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Sour ces of Flow Maldistribution in Microreactor-Assisted Synthesis of Ceria
Nanoparticles

CHAPTER 1

Introduction

Recent efforts show that microchannel technologéa® much to offer the field
of nanomanufacturing. In synthesis, microchaneattors take advantage of the large
surface-to-volume ratios to accelerate heat andsntemnsport. This accelerated
transport allows for rapid changes in reaction terafures and concentrations leading
to non-gradient/uniform heating and mixing.

Chapter Two compares the conventional batch miesults with a Tee-mixer.
The system chosen is cerium oxide (ceria). Cerixiden(ceria) nanoparticles were
synthesized continuously from a microchannel mi€emmparisons were made between
the nanoparticles’ characteristics produced byiticathl batch mixer and a Tee-mixer.
Results show advantages of the micromixer approacluding better control of
nanoparticle shape, film morphology, and compasitio

However, nanomanufacturing also considers massuptimsh and deployment
of nanotechnology: the structuring of matter oa ¢inder of one billionth of a meter.
The manufacturing needs, at this scale, are coatplicby the sheer number of matters
required to make a functional structure. To satief/need, large volumes of reactants
are needed. At these production volumes, qualitytrob and material manipulation
become extreme. One of the key parameters is tvatdlow maldistribution in the
microchannel device. Chapter Three summaries nmirces of flow maldistribution
and found that most of the sources can be minimiaedppropriately selection of

applications. However, mechanically induced wargsgee significant effect and needs



to be addressed so the defect modes and caugbkgamiscussed and analyzed.

Chapter Four focuses on one of the defect modashwsPoisson’s effect. This
warpage mechanism is observed when the structusubgected to compressive
pressure (longitudinal stress). When convertddttyal stress due to Poisson’s effect,
it will translate to side loading and compressesrtiicrochannel structures within the
device. In this study, a theoretical model was texd and compared with the
experimental results.

Finally, in Chapter Five, all the key findings frahis research are summarized.



CHAPTER 2

Continuous Nanomanufacturing Synthesis of Ceria Nanoparticlesfrom a
Microchannel Mixer

2.1 Abstract

Cerium oxide (ceria) nanoparticles are synthesizedtinuously from a
micromixer. Comparisons were made between the raatiolgs’ characteristics
produced by traditional batch precipitation and @ntmuous flow micromixer
(Tee-mixer). Experiments were carried out by vagytime reactant concentration level.
Results show advantages of the micromixer approacluding better control of

nanoparticle shape, film morphology, and compaositio

2.2 I ntroduction

Nanomanufacturing considers the mass production dagdloyment of
nanotechnology: the structuring of matter on théeo of one billionth of a meter.
Current “bottom-up” production schemes involve teynthesis and assembly of
nanobits such as nanoparticles, quantum dots amdomalecules to produce novel
structures with manifold performance advantage® itanufacturing needs, at this
scale, are complicated by the sheer number of regsiired to make a functional
structure. Consider the assembly of a 300 nmrafigetive thin film on the surface of
a 50 mm diameter lens using 20 nm nanoparticleser QOO0 trillion nanoparticles
would be needed. At these production volumes, tyadontrol and material
manipulation become extreme.

Recent efforts show that microchannel technolobgsge much to offer to the

field of nanomanufacturing. In synthesis, micrauma reactors take advantage of the



large surface area-to-volume ratios to acceleraat land mass transport. This
accelerated transport allows for rapid changes eaction temperatures and
concentrations leading to more uniform heating amging. Other features include
better defined flow characteristics and integratedaration. Microreactors have been
demonstrated to have dramatic impacts on macromialegields(Chang et al., 2005)
and nanoparticle size distributiofisakamura et al., 2002; Chan et al., 2003; Yen.et a
2003; Krishnadasan et al., 2004)

In assembly, nanoparticles and macromoleculesbeamixed, dispersed or
functionalizedin channeland directly deposited onto flat or contoured aceft with
minimal nanobit agglomeration. At Oregon Stateuvdnisty, microreactors have been
found to be compatible with various film depositi@echniques by dispensing reactant
streams directly onto moving or stationary subsgayielding dense, functional,

nanostructured films.

2.3 Literature Review

The following sections first summarize differentplpations and forms of
cerium dioxide nanoparticles. Afterwards, generalcpdures and chemistries for
synthesizing ceria nanoparticles are introduced aomdpared. After comparison, the
precipitation approach is discussed in terms ofedght control parameters during

nanomanufacturing.

2.3.1 Cerium Dioxide (Ceria)

Ceria (Ce®) has drawn much attention in recent years dudstalistinctive
characteristics, such as unique UV absorptivitunekawa et al., 200Chigh stability
and hardness at high temperature, and high relgdiivoxygen Trovarelli et al., 1999)



Unique optical characteristics such as Raman-aliomedes shifting and broadening
(Tsunekawa et al., 20Q0attice expansion; and the blue shift in ultrdstabsorption
spectra(Tsunekawa et al., 200lhave been reported. Catalytic applications such as
support or promoter for exhaust-gas conversiore@way catalyst application, TWC)
(Bekyarova et al., 19980xygen ion conductor in fuel cellsahiro et al. 198§)and gas
sensorsglzu et al., 2002have also been reported.

With such variety of applications, different forn{particle, mesoporous
membrane/film, or composite membrane/film) of Gekad been proposed and
analyzed. In particular, nanometer Ggsarticles have greatly been exploited because
of the significant size-induced property changesoXygen sensor applications, by
changing the particle size from micrometers to madsd of nanometers, the response
time shortened from minutes to millisecor{dizu et al., 2002)This suggests that the
surface adsorption or surface reaction was imprdwededucing the particle size.
Moreover, nanocrystalline CeOparticles have allowed 200-400°C decreases in
sintering temperature when compared with microedi€eQ particles(Hirta et al.,
2005) In this case, nanoparticles with small radiuswfvature and high surface area
remarkably reduce the sintering temperature. Tthéurinvestigate and facilitate these
property enhancements, it is important to iderdifyapid way to synthesize different

sizes/morphologies of the nanoparticles with aavarsize distribution.

2.3.2 CeriaNanoparticle Synthesis
Over the past few years, several methods had bepoged for producing CeO
nanoparticles, such as the sol-gel proc&Sku et al., 1993) hydrothermal or
solvothermal synthesi@Hakuta et al., 1998)forced hydrolysigDong et al., 1997)
microemulsion(Masui et al. 1998)precipitation(Hsu et al., 1988)etc. In the sol-gel
process, alkoxide or organometallic compounds aually used as precursors. These

precursor materials are generally expensive andl lea complicated reaction



mechanisms that often restrict the use of sol-getgssing(Zhou et al., 2002)The
hydrothermal synthesis and forced hydrolysis ateno€arried out under more severe
conditions, such as higher temperature, higherspresand longer reaction time.

Researchers at Pacific Northwest National Laboyai®NNL) have invented a
flow-through hydrothermal technique to produce higihnonodispersed nanoparticles
referred to as the Rapid Thermal Decompositionretyrsors in Solutions (RTDS)
(Darab et al, 1994; Darab et al., 199%owever, this process suffers from the
drawbacks of traditional hydrothermal synthesis to@ed before. Microemulsion is
an efficient method for preparing highly monodigset Ce@nanoparticles, but is hard
to scale up commercially.

Compared to these methods, precipitation is a ratbractive method/route due
to the cheap salt precursors, simple operationgasd for mass producti@hou et al.,
2002).

2.3.3 Precipitation of Ceria Nanoparticle
The precipitation approach generally involves aermediate formation (see
Figure 2-1) of metal hydroxides, nitrites, sulfategalates, and so forttwang and
Feng, 200Q)In most cases, these precursor powders musebmatlly decomposed to
obtain the desired ceramic powd&ing, 1996) Thus if the ideal result is to form
nanoparticles, intermediate precursor powders htvebe separated from their
supernatants by drying and calcination. On thedbo®f Figure 2-1, the precursor and

the intermediate form used in this dissertationliated.



Homogeneity during
Reaction, Nucleation,
Growth and Capping

Right Molecular Precusors
and Controlled Synthesis

Intermediate Well Defined Drying/
Precusors Precusors WENIOERELL Calcination
(solution) Powder
Ce(NO,), Cg(e(()g&)fr ) Ce0,

Figure 2-1. Flow chart of the precipitation procexlassuming solution chemistry.

The precipitation process used in this dissertatstarts with dissolving

Ce(NQy);3 (cerium nitrate) in deionized water expressed as
2Ce(NO,), O 1P - 2Ce™ + 6NO* (2-1)
According to this equation, hydration of the niératenerates Gé Since the
desired final product is CeQ(ceria), the C& ion must go through an oxidation
transition to a C¥ ion, that is

2Ce* M - 2Ce* +2e” (2-2)

When dissolved in water, according to the emf (etesotive force) data

(Weast, 1984)the transition can be expressed as

Ce” +H,0 « CqOH)* +H" +e”
E°oy =—170V (2-3)

Thus, an increase in emf can be realized by chgrgm pH to a higher value.

This favors the hydrolysis of the relatively lai@e* ion,

Ce* +OH™ - CeOH), (2-4)



To increase the pH value (facilitate the oxidapoocess), NEOH (ammonium
hydroxide) is added to the solution. When JOHi dissolves in water, it becomes
protonated. Hence ammonium and hydroxide ions ball present in the aqueous

solution of ammonia according to

NH, +H,0 — NH," +OH" (2-5)

When the pH value is changed, immediately Ce@Eegrium(lll) hydroxide)

precipitates out because the solubility constagi&3x10** at 25C) is extremely low

(Chen et al. 2004)This phenomenon is thermodynamically driven, \Wwhieill be
explained in the next section. The hydroxide themeeiences a Céto Cé" transition.
This transition involves Cé& ions having contact with oxygen. This reaction is
expressed in formula (2-6Zhou et al., 2003urther proved that particle size of the
Ce(Q can be reduced by bubbling oxygen into the satutioreact with Ce(OH) This
finding indicates that by controlling the precipiten condition, the nanopatrticles size

and size distributions of the nanopatrticles canhanged.

2Ce(OH), + %0, - 2CeQ, +3H,0 (2-6)

2.3.4 Nanoparticle Size and Size Distributions

Since CeQ® is the direct product of Ce(Okl)all variables described in this
section are associated with Ce(@HAccording to Eq (2-4), intermediate Ce(QH)
particles are formed. It can be calculated accgrdanthe system’s thermodynamic
offset from equilibriumJones, 2002; Mullin, 2001)



16m°%y°
AGr=— WV 2-7
AT (insy &)

where AG* is the Gibbs free energy reduced from the superated state to
equilibrium, v is the molecular volume of the Ce(QHyvhich can be substituted with
m/p where m is the molecular weight ants the density of the Ce(Oginolecule),y is
the surface/interfacial enerdyis the Boltzmann’s constarit,is the temperature, aigl

is the supersaturation value. From the equatiqrersaturatiors and temperatur€ are
the variables for changingG*. Assuming all experiments are operated in theesam
temperature, the supersaturation value becomesrilyevariable in the precipitation

process. The supersaturation value can then belatdd according to

S= (2-8)

whereKspis 6.3 x 10%* at 25°C(Chen et al. 2004)From Eq. 2-8, the supersaturation
value @) increases significantly when [OHncreases. Therefore according to Eq. (2-8),
when the supersaturation value is high, the theymawhic offsetAG* becomes low.
This would result in the Ce(Okihaing small nuclei size¥), which can be calculated
using Eq. 2-9. The relationship betwe®@* andr* is demonstrated in Figure 2-2.

o 20

“ kTIn(s) (2-9)
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AG Surface term
A
Apg = dnry

AG = (4/3)n°AG, + 4nrky
™

\\\ Total
Volume term Ap, = (4/3)n°AG,

Figure 2-2. Dependence of nuclei size r* on Gilbibs £nerg\WG* (Jones, 2002;
Mullin, 2001).

