gases at a higher

temperature.49 However, these voids did not cause leakage in the device.

Another significant achievement of this study was that a negligible amount of

solder flowed into the channels after reflow (Figure 18). This was substantiated by the

agreement between actual channel heights and the heights predicted by the theoretical
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model. The channel height was found to be 267.2 jtm. Table 2 shows the values used for

the different quantities used in the model. The predicted channel height was found to be

just outside the 95% confidence interval of 267.6 to 274.3 .tm. The model assumed that

all solder within the printed solder is used for filling the space between laminae. This

result provides strong evidence that the micro-etching process and the channel/spacer

lamina were adequate for restricting the flow of solder during reflow. This result can be

attributed to surface tension effects from both the micro-etch procedure and the

channel/space lamina.

(a) (b)

Figure 17: Solder bond between individual copper lamina. All measurements at 50X
magnification. (a) Solder bond with negligible voids and solder layer measured as 40 jim.

(b) Solder layers with small voids (118 p.m wide).
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(a) (b)

Figure 18: Cross section of device at the edge of channels, showing negligible amount of
solder flowing into the channels. (50X Magnification)

Table 2: Values of parameters used in the channel height prediction model.

Parameter Value

Area of solder paste printed (An) 1.342 cm2

Height of printed solder paste (tn) 0.051 cm2

Solids Loading (5) 50%

Spacer Area 4.258 cm2

Lamina thickness (t) 0.020 cm
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4.2 Leakage Test

In this step, three prototypes were leak tested at an air pressure of 1.72 bar (25 psi).

During the test, no air bubbles were detected coming out of the device. It is expected that

the solder bond will permit pressure well beyond this amount. The device cannot be

checked beyond this pressure limit due to limitations of the testing fixture i.e. due to line-

pressure restrictions.



5. CONCLUSIONS

Our results show that surface mount technology (SMT) can be successfully used to

produce leak-proof, high-aspect-ratio (42:1) microchannel arrays in copper with eutectic

Sn/Pb bonds. The use of low bonding temperatures (under 300°C) and very low

pressures (-0.27 bar) results in well aligned, parallel channels with low levels of warpage

when compared to existing diffusion bonding platform, where high temperature (-800°C,

depending on material used) and pressure (-SO bar) is used. These micro-channel arrays

can be produced with small variation between channel heights (measured to be less than

±1.2% over a mean channel height of 270.9 jtm). This variation in channel height is

insignificant when compared to DB platform, where the variation was found to be

between 21% to 37% for microchannels made out of NiA1. A mechanical deburring

process was found to be very effective in removing laser burrs. Also, a surface flatness

procedure using the hot press resulted in a significant improvement in the flatness of the

laminae. It can be said that the height of microchannels can be predicted within 1.5% of

the experimental values.

Economic analysis indicates that this novel process will be favorable over existing

diffusion bonding-based processes. Also, it was found that the device can tolerate an air

pressure of at least 1.72 bar (25 psi) without leakage. As a result, the SMT

microlamination technique has been proved to be a promising avenue for producing

MECS devices for low temperature applications.



6. FUTURE WORK

This thesis deals with the prototyping of microchannel array devices using SMT-

Microlamination technique. There is a lot of room for further investigation in this study,

especially characterization of material combination. The theoretical model for prediction

of solder height and width could be improved by adding additional parameters like,

bonding pressure i.e. weight of shims, solder surface tension, solder hydrostatic pressure

and atmospheric pressure. Increased bonding pressure will squeeze the solder melt out of

the device or into the channels. A more generalized model will help in optimizing the

optimal bonding pressure for microchannel arrayed devices.

Efforts should be made in producing devices with smaller dimensions using the

SMT-Microlamination approach. This is necessary to provide flexibility to the newly

developed process. The critical factor in reducing the device dimensions will be lowering

the volume of solder paste and the shim thicknesses.

Although the presence of few voids did not lead to leakage of the devices in this

study, but effort should also be concentrated on minimizing the existence of voids. The

major cause of voids was considered to be the entrapped gases. A better fixture design

might help in providing an opening for the escape of trapped gases during reflow.

Some work has been done at Oregon State University to print solder paste using a

robotic solder paste dispenser instead of a screen printer. A 4-layered counter flow fluidic

device has been successfully fabricated using this process. With the use of a robotic

solder paste dispenser, critical cycle time can be further reduced significantly. More

efforts are required to develop this process for development of microchannel arrays.
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APPENDIX A. GAUGE REPEATABILITY & REPRODUCIBILITY (R&R) ON
MICROSCOPE WITH THREE OPERATORS

Part Number Operator A Operator B Operator C
1 273.66 273.66 273.00 274.33 274.33 273.66
2 273.66 272.33 273.66 273.00 273.66 272.33
3 263.00 263.00 264.33 265.00 263.00 262.33
4 279.00 279.00 277.66 278.33 278.33 278.33
5 275.66 275.66 276.33 275.66 276.33 275.00
6 270.33 269.66 271.00 269.66 270.33 270.33
7 269.66 267.66 270.33 268.33 270.33 268.33
8 271.66 273.00 271.66 273.66 271.66 273.00
9 263.66 262.33 265.00 263.66 264.33 263.00
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Gage R&R Study - ANOVA Method: Minitab