From Eq. 2-7 and Eq. 2-9, when supersaturag@@ high, the thermodynamic
offset AG* and nuclei sizer* become small. Thus, by assuming the size of the
nanoparticles relatively the same as the nucles, Sizis expected that the varying
supersaturation valug will result in changes in the nanoparticle sizen€equently,
from Eq 2-9, uniform mixing of the [¢§ and [OH] becomes crucial for obtaining a
narrow distribution of particle size. This indicatéhat the design of the mixer is

important for the precipitation process.

2.3.5 Controlling Nanoparticle Precipitation Synthesis

According to previous discussions, varying the taatc mixing condition
(exposure to oxygen) would affect nanoparticlese send size distribution. The
following literature review summarizes different papaches to precipitate CeO
nanoparticles.

One approach is to decrease the rate of pH chaagjaltows time for the batch
mixer to fully mix the reactant€hu et al., 1993elected (NH),CO (urea) ancChen et
al. 1993selected gH1.N4 (hexamethylenetetramine or HMT) for their expernintse By
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using urea, it slowly decomposes to ammonia and BNiius the major ligands are
OH ions and C@F ions. On the other hand, when HMT is heated tbérigemperature,
it slowly hydrolyzes to yield ammonia and formalgiéd (CHO), thus the major ligand
in the solution is OHions. By slowing down the change in pH, accordmBqg. 2-4, the
rate of precipitation can be reduced.

Another approach is to reduce the temperature enobthe reactants thus the
kinetics is reducedZou et al., 2004dlemonstrated that by adding 5°GQ4 (hydrogen
peroxide) to room temperature cerium(lll) nitratee lower temperature K, will
slowly absorb heat from cerium(lll) nitrate. Onbe +O, reaches higher temperature,

Ce**/Ce” transition starts to occur. This transition is egsed as
Ce* +H,0,+2H*(ag) = Ce* +2H,0 (2-10)

After transformation of C& to Cé*, ammonium hydroxide was added which is
similar to the precipitation process describeddn &2 and Eq. 2-4.

Since controlling the formation of Ce(OH3$ crucial in controlling the particle
size and size distribution, researchers have toenhix the reactants with different
chemicals to change the reactant property to atlpeskineticsHu et al., (2000and
Park et al., (1997oth changed the dielectric property of the raastand successfully
synthesized Zr@and TiQ, respectively. RecentlyChen et al., (2004applied this
concept to the CeBystem and achieved good control on the sizeeoh#imopatrticle.
By changing the dielectric property of the reactém solubility of the dissolved solute
(i.e. inorganic salt molecules) and the colloidééraction between solid particlésen
et al., (2004)s affected.

The previously mentioned methods use either difitecemicals (reactants) or
conditions (temperature or reactant property) tinoge the kinetics of precipitation. In
2003, Zhou et al., 2003ocused on applying different “processing” paragnetthen
validated the results. Parameters such as immgkeed, feeding method, and oxygen
bubbling were tested and the characteristics ofcdrea nanoparticles were verified.
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Furthermore, they validated the effect of oxygepasure expressed in Eq. 2-6 and
indicated that the nanoparticles become smallernwireposed to oxygen. These
findings demonstrate that the processing paramatergs important as the chemical
parameters when precipitating fine nanopatrticles.

Schwarzer et al., 2004 and Kockmann et al., 20$éd a Tee-mixer setup to
validate experimentally, as well as numericallyGlassical precipitation model using
barium sulfate. The results showed that narrowigarsize distribution was achieved
by changing the input flow rate (Reynolds numb&7 10 15280) and supersaturation
value (concentration of reactants). They conclutiatl the time scales of precipitation
(for barium sulfate system) depend strongly on ¢Fective supersaturation of the
reactants and can vary from a few microsecondsdie rthan 100 milliseconds. This
indicates that mixing is the most crucial step gogcipitating fine nanoparticles. The
results also demonstrated that enhanced mixingdcde achieved by using

microchannels.

24  Hypothesis

Based on the literature review, microchannel mixinly also provide uniform
mixing and residence time for ceria precipitatidimis allows better control of the

precipitation process.

25  Preliminary Experimental Approach

Both batch mixer and the microchannel Tee-mixeffigonations were tested.
The objective is to validate the hypotheses by gimanthe reactant concentration for
each mixer configuration. Two sets of concentratesel were used in the experiment

and the results were characterized.
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2.5.1 Parameters

Two sets of concentration levels, experiment (il &), were used for both
batch mixer and the Tee-mixer. In experiment (ighker amount (0.0375M) of cerium
nitrate was used then lower amount (3mL) ofJ8H was added. For experiment (ii),
lower amount (0.0187M) of cerium nitrate was uskent higher amount (5mL) of
NH,OH was added.

2.5.2 Experimental Setup

An analytical balance (Acculab AL Analytical Seriés-104) was used for
measuring the amount of the cerium(lll) nitrateeTuantity of ammonium hydroxide
was measured then applied to the batch mixer byipettpr (EPPENDORE
REPEATERM PLUS Pipettor). Both equipment are shown in Figi&

Figure 2-3. Acculab AL analytical balance (leftdapipettor from Cole-Parmer (right).



14
To pump the reactants through the Tee-mixer (P-Up8hurch Figure 2-4), a
peristaltic pump (ISM 833, Upchurch Figure 2-5) wagd. The advantage of using a

peristaltic pump is that the reactants are not sg@do the pumping mechanism; this
prevents clogging by reducing contamination. Initald, the setup is relatively easy.

3

Figure 2-4. High pressure PEEK™ Tee-mixer purchds®ed Upchurch Scientific.

Peristaltic Pump Cassettes for the PeristalticfPum
Figure 2-5. Peristaltic pump (ISMATEC 833) purclhf®m Upchurch Scientific.

2.5.3 Experimental Protocol

The experimental protocol was separated into twatices. One is for batch
mixer and the other is for Tee-mixer approach. Afignthesizing, the nanoparticles
were then deposited onto quartz substrates foacteization purposes.
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2.5.3.1 Batch Mixer

For batch mixer approach, (shown in Figure 2-6)juce(lll) nitrate was
dissolved in D.l. water then ammonium hydroxide ¢iH) was pipetted in until the
pH is above 10. When pH >10, precipitation/nuclaatof ceria nanoparticles takes
place then followed by particle growth. As desdadilifore, the difference between
experiments (i) and (ii) is the molar concentratievel. By changing the [¢§ and
[OH"] concentration, the supersaturation value S isiged. The supersaturation value
S can be calculated by Eq. 2-8. When [Dlihcreases, the supersaturation value

increases significantly. In theory, higher supensston value results in smaller

ﬂ<— NH,OH

+— Ce(NQ,);g Hzo

nanoparticle size.

Figure 2-6. Schematic diagram of the batch mix@ragch.

5N NH,OH
(i) 250 pLx12 =3 mL
(i) 250 pLx20 =5 mL

|

99.9% Ce(N@3H20 D.l. Water Magnetic Stir
(i) 0.4066 g — () 25mL (i) 150 mins
(i) 0.2035¢g (i) 25 mL (i) 37 mins

Figure 2-7. Batch mixer precipitation process pduge.



16

In the batch mixer approach, experiment (i) invelusing 0.0375M of cerium
nitrate (given that the molar mass for cerium tétia 434.22 g/mole), and then 3mL of
NH40H was pipetted in with increments of 250 For experiment (ii), 0.0187M of
cerium nitrate was used then 5mL of MMHH was applied with the same increment as
experiment (i) (shown in Figure 2-7). The reactavgse mixed using a magnetic stirrer
with at 500 rpm.

25.3.2 Tee-Mixer

The protocol for the Tee-mixer approach is showrFigure 2-8. Since the
peristaltic pump can only function when the twoctaats have equal amount of volume
(same flow rate), different amounts of D.l. wategrev used to dissolve cerium(lll)
nitrate and dilute ammonium hydroxide. Overall, #mount of reactants and solvents
used in the Tee-mixer is roughly the same as thehb@cipe. After the cerium(lll)
nitrate and the dilute ammonium hydroxide were pedhthrough the Tee-mixer, the
resultant solution was immediately transferred podred into a beaker with 50mL of
D.l. water. The idea is to terminate the reactipmdniucing the pH value. As mentioned

before, the precipitation/nucleation of the ceaaoparticles take place when pH >10.
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Oy

O
Ce(NOs)sHZO NH4OH Peristaltic Tee-Mixer Final
Pump Product

Figure 2-8. Schematic diagram of the batch mix@ragch.

99.9% Ce(N@azH,0 D.l. Water
(i) 0.4090 g —s| () 13.0mL
(i) 0.2035 g (i) 15.0 mL ‘
Peristaltic Pump
(i) 6 mL/min
/ (ii) 6 mL/min
5N NH,OH D.I. Water
(i) 3mL —» () 120mL
(i) 5 mL (i) 10.0 mL

Figure 2-9 Tee-mixer precipitation process procedu

Again, two levels of conditions were performed Ire tTee-mixer approach
driven by the peristaltic pump. For experiment ()0375M of cerium nitrate was
introduced on one side and 3mL of MdH was introduced on the other side of the
Tee-mixer. For experiment (i), 0.0187M of ceriuntrate was used and 5mL of
NH4OH was applied (Figure 2-9).

According to the protocols (Figure 2-7 and Figw@) 2the concentrations of the
cerium(lll) nitrate and the ammonium hydroxide frdme Tee-mixer experiments were

higher than the batch mixer experiments. In thigeexnent, it was assumed that the
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reactants are fully mixed before the reaction stafhus it was assumed that the
concentrations of the reactants used in the Teemaxperiments were essentially the
same as those of the batch mixer experiments Widssa good assumption based on the
experimental results reported Bchwarzer and Peukert 2004y the precipitation of
barium sulfate. The mixing time for that particutasstem was reported to be less than

100 milliseconds.

2.5.3.3 Film Deposition

After the completion of reaction, the resultantusioin was spin coated onto a
guartz substrate for further characterization. 3pie coating process was carried out in
two sequential steps. In the first step, 500 rp@® ({fpm/sec acceleration) was employed
for 10 seconds. During this step, about 8mL of tesultant solution was slowly
dropped onto the substrate. For the second stespincoater was ramped up to 2500
rpm (300 rpm/sec acceleration) then held for 3@sds. This spun away extra colloidal
solution and accelerated the evaporation of D.tew& he coated substrates were then
kept at 90°C for 12 hours.

2.5.4 Characterization

The morphology of the prepared Ce@anoparticles was observed with
transmission electron microscope (TEM, FEI Tecna2OFfield emission high
resolution) at Portland State University. The prapan of the samples was carried out
by dropping an appropriate amount of GesQspension onto a copper grid with tissue
paper on the bottom.

The CeQ nanoparticle suspension was also deposited omtdzgsubstrates. To

characterize the sample, a Zeiss Ultra scanningtrete microscope (SEM, Micro
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Analytical Facility, CAMCOR, Univ. of Oregon) wased to examine the structure of
the cerium oxide. Furthermore, the elemental digtron of the sample surface was also
collected by energy dispersive X-ray spectrosc&)S).

26  Preéiminary Results

The preliminary results were compared using difierenanoparticle
characterization techniques such as appearana®isgaelectron microscopy, energy
dispersive X-ray spectroscopy, and transmissioctrele microscopy.

2.6.1 Appearance

Due to the characteristic of poor mixing in thedbamixer, a longer time was
needed for experiment (i) when the molar conceiomadf [OH-] was lower. Batch
mixing required 162 minutes to form light yellowepipitates (Ceg) in experiment (i)
(shown in Figure 2-10) and experiment (ii) requiBgdminutes.

2 hours 42 minutes '

25 intes 1 minus - ' 162 minutes

Figure 2-10. Change of color with regard to reactime for the batch mixer in
experiment (i).
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With flow rate of 6mL/min, the Tee-mixer finishetiet process within 2.5
minutes for experiment (i) and (ii). Both resultar@noparticles were purple colored
instead of yellow as compared with the batch mix@rgeriment (shown in Figure 2-11).
Based on past work, purple colored nanoparticlegests the presence of Ce(QH)
(Chen et al., 2004in the solution. Further characterization needbdgerformed by
XPS to verify the composition of the purple nandighes. This is an interesting result
suggesting an additional potential benefit to theromeactor approacthbi-aad et. al.
1993had reported that Ce(OH} extremely sensitive to oxygen environment. Tinus
the batch reaction, the length of time needed t® the reactants causes enough
exposure to ambient oxygen that the process preggedirectly to its end product
(CeQ). In contrast, the nanoparticles generated fraamiicromixer maintain the form
of Ce(OH} until after deposited on a surface and dried. Tijet purple colored
Ce(OH) then undergoes a transition to Gefelding a resultant color change to light

yellow.

Figure 2-11. Results from experiment (i) for bafietit) and Tee-mixer (right).

2.6.2 Scanning Electron Microscopy (SEM)

The SEM images (Figure 2-12) show significant ddfeces in the
morphologies of both the nanopatrticles and thedilithe batch mixer tends to have

smaller particles but the particle size distribntiends to be wider. The film structure
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from the batch mixer is more complex and less unifoAnother interesting finding
from the Tee-mixer results (Experiment ii which Hagver [CE'] molar ratio and
higher ammonium hydroxide concentration), the stme&s appear to be “sticks” or
nanorods. This is consistent with the technicatditure which shows that [OHhas to
be above a certain value to precipitate nanofddsnashita et. al. 2002)n addition
from the morphologies, the nanoparticles from ttecly mixer also show more
agglomeration when compared to the Tee-mixer. This be observed from Figure

2-12 that the Tee-mixer results tend to form mariéoum coatings than the batch mixer

results.

Experiment (ii) using batch mixer Experiment (iging Tee-mixer

Figure 2-12. Comparison of the film morphology bfjaetent synthesis approach and
concentration.
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2.6.3 Energy Dispersive X-ray Spectroscopy (EDS)

Though the morphologies of the nanoparticles wererdgely different between
the batch and Tee-mixer, EDS analysis (See AppeAtllishows similar results of a
high percentage of Ce and O (which strongly impliesexistence of Cefp A small
carbon and potassium peak suggests a small ambgontamination due to normal

environmental contact. The silicon peak was fromdhbstrates.

©
(&)

€
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0 05 1 1.5 2 25 3 35 4 45 ] 55 ] 6.5

Figure 2-13. Energy dispersive X-ray spectroscasylts for films deposited from
colloidal from Tee-mixer experiment (ii) indicatétge existence of C, Ce, and O.

2.6.4 Transmission Electron microscopy (TEM)

The TEM results show that the nanoparticles from latch mixer have an
average size of about 5nm and those from the Teerran average size of have about

8nm. Interestingly, HRTEM images (Figure 2-14) gaéd from the Tee-mixer samples



23

confirm the nanorod features. The nanorod analfroed this image was found to have
uniform atomic structure, which is suggestive ofnoarystallinity.

Both results from the batch and the Tee-mixer shemdencies of particle
agglomeration. However, the agglomeration was duecdpillary forces mainly

introduced during the drying process.

Experiment (i) using batch mixer Experiment (i)ngsTee-mixer

Figure 2-14. TEM micrographs for the CeO2 nanopkasiprepared in batch mixer and
Tee-mixer.

2.6.5 Preliminary Results Discussion
The preliminary results from the batch and Tee-mirédicate that mixing is
crucial in the ceria precipitation process. In batixing and deposition, agglomeration
dominates the deposited film. In micromixing arggbdsition, more uniform films are
attainable without the use of surfactants.
At high [OH-] concentration, results from the Teexen yielded different
nanoparticle morphologies than the batch mixer.sThnding indicates that the
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micromixer permitted the formation and capture ofuastable intermediate Ce(QH)
molecule by shielding the intermediate from expesto the oxygen environment.
However, further characterizations need to be donvalidate the results.

In addition, to compare different synthesis apphesqshown in Figure 2-6 and
Figure 2-8), the initial reactants need to haveesgmantity and concentration. Details

of the new protocol will be discussed in subseqpanagraphs.

2.7 Experimental Approach

From preliminary study, micromixing approach yielddifferent nanoparticle
morphologies. The nanorod formation was assumeaetformed from intermediate
Ce(OH} molecule thus additional characterization toolsemgsed. The experimental

protocols were changed based on the previous fsdin

2.7.1 Batch Mixer

For batch mixer approach, (shown in Figure 2-1%®yjuen(lll) nitrate and
ammonium hydroxide (NFDH) were both dissolved/diluted in D.I. water. Nutume
for each reactant was kept the same to allow tleenfi@er to have the same setup for

experiment.
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Ce(NQy)3H,0 —» H <«—— NH,OH

Figure 2-15 Schematic diagram of the batch mipgreach.

99.9% D.I. Water
Ce(NG;)3'H0O 14mL

5N NH,OH D.I. Water
3mL 11mL

Figure 2-16. Batch mixer precipitation process prhoe.

Magnetic Stir
(Batch Mixer)

In this batch mixer approach, 0.0375M of ceriunmaté (given that the molar
mass for cerium nitrate is 434.22 g/mole) was u8ed. of NH,OH was diluted with
11mL of D.I. water (shown in Figure 2-16). The r@axts were mixed using a magnetic
stir with 500 rpm.

2.7.2 Tee-Mixer
The protocol for the Tee-mixer approach is showRigure 2-17. As discussed
before, the reactants were prepared the same whg aatch mixer samples. Shown in

Figure 2-18, the only difference is the final migistep.
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OF

O
Ce(NO,),H,0 NH,OH Peristaltic Tee-Mixer Final
Pump Product

Figure 2-17. Schematic diagram of the batch mipgreach.

99.9% D.l. Water
Ce(NG;)3'H0O 14mL

5N NH,OH D.l. Water
3mL 11mL

Figure 2-18. Tee-mixer precipitation process proced

Peristaltic
Pump (T-Mixer

2.7.3 Film Deposition

After the completion of reaction, the resultantusioin was spin coated onto a
guartz substrate for further characterization. 3jie coating process was carried out in
two sequential steps. In the first step, 500 rp@® {pm/sec acceleration) was employed
for 10 seconds. During this step, about 8mL of tésultant solution was slowly
dropped onto the substrate. For the second stepihcoater was ramped up to 2500
rpm (300 rpm/sec acceleration) then held for 3@sds. This span away extra colloidal
solution and accelerated the evaporation of D.tewd& he coated substrates were then
kept at 90°C for 12 hours.
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7.4 Characterization

The morphology of the prepared GCe@anoparticles was observed with
transmission electron microscope (TEM, FEI Tecna2OFfield emission high
resolution) at Portland State University. The prapan of the samples was carried out
by dropping an appropriate amount of GesQspension onto a copper grid with tissue
paper on the bottom. Furthermore, the elementaildigion of the sample surface was
also collected by energy dispersive X-ray spectipg¢EDX).

The CeQ nanoparticle suspension was also deposited omtdzgsubstrates. To
characterize the sample, a Zeiss Ultra scanningtrete microscope (SEM, Micro
Analytical Facility, CAMCOR, Univ. of Oregon) wased to examine the structure of
the cerium oxide.

To characterize the chemical composition of the oparticles, X-ray
diffractometer (XRD) was be used. The chemical daibn) state of nanoparticles is
determined by X-ray photoelectron spectroscopy (XHS&is would differentiate the

oxidation state from the Ce®ample to validate Gkor Cé".

2.8 Results and Discussion

The synthesized nanoparticles were characterized usfferent techniques.
The chemical composition was characterized by Xddfyaction. The nanoparticle
size and morphologies were characterized by scgnelactron microscopy and
transmission electron microscopy. Finally, energgpérsive X-ray spectroscopy, and
X-ray photoelectron spectroscopy was used to ifletite compositions.



28

2.8.1 X-ray diffraction

To verify the chemical composition of the nanomdes, the resultant
nanoparticles were deposited onto a glass slida theed for 12 hours at room
temperature. Afterwards, the samples were charaeteby X-ray Diffraction (XRD).
The patterns from the XRD (see Figure 2-19) indidhat the nanoparticles are GeO
(PCPDF CAS#810792). In addition, the result frone fthee-mixer seems to have
sharper peaks than the batch mixer. This sugdestshe nanoparticles acquired from

the micromixer approach are more crystalline.

Batch Mixer

Tee Mixer

—
—
—
o o —
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Figure 2-19. Powder XRD pattern of the product cared with reference to CeO2
PCPDF CAS #810792.

2.8.2 Scanning Electron Microscopy (SEM)

The SEM images (Figure 2-20 and Figure 2-21) shoth lapproaches yields
structures of “sticks” or nanorods. However, moaaaparticles (instead of nanorods)
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were formed using the batch mixer approach. Imditee, research has shown that the
nanoparticles are formed by breakage from the maisofMai et al. 2005) This

indicates that the Tee-mixer approach retained man@rods due to controlled mixing
environment.

1 - N 3= : W L -; ' N k- >
Figure 2-20. SEM image of nanoparticle morphologytisesized using batch
precipitation approach. The circles indicate brgakaf nanorods into nanoparticles.

%

Figure 2-21. SEM ime{ge of nanoprticle morphologytsesized using Tee-mixer
precipitation approach.
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2.8.3 Transmission electron microscopy (TEM)

The TEM results show that both batch mixer and meeer (Figure 2-22) yields
nanorod features. The nanorod analyzed from thegy@nwas found to have uniform

atomic structure, which is suggestive of monoctiiatty.

J ' Ay 3

Figure 2-22. HRTEM micrograph of the “nanorod” frGrae-mixer.

2.8.4 Energy Dispersive X-ray Spectroscopy (EDS)
The EDX analysis (Appendix B) again showed simitasults of a high

percentage of Cu, Ce, and O (which strongly imghesexistence of Cefd The copper

peak was from the substrate used for carrying gm®particles. A small carbon peak

suggests a small amount of contamination due tmalbenvironmental contact.