Two-Way ANOVA Table With Interaction

Source DF SS MS F P

Part 8 1244.33 155.541 364.424 0.000
Operator 2 1.93 0.964 2.259 0.137
Part * Operator 16 6.83 0.427 0.624 0.837
Repeatability 27 18.46 0.684
Total 53 1271.55

Two-Way ANOVA Table Without Interaction

Source DF SS MS F P

Part 8 1244.33 155.541 264.448 0.000
Operator 2 1.93 0.964 1.639 0.206
Repeatability 43 25.29 0.588
Total 53 1271.55

Source

Total Gage R&R
Repeatability
Reproducibility
Operator

Part-To-Part
Total Variation

VarComp % Contribution (of VarComp)

0.6091 2.30

0.5882 2.23

0.0209 0.08
0.0209 0.08
25.8255 97.70
26.4345 100.00
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Box-and-Whisker Plot

s]

CoI_2

This graph shows a box-and-whisker plot for Col_2. A box-and-whisker plot is a good

device for showing various features of a sample of data. The rectangular part of the plot

extends from the lower quartile to the upper quartile, covering the center half of the

sample. The center line within the box shows the location of the sample median. The

plus sign indicates the location of the sample mean. The whiskers extend from the box to

the minimum and maximum values in the sample, except for any outside or far outside

points, which will be plotted separately. Outside points are points which lie more than

1.5 times the interquartile range above or below the box and are shown as small squares.

Far outside points are points which lie more than 3.0 times the interquartile range above

or below the box and are shown as small squares with plus signs through them. In this

case, there are no outside points and no far outside points.
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APPENDIX B. KRUSKAL-WALLIS TEST: NONPARAMETRIC APPROACH

FOR COMPARISON OF THREE SAMPLE MEANS

Sample 1 Sample 2 Sample 3
Data Rank(r) Data Rank(r) Data Rank(r)

270.11 4 275.00 6 268.33 2
269.67 3 274.78 5 267.67 1

7= 3.50 7= 5.50 7= 1.50

Test Statistic:

12 k

H= -(T +1)
T (T + 1)

Where,

nT = Total number of observations

i = Number of samples

7= Average of rank within each of the k populations

Output:

H=4.5702

2
Distribution = ZO.05,i-1 = 5.99

P-value: 0. 1018



COMPARISON OF EXPERIMENTAL VALUES WITH THEORETICAL
MODEL

Sample 1 Sample 2 Sample 3
270.11 275 268.33

269.67 274.78 267.67

Average Channel Height, i. = 270.927 jtm

Standard Deviation, S = 3.195 .tm

Percentage Channel Height Variation = ± 1.18

S
95% Confidence Interval: ± X , at a = 0.05

2

= 270.927 ± 3.353 pm

= 267.57 to 274.28 p.m

Channel Height from Theoretical Model = 267.239 .tm
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KRUSKAL-WALLIS TEST: NONPARAMETRIC APPROACH FOR
COMPARISON OF THREE CHANNEL HEIGHTS

Top Channel Middle Channel Bottom channel
Data Rank Data Rank Data Rank

273.67 7 273 6 263 1.5

279 9 275.67 8 270 4

268.67 3 272.33 5 263 1.5

= 6.33 = 6.33 = 2.33

Test Statistic:

H= 12
nI-3(nT+1)

T (T + 1) j=1

Where,

nT = Total number of observations

i = Number of samples

= Average of rank within each of the k populations

Output:

H=4.2658

2
2 Distribution = 2'O.05,i-1 = 5.99

P-value: 0.1185
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APPENDIX C. OTHER EXPLORED APPROACHES TO PRODUCE SOLDER
BONDED MICROCHANNEL ARRAYS

The following summary explains the different options that were explored to produce

microchannel arrays using solder bonds:

Approach 1: Use of a solder pot was explored to cover the spacer with a uniform thin

layer of solder. For proof-of-concept experiments, a block of eutectic tin-lead solder was

melted in a conventional oven by keeping it in a ceramic cup. The copper spacer was

dipped in a bath of molten solder. It was expected that the spacer would be covered with

a uniform layer of solder.

Results showed that the solder was not uniformly distributed over the copper

surface. This copper spacer with inconsistent solder layer would have resulted in non-

uniform channel heights when used for fabricating microchannel arrays.

Anproach 2: Another approach was tried by using solder-electroplated spacers for

producing bonds. Spacers with required dimensions were patterned and sent to outside

vendor for electroplating. Sn50-Pb50 solder was electroplated onto the spacers.

Electroplated spacer was dipped in a bath of flux before reflow. A spacer was

sandwiched between two fin layers using edge alignment and then reflowed through a

four zone convection-based reflow oven. A bonding pressure of 0.0046 bar was applied

in this process and the peak temperature was kept at 300°C.
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It was found that the electroplated solder failed to melt completely at this high

temperature and thus no bond was obtained between the copper layers. Due to careless

and rough handling during the electroplating process, the copper spacers were bent.

These non-flat spacers would lead to a non-uniform channel height and would require

high pressure and temperature conditions for the bond to occur. As already seen from the

reviewed literature, these extreme bonding conditions would result in unwantedwarpage.