2.8.5 X-ray Photoelectron Spectroscopy (XPS)

As described earlier, the micromixer approach reduthe probability of

exposure to oxygen thus yield more*Ciens which forms the intermediate Ce(QH)
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instead of Ce@ To quantify the results, an X-ray photoelectrpecroscopy (XPS)
tool was used (Physical Electronics Incorporatecarum 2000 Scanning ESCA
Microprobe). The nanoparticles were deposited pgtpe onto clean Si wafers inside a

nitrogen purged’R glove bag attached to the XPS sample introduafimmber. The

resultant solution was allowed to dry while insidhe N, purged glove bag. The

samples were then dried for approximately 10 mswaed mounted onto the XPS

system specimen holder. The XPS high energy rasnlphotoemission spectral plots

showed that the Géfrom Tee-mixer sample in clearly more than batékemsamples
(Figure 2-23). In addition, the N1s line is at 407 so the NH was then oxidized as a

nitrate.

Inten sity (Arh, Units)
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Figure 2-23. XPS high energy resolution photoeraisspectra of the Ce 3d region. (a)
Tee-mixer , (b) Batch mixer. The brackets in tigarfe 5 show the spin orbital pairs

(5/2) and 3/2) for C& (solid lines) and Cé (bashed lines).
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2.8.6 ResultsDiscussion

In this study, both batch mixer and Tee-mixer yeeldnanorods. However,
fundamental theories of the nanorods formatiorsallainder investigationlang et. al.,
2005suggests that the nanorods were formed by rollinigrainar structures during
precipitation process. This rolling phenomenonimsilar to the formation of carbon
nanotubes.

Mai et al. 2005further tested the oxygen storage behavior witlpeesto
different shapes of ceria. The results from naneradd nanotubes showed better
oxygen storage capacity than nanopolyhedra (wiidhe same as the bulk material).
This indicates that high oxygen storage capacityenss might be designed and
obtained by shape-selective synthetic strategy.

As for applications of nanorods, at Oregon Statevélsity, this structure allows
the possibility of depositing anti-reflective/sulavelength structures shown in Figure
2-24. However, manufacturing monodispersed nanigpestat industrial scale requires
large quantities of flow volume. In this case, Taixer will not be sufficient and need to
utilize novel approaches. In the next Chapterffaréint microchannel approach will be

proposed and the challenges of manufacturing sacites will be discussed.

[=J15"
wuw

wavelength

Ceria
(n=1.93) / A&——""" N L LN\ __

Glass
(n=1.47)

Figure 2-24. Conceptual design of the anti-refled8ub-wavelength structure using
ceria nanorods.
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29  Summary

Despite having the same composition (XRD resuligferent nanoparticle
morphologies were obtained by changing the mixipgreach. This indicates that
mixing condition is crucial in ceria precipitatigmmocess. XPS study showed that the
nanoparticles synthesized using microchannel Teemyielded more C& molecules.
This indicates that the Tee-mixer approach pernhitiee formation and capture of an
unstable intermediate Ce(OHholecule by shielding the intermediate from expesa
the oxygen environment. The SEM images also shdessdbreakage of the nanorods
when deposited.

The results also confirmed that by using the micammel mixing approach,
continuous based nanomanufacturing can be achievguplications such as

anti-reflective coatings are currently under reskear

210 FutureWork

In this study, Tee-mixer was used to analyze tiiecebf mixing approaches
compared to traditional batch mixing. However, asadibed in previous section, future
work should be emphasized on using novel microcklasetups to increase the flow
volume and output.

One issue that needs to be addressed in future wdokanalyze the effect of
clogging in microchannel devicé®larshall, 2006) Wyss et al., 2006ndicated that
microchannel clogging is independent of partiasvfirate and volume fraction. Instead,
the average number of particles that can passghrbefore it clogs scales with the ratio
of particle size. Future microchannel applicatioreed to consider the size of the
nanoparticle which impacts the lifetime of the aevi
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CHAPTER 3

Warpage Mechanisms of Microchannel Devices during iffusion Bonding
Process: A Review

3.1 Abstract

Micro Energy and Chemical Systems (MECS) are adayacrofluidic
systems that process mass and energy using théerated heat and mass transfer
available in microchannels. MECS applications galterinvolve processing bulk
mass and energy. This requires “scaling-up” micaoctels thus additional headers
and support structures need to be implemented. kHenwthese structural complexities
can lead to poor stress distributions during bogdiithin the device causing either
structural failure or device leakage. This revievta categorize each defect modes and

provide information to avoid such failure.

3.2 Introduction

In this Section, an arrayed microfluidic system ¢Mi Energy and Chemical
Systems) is introduced. Detailed descriptions ef ddvantages and applications are
then discussed. Afterwards, the scale-up conceptnaanufacturing approaches for
MECS are summarized. Finally, the defect modes aadses during device

manufacturing are listed.
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3.2.1 Micro Energy and Chemical Systems (MECS)

Micro Energy and Chemical Systems (MECS) are adayacrofluidic
systems that process mass and energy using théerated heat and mass transfer
afforded by in microchannels. In one hundred miatenscale channels, heat and
mass transfer take place over significantly shati#fusional distances than in macro-
scale channels. The relationship between the anufuithe fluid molecules need to
stay in a channel to be processed (i.e. mix ortreactransfer heat) and the
microchannel hydraulic diameter is by a squarewh t€rhao et al. 2005; Ehrfeld et al.,
2000) This suggests that a 10X reduction in channeidtar requires a 100X
reduction in average residence time. Shorter rasgldéime permits shorter channels
effectively reducing the overall size of the systdReduction in system dimensions
enables the distributed and portable processingass and energy e.g. smaller heat
exchangers. Microchannels in MECS devices are &jlgion the order of 25 to 250
micrometers (um). Dimensional features within thegerochannels may extend well
below 25um including, for example, contactor membr@ores below 5umrseng
and Paul, 2003)or catalyst/anti-reflective coating nanopartidiest are as small as 20
nanometers (nm)Chan, et al., 2003; Tseng and Paul, 2007)

While internal features may extend downward, theraV size of MECS
devices are on the order of 1 to 100 centimetery.(MECS applications involve the
bulk processing of mass and energy requiring theeysrg of microchannels. A typical
practice to increase the output volume is to saal¢he design by numbering-up, i.e.
by adding more channels. The size of the device ted number of channels
differentiates MECS from other microfluidic devicesch as micro total analysis

systems (U-TAS). Figure 3-1 shows the breadth pliegtion of microfluidic devices.



Micre Total Analysis Systems (HTAS)

40

Micre Energy and Chemical Systems (MECS)

! MEMS
CHEMICAL * Inkjet Print ;
! Heads
Lab-on-a-chi | Micraelectranic
P Drug i Cooling Automotive Heat
Delivery | Pumps
DMA Diagnostics F'ersgnFl'_nrlable
ooling
Cell sorting i Pog::;;i;g:er
Biodiesel
) Single Cell Synthesis Water Fuel
Proteomics Analysis ; Purification Point-of-use Reforming
H [')ﬁlglcgiys : Nanomaterial
- . (- Synthesis
w Cytosensors At-Horhe ! Bsmyi;{)i:g:?:r :
‘éﬁ@v 8 Sensors ; CHEMICAL
> Bload
’ \ BIOLOGICAL Processing
E | BIOMEDICAL

<Channel Dimensions < 100 iJm | 25 pm < Channel Height < 250 prr>

pLor ik I

> == 100 L nin :
> highet :

Fiuid Volume

tawer | Application Temperature

Figure 3-1. Classification of Microfluidic Devices.

Distributed MECS systems are expected to be pratiucehigh volumes at
relatively low cost following similar advancememisde in manufacture of Integrated
Circuits (IC) and Micro Electro-Mechanical SysterlEMS). IC and MEMS
manufacturing rely heavily on silicon-based procegsvhere submicron features are
routinely implemented in production. However, thacrmofluidic components in
MECS generally do not require the extremely smesitidre sizes available by silicon
bulk micromachining (although nanotechnology cdaoédemployed in the deposition
of engineered catalysts on the walls of microch)nEurthermore, for many MECS
applications, silicon is not the favored base maltéPeterson, 1998 and 199% is
more expensive than most other materials and &rentd conductivity is not suitable
for many energy-based applications. In additioygiticon wafers are brittle and may
not be compatible with specific environmental cdiodis. In contrast, the
functionality of MECS typically requires having theal, chemical and physical
properties of more traditional engineering matsriaich as metals and ceramics.

These materials are easier to machine and can rimieldawithout requiring a clean
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room. These advantages increase the possibilifigsatberning and bonding of the
materials to create MECS devices.

3.2.2 Scale-up of MECS Devices

To process bulk mass and energy, MECS devicesreequiays of channels.
The process of scaling-up microchannel devicesliea “numbering-up”. One way
to number-up is illustrated in Figure 3-2. Arrayk ahannels can be laid out on
individual layers or laminae. The laminae can therstacked and bonded together to
form devices which can be banked together to furtherease the volume of fluid
processed in microchannels.

One of the critical components in arrayed microcieds involves the
distribution of flow between devices. Headers denpms of fluid before and after
device, laminae and channel arrays used to distrilow. Channel headers are
typically used on laminae to distribute flow betwesmhannels. These channel headers
can complicate the fabrication process. Headgusaily involve large channel spans
requiring structural support as bonding pressureapplied. These structural
complexities can lead to poor stress distributionithin the stack causing either
structural failure (e.g. channel warpage/defleqtidne to overcompression or device
leakage due to undercompressi@uhubert et al., 2001Paul et al., 200@sed finite
element analysis (FEA) software and empirical dat@a investigate the
manufacturability limits of two-fluid counter-flonheat exchanger microchannel
arrays. It was demonstrated that leakage betweeimda is related to the aspect-ratio
of channel headers. Thus careful consideration fneishade to these factors during

the scale-up process to prevent structural failure.
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Figure 3-2. Typical scale-up procedure by layera@annel-up, and number-up.

3.2.3 Microlamination

Microlamination is one of the major fabrication laitectures adapted for
numbering-up microchanne(&lartin, et al., 1999; Matson, et al., 1998; Pailal.,
1999; Peterson, 2001Thin layers of material, called laminae, are ¢graed with
channel arrays and then bonded together into a ltlmoodevice. In general, the
process used for microlamination involves threeomsieps: 1) laminae patterning, 2)
laminae registration, and 3) laminae bonding. FRgRH3 shows an exploded view of a
typical microchannel array design, which can beduse bulk heat and mass transfer
applications(Ehrfeld, et al., 2001)Laminae patterning can be done by using laser
micromachining, etching, lithography, etc. Laminagistration can be done by pin
alignment, edge register, or thermally-enhanced eedggistration (TEER)
(Wattanutchariya and Paul 2004)he bonding step can be carried out by adhesive,
reflow (surface mount technology), laser weldingfudion bonding, etc. In particular,

diffusion bonding is generally done in a vacuum patss that provides uni-axial
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compressive pressure under vacuum at elevated tetape to facilitate diffusion
bonding. A typical bonding setup is shown in Fig@ré. Other than benefiting from
the accelerated heat and mass transfer, this ramroation approach also provides
versatility of adapting different application rerpments such as increasing the overall

throughput.

End Cap N

Header and Channel

Headerand Fin | [J 0]
i |
I 0
i |
End Cap U 0 ‘
Figure 3-3. An exploded view of a MECS device desilyistrating microlamination
concept.
Bonding Platens R Sample/Stacked Laminag

<«—— Hydraulic Driven Pressure Ram

Figure 3-4. Typical diffusion bonding setup.



44

3.2.4 Flow Maldistribution in Microreactors

Arrayed microchannel designs are usually basecherassumption of perfect
geometry so that the flow rates between individubhnnels/layers/devices are
equivalent. However, during micromachining, micrachel dimensions sometimes
deviate from design due to either tool resolutioclmaracteristics of tool finish. These
variations in channel dimension can cause malldigion of the flow with serious
degeneration of the efficiency of the microfluidéystem. For example, in heat
exchange applications, larger cross section charale greater volumetric flow rates
and longer conduction paths for heat transfer tivan the walls of the channel. This
results in less effective heat transfer for thaltsurface area of the microfluidic
system.\Wattanutchariya and Paul, 20@arther identified that channel variation of
20% in heat exchanger channels could result in % %icrease in the number of
channels needed to process the same volumetric flow

Currently, four main sources of flow maldistributibave been identified. The
first is fouling caused by physical blockage ocmyrwithin the channel that can be
caused by accumulating debris or precipitationeaictants. The second is two-phase
flow in multiple phase systems that have highlyomsistent flow patterns due to high
and low pressure areas associated with differeasgs (usually gas and liquids). The
third is self-induced maldistribution that is reldtto changes in viscosity between
channels due to heat transfer, phase changesletcfourth source is mechanically
induced warpage. This is typically caused by defettch as variation in channel
design, fittings, channel shape, and side wall tmmd (surface roughness) during
manufacturing. In most cases, the first three ssuoan be minimized by appropriate
selection of the application. The focus of thisieavis on the fourth category and will
address mechanically induced warpage leading tdistabution of flow.
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3.2.5 Defect Modes and Causes During Device Manufacturing

As mentioned in the previous paragraphs, maldigion of fluid flow in
microchannel devices could cause a significant drogefficiency. Mechanically
induced maldistributions are typically caused byfedes generated during
manufacturing. In addition, design and materialditbon can also contribute to flow
maldistribution. In the literature, causes of ndfanmity warpage can include
residual stresses that are relaxed during bondmtjal curvature of shim stock,
mismatch of coefficient of thermal expansion of parsite material, and delamination
of composite laminag.Timoshenko, 1961; Shames, 1989; Fang et al., 1G@4e et
al., 1997; Ashby, 1999; Fang et al. 1999; Popo¥9i®aul et al., 2000; Paul et al.,
2000).These defects are listed and linked with possiaieses in Table 3-1. As shown
in the table, most of the causes are related tgagm. However, there were no
detailed studies analyzing the relationship betwesssh individual cause and warpage

found in current literature.

Table 3-1. Defect modes and causes for microchaleates.

Causes

Design Material Condition Fabrication
Unsupported Internal Mis- Thermal | Poisson's
. Crease . . . Creep Burrs
Regions Stress registration| Gradients Effect
Channel
Thinning A O
warpsge | (O | O O |10 |0 ]| A

O O

Defect Poor
Mode | Bonding O O O
Misalign O
Void O O

* Circle represents direct cause and triangle ssts indirect cause

In the subsequent sections, detailed literaturewevelated to individual cause

have been listed. In addition, some of the causes walidated through experiment.
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3.3  Design: Unsupported Regions

Warpage within arrayed microchannel devices cathbeaesult of poor stress
distribution during operation and bondirigchubert, et al., 200doted that the lack of
structural support in microchannel designs canltr@suhe collapse of microchannels
during operation. We have observed the collapsehahnels during bonding due to
unsupported regions (shown in Figure 3-5). Po@sstdistribution due to unsupported
spans is less likely to occur in small test arickéhere spans are minimal. In larger
devices used to scale-up arrayed microfluidic @apilbns, complex header structures
in each lamina can lead to large unsupported spans.

(Tseng et al. 200&aken from optical microscope (50X).

To aid the designer in minimizing unsupported ragid~EA software can be
used to simulate the structural behavior under cesgive stress during the diffusion

bonding processBy using such software;aul et al. 200&uccessfully analyzed the
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design limits on aspect ratios in counterflow matrannel arrays and the results were
matched with empirical data. Findings showed tpbabr bonding regions were
predicted in regions of loaded test articles whkeestress distribution approached the
tensile/compressive boundaihou et al. 200also used FEA software to analyze the
viscoelastic deflection and stresses of microchlastreictures when subjected to
internal (operating) pressure. FEA analysis carlif@e a better understanding of
design limitations of arrayed microchannel compasdyoth during fabrication and

operation.

3.4 Material Condition: Internal Stress

Microlamination technology relies on the patterninggistration, and bonding
of thin shim stock manufactured from traditionalccoolling processes. During the
cold rolling process, internal stresses can accat@utiue to cold work. While
machining thin shim stock, relaxation of internalesses may cause considerable
warpage. In addition, during subsequent steps ofaf@mination, additional residual
stresses can be introduced causing similar defEBgare 3-6 shows warpage due to

thermal stresses induced by laser micromachining.

Figure 3-6. Result of induced warpage due to lassrhining on copper shim stocks.
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To avoid warpage due to internal stresses, it ggested that the starting
material be annealed and flattened. Annealingpsoaedure in which the material is
held at high temperature for sufficient time toieeé internal stresses. The cooling
process is controlled to reduce thermal stressesmzing reintroduction of internal
stresses. Typical recipes for annealing differerdtemals can be found in ASM
Handbooks and Metals HandboaksSM Handbook v2; ASM Handbook v4; Davis,
1998). Flattening is typically done at elevated tempeeguto reduce the yield
strength of the material. As an example, pure ecppan be flattened with excellent

results at around 450°C

3.5 Material Condition: Crease

Creases are permanent identations that extend gihrthe thickness of a
lamina. Creases are generally introduced duringllivan or patterning and may be
located randomly throughout the lamina. Creasesepteintimate contact locally
between laminae during diffusion bonding resultimgoids within the device. Voids
on the bondline can cause leakage issues or dediomras shown in Figure 3-7.

Figure 3-7. Crease induced void in microchanneicstires.
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To avoid this type of failure, handling procedunesist be developed to
minimize the occurrence of crease defects. Oneieffi way to improve handling is
by using a vacuum wand (purchased from H-Squarevsho Figure 3-8). Further,
rigorous lamina inspection is needed to detect dfemse before proceeding with

subsequent processes.

Figure 3-8. Vacuum wand currently used at OSU (pased from H-Square).

3.6  Fabrication: Misregistration

Registration can be a critical step in a microlaation architecture. While the
reduction of contact surface area between coumtetlvannels due to misregistration
has been found to be insignificant on the impaet effectiveness of microchannel
heat exchangerg\Wattanutchariya and Paul 2004misregistration can cause
deviations from the original design that reducedtiral stability. For example, stress
risers can develop during bonding due to the mistegion of laminaeln one of the
microchannel devices designed in the lab, FEA skothat when stacked laminae
were compressed under 1000 psi, the maximum vordvksress in the registered
stack was 8,160 psi while a stress of 10,990 ps @l@served in the misregistered
stack (shown in Figure 3-9). This 34% increase @i Mises stress was induced by

only 10% misregistration. According to the defioitj when von Mises stress exceeds

'The von Mises stress is a yield criterion typicallged in material mechanical
studies. It predicts the stress state of matetalder a particular loading condition
from results of simple uniaxial tensile stresses.
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the yield stress of the material, the structure ladiofail which would result in
deformation of the microchannel structures.

“*« Maximum von Mises Stress
of 10,990 psi

Figure 3-9. Von Mises stress model of the mis-tegesl laminae unaer compressive
force.

3.6.1 Theoretical Hypothesis

To isolate the defect mode caused by mis-registrata simple model was
developed as shown in Figure 3-10 (a). When a gtachkis-registered as shown in
Figure 3-10 (b), bending moments are generatedae&cessive force being applied

on the top and bottom lamina.
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Top Lamina |

f/‘ Middle Lamina |

Bottom Lamina |

g

~
\

(@) (b)

Figure 3-10. Conceptual diagram of a 3 layer micammel device design with (a)
good registration and (b) mis-registration.

This model can be simplified by considering theefb®dy diagram of only half
of the structure shown in Figure 3-10 (b). The selvematic is shown in Figure 3-11.

| | Mis-registration, &
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Channel Width, W.

Figure 3-11. Simplified diagram of the mis-registva warpage.

Assuming the mis-registration load is uniformly tdisuted, loading can be
converted to a point load at half the distanceheftbtal mis-registration distance. By
using the level ruléHibbeler 2005; Ugural 2008; Hearn, 198the point load can be
represented as
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F-b

e (3-1)
where

F = Mis-registration force (from compressive pres3ur

b = Distance from mis-registration load to the cenfehe channel

W = Width of the microchannel
Since the mis-registration force was distributemhfrthe compressive pressure, it can

be represented by

F=P-A=P-(2a-L.) (3-2)
where

P = Compressive/Bonding pressure

A = Surface area of mis-registration load being igplp!

a = Distance from mis-registration load to the edfthe microchannel

L. = Length of the microchannel
From literature, the critical bending moment fahen plate can be represented as

oy -Loot?

6 (3-3)
where
oy = Yield strangth of material
t = Thickness of the lamina

Thus by assuminf = W, — a, the moment generated from the point load (cabiyed

mis-registration) can be compared with the crit@hding moment yielding:

P-(2a-L¢)-(We—a) q = oy-Leot?

We 6 (3-4)
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wherea is the distance from the point load to the fixéldee The formula from (3-4)

can then be rewritten as

3_ 2 1y %2
2P(a) 2PW.(a)* + 6VVC . tc =20 (3-5)

Sincel. is on both side of the equation, it cancels. Tihysolving the equation fa
(Please see Appendix C), the distance of maximusiregistration can be calculated
with given structural geometries\f and t) and mechanical propertys,J under
compressive pressur®)( Though the equation can be solved having thobgisns,
two of them would always be negative value leavinglast solution a positive value

(which is the mis-registration distance).

3.6.2 Material

For this experiment, copper alloy 11000 (McMastarfrC#9709K54) was
selected due to its micromanufacturability and raeatael properties at room
temperature. This copper alloy has relatively lomwld/ strength (302 megapascal)
allowing for good sensitivity to poor stress distiions. Also, its mechanical
properties at bonding temperature are lawavis, 1998 and Templin, et al., 1948)
Consequently, if the material is subjected to th@fmechanical stress damage during
laser machining, it can be easily flattened congbarigh other metals such as stainless
steel or nickel.

Bonding platens (described in 3.p.for transmitting compressive pressure
during bonding were made of alumina and were pwethdrom CoorsTek (material
number AD-995). The alumina platens were 2 incloeg) by 2 inches wide by 0.5
inch thick, and were double-side ground to holdnfas and parallelism to less than
12.7 um over the whole surface. The peak-to-vaflesface roughness (R) was
0.762 um while the average surface roughness ist &9 pum.
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3.6.3 Preliminary Test Coupon Design

To verify the mathematical model, a preliminaryttesupon was designed
(shown in Figure 3-12). For detailed specificatiansl dimensions, please refer to the
engineering package in Appendix F. This test coupmrsisted of three laminae. The
dimension for each lamina was 2 inches long by c¢h iwide by 0.002 inch thick
(actual surface area of 1.887 iAchThe bottom lamina in this design was pattermed t
provide a gradient amount of misregistration frdme top lamina. Each test coupon
incorporates three different channel widths hawiig, 500, and 750 pm. With each
channel width, several different mis-registratiemdths were tested (Figure 3-12b).
Table 3-1 lists all the channel widths and misstgtion lengths embedded in the test

coupon design.

Mis-registeration Length (2a)

o

Mis-registered Structure

(@) (b)

Figure 3-12. Top view (@) and cross-sectional sides (b) of the test coupon design.
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Table 3-2. Structural dimensions incorporated enteést coupon design.

Mechanical Structural
Property Properties
Yield Channe . Mis-registration| Mis-registration
Strength Width Thch:ness Length Percentage
(o) wo [ © (2a)
MPa psi mm mm mm %
0.375 0.061 0.050 13%
0.375 0.061 0.100 27%
0.375 0.061 0.150 40%
0.375 0.061 0.200 53%
0.500 0.061 0.050 10%
0.500 0.061 0.100 20%
0.500 0.061 0.150 30%
0.500 0.061 0.200 40%
14.38 2085.00

0.500 0.061 0.250 50%
0.750 0.061 0.050 7%

0.750 0.061 0.100 13%
0.750 0.061 0.150 20%
0.750 0.061 0.200 27%
0.750 0.061 0.250 33%
0.750 0.061 0.300 40%
0.750 0.061 0.350 47%

Since the misregistration distance is critical his texperiment, methods were
developed for measuring and controlling the regigin between laminae. To register
the position of the stacked test coupons, 1/16 mgistration pins were used. The
registration dowel pins were purchased from McMa&&rr (#97395A405) with both
ends pre-tapered to allow easy insertion into dggstration pin holes. To validate that
the registration pins were properly registering #tacked laminae, fiducials were
implemented that can be checked during assemblydé&ails of the fiducial design,

please refer to Appendix G.
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3.6.4 Experimental Process Plan

3.6.4.1 Patterning

To manufacture the test coupons, a laser pViardginachine was used (ESI
model 5330). This laser system is a pulsed Nd:YA&et which operates at 355 nm
wavelength and can output > 5.7 Watts at 30 kHz d¢curacy of the laser is + 20
pum over 533 mm by 635 mm. In addition, the maximuetocity for this laser
machine is 500 mm/sec so it makes this processsta dad efficient way for
prototyping samples with through cut desigh&atson, et al., 1998; Martin, et al.,
1999) The parameters used for the fabrication of tlse deupons were optimized to
minimize thermal stress during laser machining. To@sequence of using non-
optimized parameters is shown in Figure 3-13. TpEnozed parameters are listed in
Table 3-3. There are two sets of parameters listethe table because the fiducial

markings require reduction of laser power.

(b)

Figure 3-13. Images of laser machining resultsgié) non-optimized and (b)
optimized parameters.
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Table 3-3. Laser machining parameters for through and blind cuts.

2 mil Copper
Through Cut Blind Cut
1st Pas$ 2nd Pas$ 1st Plass 2nd|Pass
Z-offsef (mm) | -0.015] -0.025 -0.015 -0.02b
Speed (mm/seg) 90 90 90 90
Rep. Rate  (kH2) 30 30 30 30
Powel (Watts) 5.85 5.85 1.8 1.8

3.6.4.2 Flattening and Annealing

Though the optimized parameters were used, thectegions still needed a
flattening and annealing cycle. The recipe wasregfeed from ASTM standards
(Davis, 1998 and Templin, et al., 194Fhe purpose of the flattening and annealing
step was to remove thermal stresses and edge dreated during laser machining.
The burrs created from laser machining are typrda¢itween 15 to 35 um and can be
flattened to below 1.5 pm (shown in Figure 3-14jisTannealing step also removes

any warpage caused by handling.

Laser Machined Bur

(=T imon  iROD

Figure 3-14. Laser machined burrs before (a) ated éf) flattening/annealing.
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3.6.5 Preliminary Test Protocol

To verify the warpage due to misregistration, test toupon was uniformly
compressed in order to simulate actual processitimms! during diffusion bonding.
Bonding pressure was applied to platens using aaliid press (Pressmaster model
HP30-4560 from Thermal Technologies Inc.). Thissprdnas a three inch inside
diameter chamber sufficient to accommodate thesetstp used. Process conditions
used in this experiment mimicked diffusion bondpayameters. The test coupon was
heated to 450°C and then compressed using a lob4.88 MPa (2085 psi). The static
load was continuously applied for 30 minutes. Ugudle length of time for applying
compressive bonding pressure is between 1 to 2dshadowever in this study, the
shorter amount of time prevents the test coupom fdeveloping creep phenomenon
(which will be explained in 3.9).

After pressing, the test coupon was potted in gpard subjected to a

standardized metallography process to inspecth®warpage of the microchannels.

3.6.6 Preliminary Results and Discussion

The cross-sectional view of the microchannel camisged (shown in Figure
3-15, Figure 3-16, and Figure 3-17)
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(a) 50pm mis-registered

= L ¥ e A
: ; i :

(c) 150pum mis-registered (d) 200pum mis-registered

Figure 3-15. Cross-sectional view of mis-registeredrochannels having channel
width of 375um.

(e) 250um mis-registered

Figure 3-16. Cross-sectional view of the mis-reggsti microchannels having channel
width of 500pum.
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(a) 50pum mis-registered (b) 100um mis-registered

{ ]
(g) 350um mis-registered

Figure 3-17. Cross-sectional view of the mis-reggestt microchannels having channel
width of 750um.

The cross-sectioned samples were inspected andisiolevwarpage was
identified. This suggests that the results do go¢@ with the formula derived in (3-8).
Such deviation might be caused by changes of na#iterproperties at high
temperature. Some other effects such as initialature of the foil could also cause
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issues in obtaining the data. Additional consideratind analyses needs to be done
and will be discussed in section 3.6.7

The results also show that some delaminating offlaenhad occurred during
the metallography process. This is mainly becadigwor bonding between laminae
caused by insufficient compression time at bondamperature. This is a desirable
result because this indicates that there was rmigintime to induce creep.

The accuracy and repeatability of the registratipocedure was also
evaluated. As described previously, registratioludial features were checked before
and after the pressure applied. Figure 3-18 sheywsesentative result images of the
fiducial markings taken with an optical microscofénce the fiducial markings line
up with each other, less than 10 um misalignmengsewachieved using this
procedure.

Figure 3-18. Optical images (50X) of the fiduciahnkings before (on the left) and
after (on the right) the diffusion bonding cycle.
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3.6.7 Future Work

New models need to be formulated to isolate andnés-registration caused
by warpage. FEA analysis from this study showed thia-registration would reduce
contact surfaces which increase the load (commesgress) on support structures.
When this stress exceeds the yield strength ofrtaterial, the microchannel features
will be susceptible to warpage. However, actualegixpent showed that even with up
to 60% mis-registration, no visible warpage wasedietd. This indicates that the
model needs to be adjusted to predict mis-registratvarpage. One possible
adjustment that can be tested is that instead mliiag uniform pressure to the mis-
registered area, a non-uniform pressure needs teirbelated. This non-uniform
pressure is induced by compressive strain beindjeabpn the stacked laminae. In
addition, the distance of the non-uniform pressdoael needs to be correlated with the
bonding pressure and the mechanical propertidseofaterial.

Mis-registration, & Mis-registration, &

e———— e———

W wlll]
.' 1 .' 1 ¥ Thickness, ¢
L b =1 | b [PR=IN]
I I | | | 1
| 5 | |
! Channel Width, W. § ! Channel Width, W, !

(a) (b)

Figure 3-19. Schematics of the uniform (a) and aoifierm (b) distributed load on a
mis-registered structure.
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3.7 Fabrication: Thermal Gradient

The warpage caused by a thermal gradient is typichle to non-uniform
thermal strain throughout the surface. This indubesmal stress and when it exceeds
the flexural strength of the lamina, the lamina Wwé susceptible to bending/buckling.
Excellent reviews were found in several sourcesiethanics literatur&oley et al.,
1960; Nowacki, 1962; Hetnarski, 1986; Kovalenko69Q However, these reviews
focused mostly on macro scale structures and thedsry conditions used in those
studies are not exactly the same as those usectinlamination application. Another
consideration is that when the critical featuresiaf the laminae are approaching the
size of the grain, the material might behave déifely compared to the bulk material.
To the best of the author’'s knowledge, the effdcthese thermal gradient induced
stresses have not been investigated in devicesogmglmicrochannel structures.

For microlamination, thermal gradient stressesgereerally created during the
last step in the process which is diffusion bondiRigis process involves holding two
or more components (laminae) under certain loadlition at an elevated temperature
usually in a protective atmosphere or vacuum. Tdaed used are typically below
those that would cause macro-deformation of parexterial(s) and temperature of 0.5
— 0.8 Tn (T, is the melting temperature) are applied. The Imgidime at bonding
temperature can vary from 10 to 600+ minutes deppgndn the material being
bonded, the joint properties required and the remgi bonding parameters. This
thermodynamically enabled process allows solidestiaining of the material(s).
Afterwards, the sample is slowly cooled to room penature. Figure 3-20 shows a
typical diffusion bonding temperature and pressunaile. As can be seen, during
temperature ramp-up and ramp-down, the laminae bell subjected to gradient
thermal energy if the ramp rate are too fast.
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— Temperature
—- Pressure

Ramping Bonding - Cooling

Figure 3-20. General diffusion bonding temperatumnéd pressure profile for
microlamination

The effect of thermal gradient could be considaeredimum during ramp-up
because the laminae are not subjected to compeegsgsure and are not yet bonded.
In contrast, during cooling cycle, since the lamsirzaie already bonded and are under
high vacuum, thermal energy can only be dissip#tenugh radiation (assuming the
fixtures have poor conduction properties). This ldooause the laminae to start
cooling from the outer edge and contract/comprass the center which is still at
higher temperature. In addition, it can be observeéfigure 3-20 that the cooling
curve is parabolic and asymptotic to the X-axisother words, the thermal gradient
will be larger when cooling from higher temperaturas opposed to lower
temperatures.

Gossard et al., 195started analyzing the mechanism of plate buckhidgced
by spatial temperature gradients which inspirecerlagxperiments and research
publications(Tauchert, 1991 and Thornton et al., 19®bley et al., 196(proposed a

model which relates thermal gradient and plate lglexpressed as

«E Km2E (h)z

7TC’” ~ 1200-v2) \b (3-6)
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where
a = Coefficient of thermal expansion [um/m K]
E = Young’s modules [N/rf]
T = Critical buckling temperature difference [K]
K = Coefficient for plate buckling
v = Poisson’s ratio
h = plate thickness [m]

b = plate span [m]

In these studies, validation of models was perfariog locally heating the center of
test plates while clamping/fixing the edges. Imtcast, it is expected that thermally-
induced warpage of microchannels during diffusiemding happens during cooling
under different thermal and load conditions. Laseirare generally cooled from the
outside inward. Diffusion bonding pressure is &placross the stack. Due to the
difference in boundary conditions, the formula digsx in (3-6) is not valid. Below,
FEA software (COSMOSWorks) is used to evaluate thermal behavior of
microlaminated stack during diffusion bonding. addition, an experimental study is
presented to confirm the effect of thermal stresses

3.7.1 COSMOSWorks Analysis

A thermal analysis was done to evaluate the presefdhermal gradients
within the microchannel geometry shown in Figurg13- Boundary conditions were
used to simulate the condition of cooling alongéldges of laminae. The cooling rate
used in this FEA study was the same as data oetleom previous diffusion
bonding hot press processes (maximum of 30° Cepgusninute). Results in Figure

3-21 show that a difference of 8° Celsius was olexkacross a simple 2 inch by 1
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inch sample. However, gradients as high as 701C:g@etimeter were found in this

particular configuration as shown in Figure 3¢B}L

(a) (b)

Figure 3-21. FEA results of (a) temperature pradihel (b) thermo gradient profile of a
simple microlaminated device having microchannels

3.7.2 Experimental Approach

Bose and Paul (2008onducted a set of experiments to compare difteren
methods of heating and cooling microchannel devi€e® methods were used for the
diffusion bonding of metal microchannel laminaetirese experiments: 1) typical
pressing within a vacuum hot press (VHP); and 2)naovative internal convective
heating (ICH) method. The ICH method takes advantaigthe internal fluid flow
paths within arrayed microfluidic devices to detlitieermal energy convectively from
the internal surfaces of the device. The intent t@asignificantly reduce the distance
over which thermal fluxes were applied in an effartminimize thermal gradients
throughout the device. The thermal loads on botbragches are 20° Celsius per
minute. In addition, the bonding pressure, tempeeattime, environment and surface

condition was kept the same.
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Figure 3-22 indicates that the VHP sample yieldexhmchannel warpage of
15.5 % having a standard deviation of 1.5%. Contpévehe result from ICH shown
in Figure 3-23, the mean channel warpage signifigareduced to 0.7 % having a
standard deviation of 0.7 %. This provides evidetiat thermal gradients generated
during the heating and cooling cycles of diffuslmnding can lead to warpage within

arrayed microchannel devices.

Figure 3-22. Metallography on VHP sample in chamaglon (Bose and Paul, 2008).
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Figure 3-23. Metallography on ICH sample in therote region (Bose and Paul,
2008).

3.7.3 Future Work

Currently in the lab, 1~2°C per minute cooling raées being implemented.
However, further studies need to be done to mdaeleffect of thermal gradient
during the heating and cooling cycle for the miaroination process. It is expected
that the efficiency of the cooling cycle can be m@xed by having the ability to
estimate the critical thermal gradient value. TWwauld provide improvements to the

yield and reduce total diffusion bonding cycle time
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3.8 Fabrication: Poisson’s Effect

Some of the warpage observed may be due to Posssefifect. When
compressive pressure is applied to the laminaaguhie diffusion bonding step, there
could be induced stresses in lateral directions tduBoisson’s effectHearn, 1985;
Hibbeler, 2005) This induced lateral stress could translate de sading and exceed
the critical buckling loadAlfutov, 2000; Bloom et al., 2000; Ugural, 2008 the
microchannel structure resulting in warpage. Thikife mode has not been reported
in current literatures having microchannel appima. However, with respect to
fundamental theory-ang et al., 1994; Fang et al., 19p@blished several articles
regarding buckling and post-buckling behavior otmmachined beams&arr et al.,
2005andLuo et al., 2008urther analyzed the buckling behavior of micraledbeams
using theoretical models and simulatiofigartin et al., 2007devised a detailed
procedure for manufacturing micro-scale cross-sestihaving meso-scale spans.
However, those researches use silicon wafers as roaserial which is usually not
used in MECS applications.

In practice, the warpage induced by Poisson’s effed been observed in
devices designed and fabricated in the lab (Figu?2d). After diffusion bonding, the
pressure drop across the device was found to be thmes higher than predicted from
computational fluid dynamics (CFD) analysis. To ersand the cause of this
discrepancy between the actual result and the gireglimodel, a metallographic
analysis was carried out (refer #pperian, 2008for detailed procedure). It was
identified that in addition to structural creep dighout the device, there was
significant warpage near the outlet (shown in Feg8f24). However, given the fact
that both inlet and outlet have the same channglsae wall dimensions, the only
difference is the span of the opening. In thisipaldr design, the inlet opening was
relatively small compared to the outlet openingisTsuggests that other warpage

mechanisms such as Poisson’s effect could be inmgaitte end result features of the
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microreactors. Detailed model and experiments \weréormed and will be discussed
in the subsequent Chapter.
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Figure 3-24. OSU designed microreactor with crasgignal views at the mm inlet
opening (a) and mm outlet opening (b)

3.9 Fabrication: Creep

Creep is defined as the increase of deformatioi wihe without loading
change(\With, 2006) This rheological behavior may be explained asralination of
elastic and viscous behavior (visco-elastic defdiona recoverable), plastic and
viscous behavior (visco-plastic deformation, notererable) or even a combination
of the three fundamental deformation types: elagii@stic and viscous (elasto-visco-

plastic behavior). The deformation rate usuallyrdases with timéSilva, 2006) The
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creep formula can be formulated by describing tiiairs rate associated with the
material properties and processing condititis/a, 2006; With, 2006)This formula

can be expressed as

= av €7 (3-7)
where

¢ = Creep strain

C = Constant dependent on the material and the phkatiatreep

mechanism

mandb = Exponent dependent on the creep mechanism

Q = Activation energy of the creep mechanism

o = Applied stress

d = Grain size of the material

k = Boltzmann’s constant

T = Absolute temperature
Since metals are generally used in MECS applicafitte parameters for calculating
creep can be found frost et al., 198andAerospace Structural Metals Handbook

As described in previous sections, diffusion bogdmmicrolamination occurs

at elevated temperature which usually takes severais to complete. During that
time, compressive pressure was applied to causeordatormation and to provide
intimate contact between the laminae. Accordinfptmula (3-7), the laminae will be
subjected to creep under those conditions. Thectdicensequence of creep is
reduction of channel height in microchannel streegu In addition, due to loss of
structural support, significant warpage could benked. Figure 3-25 shows one of the
microchannel devices designed and manufacturirthenab subjected to significant

creep strain having the result of catastrophic agep
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Structural Warpage
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Figure 3-25. Schematic of the microchannel dedeft) @nd actual cross-sectional
view of the device

Future work needs to be done to investigate tregiogiship between creep and
diffusion bonding time. When the laminae were scigé to excessive time during
diffusion bonding, creep could potentially inducarpage. On the other hand, when
not enough time allowed during bonding, delamindteakage could form within the
device.

3.10 Fabrication: Burrs

Burrs are referred as the raised edge on metas.p@enerally, burrs are
unwanted material remaining after machining opereti To put this in perspective,
when machining stainless steel, a traditional ngllmachine would create burrs on
the order of a few hundred microns while laser omzachining would have tens of
microns (shown in Figure 3-26).

During diffusion bonding, these burrs along theesdgould prevent intimate
contact between the laminae. In addition, the bwwosld create high stress points
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which could initiate warpage. Figure 3-27 shows tharpage created by laser
micromachining burrs within a stainless steel devithose images were taken using a
non-destructive method called 3D X-ray imaging ftesy of Xradia Inc.).

Laser Machined Bur

| | | P . | PR PR
L S LRl A el b e

Figure 3-26. Surface profile scan of a 15pm lasachimed burr

Warpage and
Unbonded Section

Laser Machined Burr

Uy

SS device w interconnects

Figure 3-27. Warpage of stainless steel microchleshmace caused by burrs
generated from laser micromachining
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To understand the effect of the burrs during diffasbonding, a simple model
can be applied using fundamental concentrationdod#féusion formula(Guy et al.

1974; Reed-Hill et al., 2008This formula is expressed as

C=Co[t-erf (;755)] (3-8)

where C is the concentration at a distancexofentimeters below the surface after
diffusion has occurred fdrsecondsgCy is the maximum (surface) concentration;
x - . - x - . -
fl—) =er is a functiof the variable ancy = —— is obadiile in
erf (zm) erf(y) PN
the form of mathematical tables like logarithms @&mglonometric functions; D is the

diffusion coefficient which can be calculated using

D = Ae_IS_T (3-9)
whereA is the “frequency factor” which is related to thhequency of vibration of the
diffusing atomsR is the ges constan@ is a measure of the energy barrier that tends
to prevent diffusion from occurringl is the absolute temperature being applied.
Assumptions had been made tAaQ, andR are independent of temperature.

In the example of microlamination (shown in Figug€8), assuming both
laminae have a perfectly flat surface and the atom®p lamina needs to diffuse
down to the bottom lamina across the burr heighti¢ivis distance). By havingC
equal to 50% (assuming diffusion takes place irhhitections) and taking values
standardu-iron to a-iron constants. The relationship between diffualatistance and
time is plotted in Figure 3-29. The figure showéattthe required bonding time
increased significantly when diffusional distandmur¢ height) is increased. This
indicates that burrs not only create stress poitsin the device, but also creates

diffusional barrier between the laminae which wocddise leakage issues.
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Figure 3-28. Schematic of simplified diffusion bamglcondition having burred edges
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Figure 3-29. Diffusion distance verses time at @ahd 1100°C
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3.11 Summary

Improper stress distribution is a key source ofrostructure warpage. This
warpage mechanism leads to flow maldistribution alvhsignificantly reduces the
device efficiency. Careful design and fabricatidramayed microchannel devices can
eliminate the flow maldistribution inside microcimeh devices.
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CHAPTER 4

Buckling of Microchannel Fin Structures Due to Poison’s Effect during
Diffusion Bonding

4.1 Abstract

Diffusion based operations have been proven to behnmore effective and
efficient in devices fabricated in microchannelstures. These devices are generally
constructed of several layers of thin laminae toegate individual microchannels.
Fabricating microscale devices depend on consispating between channels to
define diffusional distances. Warpage or defornmiio these channels can lead to
variations of channel dimensions which reduce tffeiency of the system. In
previous chapters, causes of channel warpage werdified and reviewed. In this
chapter, one of the causes, Poisson’s effectplated and analyzed to investigate how
compressive pressure applied during diffusion bogdieffects the channel

dimensions.

4.2 Introduction

Based on the review on Chapter 3, several mecHbnicaluced warpage

mechanisms were summarized. In this Chapter, meibninduced warpage due to

Poisson’s effect is discussed.
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4.2.1 Mechanically Induced Warpage during Diffusion Bonding

In the bonding step othe microlamination processaminae areput under
compressionbetweel bonding fixtures normally made from refractory mates
(graphite, ceramic, or hi-temp alloys)placed in thermal vacuum pressure chat.
During this step, duto several mechanically induced warpagechanismr previously
indentified and categorized Chapter 3, the laminae can deforRonuniform flow
channels betweethe warpage fin(described in_3.2Ycan resulias shown i Figure
4-1.

e 5 il ‘5 A H’Wm
Paul et al. 20C Tseng and Paul, 28Qnot publishe)

Figure 4-1.Optical microscope images of stainl-steel microchannel structures
and (b) with nonuniform flow channels.

4.3 Investigation of Mechanically InducedWarpage Due to Poisson’s Effe:

Compressive presst applied to the laminaduring diffusion bondincstep
could induce stresses in lateral directions duePtisson’'s effer (Hearn, 1985;
Alfutov, 2000; Budynas and Young, 20. This induced lateral stress could trans
to side loadingand exceed the critical buckling loi(Alfutov, 2000; Bloom et al.,

2000; Ugural, 2008pf the microchannektructure resulting in warpage. This fail
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mode has not been reported in the current litezatdescribing microchannel
applications. However, with respect to fundametiiabry,Fang et al., 1994; Fang et
al., 1999published several articles regarding buckling podt-buckling behavior of
micromachined beamg&arr et al., 200fand Luo et al., 2008urther analyzed the
buckling behavior of micro-scale beams using thizak models and simulations.
Martin et al., 200devised a detailed procedure for manufacturingomscale cross-
sections having meso-scale spans. However, thasgchers use silicon wafers as
base material which is usually not used in MECSieatons.

Figure 4-2 shows a microlaminated device devel@edSU. After bonding, a
metallographic analysis was carried out (refer Zpperian, 2008for detailed
procedure). It was identified that in addition taustural creep throughout the device,
there was significant warpage near the bottom efdbtlet (shown in Figure 4-2).
However, given the fact that both inlet and outlave similar channel and side wall
dimensions, the major difference is that the ouietdjacent to a much larger plenum
allowing for concentration of stress. This suggéséspossibility that a stress induced

deformation such as Poisson’s effect could be dse.
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Figure 4-2. OSU designed microreactor with crosgiseal views at the mm inlet
opening (a) and mm outlet opening (b).

4.4  Objectives

The goal of this research is to identify and isolahe of the mechanisms of the
mechanically induced warpage. Once the mechanissolated, theoretical model can
be proposed then tested. The following are detaitestriptions of the objectives:

1) Define a mathematical model which combines the rpatars of

Poisson’s ratio and the traditional critical buniiload
2) Develop a FEA model to verify that uniform pressigdeing applied

throughout the surface of the test sample
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3) Perform preliminary experiments using test coupons

4) Validate the mathematical model by varying indiatlparameters and
compare with actual test data

5) Summarize the results and critique of the modeluse in selecting

future design criteria

4.5  Theoretical Model

Compressive longitudinal pressure during bondiragcess translates to lateral
stress using Poisson’s ratio. This lateral stremsgoapplied on the microchannel
structure can then be compared with the criticakbag load. In theory, if the lateral
stress exceeds the critical buckling load limig 8tructure will buckle resulting in

microchannel warpage.

4.5.1 Poisson’s Ratio

Poisson’s Ratio is the ratio of the relative cocticn strain (lateral strain
normal to the applied load) divided by the relatmetension strain (longitudinal
strain) in the direction of the applied lo&dearn, 1985; Alfutov, 2000; Budynas and

Young, 2001) This ratio can be expressed as:

v = Llat (4_ 1)

Elong
where
v = Poisson’s ratio
eat = Lateral strain

€long = Longitudinal strain
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4.5.2 Young’'s Modulus

In solid mechanics, Young’s modulus (E) is a measafrthe stiffness of an
isotropic elastic material. It is also known as mlog of elasticity, elastic modulus or
tensile modulus. It is defined as the ratio of tinéaxial stress over the uniaxial strain
in the range of stress in which Hooke’s Law holtlsis modulus can be calculated by

dividing the tensile stress by the tensile strain:

E== (4-2)
where

E = Young's modulus [N/Aj

o = uniaxial stress [N/f}

¢ = uniaxial strain
4.5.3 Lateral Stress Induced by Poisson’s Ratio
By combining equation 4-1 and 4-2, assuming in rdmege of stress which

Hooke’s Law holds, the equation can be expressedsing lateral and longitudinal

stresses and be rewritten as:

e Olat o

lat lat

y=at o B Ol (4-3)
€long 5 Olong

where
olat = lateral stress induced by Poisson’s ratio [Ni/m
glong= Uniaxial stress/compressive bonding pressure iIN/m
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During diffusion bonding (described in_4.2.2the longitudinal stress is the
compressive bonding pressure being applied toahwke. Thus from formula 4-3, the

lateral stress induced by Poisson’s ratio can Ipeessed as:

Olge = VU O-long (4_4)

This can be represented by a simple model showigure 4-3.

Unsupported Fin Structure Span

Crn‘ong'
*— € —P
€< —Pp
o . < —p
lat €= e =
P c— —Pp
A ol E —

m 1

Figure 4-3. Schematic of the lateral stress indumelbngitudinal stress (Poisson’s
ratio).

4.5.4 Critical Buckling Load

Buckling is a failure mode characterized by a sadt&lure of a structural
member subjected to high compressive stress, wheractual compressive stress at
the point of failure is less than the ultimate coesgive stresses that the material is

capable of withstanding. This mode of failure soatlescribed as failure due to elastic

instability.
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In 1757, mathematician Leonhard Euler derived antda that gives the
maximum axial load that a long, slender, ideal solucan carry without buckling.
The maximum axial load, or the critical bucklingath causes the column to be in a
state of unstable equilibrium; that is, any inceea$ load, or the introduction of the
slightest lateral force, will cause the columnad by buckling. The Euler formula for

columns is:

m2El

Feriticar = K

where
Feriticar = maximum or critical buckling force [N]
| = area moment of inertia [fin
b = unsupported structure span [m]

K = column effective length factor

Using the formula, additional formulas had beenivéer and researched
(Alfutov, 2000) In order to adapt with microchannel applicatiassshown in Figure
4-4 (a) discussed in previous sections, the ctitimackling load formula for
rectangular plates was implemented. Schematicsiaf snodel have been plotted in
Figure 4-4 (b). The microchannel plate structurebjscted to buckling) is only
supported along the two long edges have the otwer édges free. Thus the
microchannel length is denoted laghile the span is denoted bBsThus the critical
buckling stressdiica)) can be determined as:

2D
Ocritical = K? (4'6)
where

D = bending stiffness/moment parameter of the jRaen]
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The bending stiffness parameter of a plate reldtesapplier bending moment to tr
resulting deflection. It is the product of the élasnodulus E) and the area mome

of inertia () which can be represented

Et3

= 12(1-v2) (4-7)

where

t = plate thicknes [m]

Microchannel Inlet

Microchannel Outlet

Figure 4-4 Actual microchannel design (a) arimplified schematics of th
microchanne fin structure used in critical buckling stresdculatior.
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Applying (4-6) and (4-7), assuming both side of ptete structure are fixedK(
= 4), a equation of critical compressive stressfiate structure can be derived as
(Alfutov, 2000)

n2E t\?
Ocritical = 3—y2) (g) (4-8)

Note that in this formula, the length of the midrannel () had been cancelled out
thus does not any effect to the model. Howeves, ihian assumption that should be
investigated in the future.

By comparing the critical buckling stress descriledormula (4-8) with the

induced Poisson’s stress described in formula (4hé)formula can be rewritten as:

Olong = (%Z) ﬁ G)Z (4-9)

The formula relates the compressive bonding presstisng) to the material’'s
mechanical propertie€(andv) and the structural dimensiortsafpndb). For example,
copper alloy 11000 shimstock can be used to manufaenicroreactors. By having
the mechanical and structural properties of:

E = 1.15 x 16" [N/m?] (at room temperature)

v = 0.343 (at room temperature)

t=2.5x 10 [m]

b=2.0x 107 [m]

According to the formula, any bonding pressure tgrethan 1,953,264 N/m
(about 283 psi) would result in buckling at roormgeerature. To put in perspective,
typical bonding pressures used in microlaminatiengenerally between 800 to 3000

psi at elevated temperature. This indicates thatetkample given above will have
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concerns of buckling warpage due to Poisson’s effee investigate this hypothesis

and the mathematical model, further experimentsaesled.

4.6  Preliminary Experiment

4.6.1 Material

For this experimental design, copper alloy 1100@NMster-Carr #9709K54)
was selected due to the manufacturability discubsdalv and mechanical properties
at room temperature. This copper alloy has relbtiav Young’s modulus (115 GPa)
and melting temperature (liquidus temperature: 1385olidus temperature: 1065°C)
(Davis, 1998 and Templin, et al., 194Fhis allows performing experiments at room
temperature. In addition, during material pattegniri the copper sample was burred
or had suffered from thermal/mechanical stress dem#& can be annealed and
flattened through an annealing cy¢iesM Handbook Vol. 2; ASM Handbook Vol. 4)
Other metals such as stainless steel and nicked alsp considered. However, both
materials could generate burrs during patternindy @annot be annealed easily. This
would create variations in the features of the ¢esipon.

The bonding fixture (described in 4.2.%vhich provides the compressive
pressure is made of 95% alumina and was purchasedGoorsTek (material number
AD-995). The alumina fixture is 2 inches by 2 inshiy 0.5 inch and was double-side
grund to hold flatness and parallelism to less thary um over the whole surface.
The maximum surface roughnessp(R is 0.762 um while the average surface
roughness is about 0.19 pum.
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4.6.2 Preliminary Test Coupon Design

To verify the mathematical model, a preliminaryttesupon was designed
(shown in Figure 4-5). For detailed specificatiamsl dimensions, please refer to the
engineering package in Appendix H. In this preliamntest, four test coupons were
manufactured and tested. Each preliminary test@odyas three laminae as shown in
Figure 4-5 (a) and the dimension for each lamina Wwanch by 2 inches (actual
surface area of 1.526 iMdhEach test coupon is designed so that the fircstre in
middle lamina is unsupported as the unsupportednuoldepicted in Figure 4-5. As
shown in Figure 4-5 (a), each middle lamina incoapes four different fins structure
lengths having 15, 20, 25, and 30 mm. The lengttheffin has been set according to
the mathematical model and the material propeatiesom temperature.

? ................. & = Unsupported Fin Structure/Column
I WO -
8 ) | [
& * = N
: D ............. b
I 0
= 0 . o S
0 | | 0
ad ] 0
58 0 ] 0
(@) (b)

Figure 4-5. Top view (a) and cross-sectional siéav\(b) of the preliminary test
coupon design.

Other than the fin structures, the test coupon sorporates registration pin
holes and fiducial on diagonal corners. To regisher position of the stacked test
coupons, 1/16 inch registration pins were used. ddwel pins were purchased from
McMaster-Carr (#97395A405) with both ends pre-tafeto allow easy insertion to
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the registration pin holes. The manufacture suggesize for the pin holes ranges
between 0.0620” to 0.0625”. To validate if the sdgition pins are registering the
stacked test coupons, fiducial had been implemeateldcan be checked. For details
of the fiducial design, please refer to Appendix G.

4.6.3 Experimental Process Plan

4.6.3.1 Patterning

To manufacture the test coupons, a laser pViardginachine was used (ESI
model 5330). This laser system is a pulsed Nd:YA&:t which operates at 355 nm
wavelength and can output > 5.7 Watts at 30 kHz décuracy of the laser is + 20
pum over 533 mm by 635 mm. In addition, the maximuetocity for this laser
machine is 500 mm/sec so it makes this processsta dad efficient way for
prototyping samples with through cut desigisatson et al, 1998; Martin et al. 1999)
The parameters used for the fabrication of the testpons were optimized to
minimize thermal stress during laser machining. To@sequence of using non-
optimized parameters is shown in Figure 4-6. Tlaeeetwo sets of parameters listed

in the table because the fiducial markings areantbrough cut features.
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(@) o (b)

Figure 4-6.mages of laser machining results us(a) noneptimized anc(b)
optimized parameters.

4.6.3.2 Flattening and Annealing

Thoughthe optimizecparameters were usethe test coupons still need to go
through flattening and annealing cycle. The recipas referenced from ASTI
standardsDavis, 1998 and Templin, et al., 19. This additional procedure is
remove any thermal stresses and edge burrs creatied) laser machining. The bui
created from laser machining are typically betw#&brto 35 pum and can be flatter
to below 1.5 pm (shown iFigure 4-73. In addition, this also removes any warp
caused by shipping and handli
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Laser Machined Bur
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Figure 4-7 Laser machineburrs before (a) and buradter (b) flattening/annealil.

4.6.4 Preliminary Test Protocol

As mentioned befo in 4.4.2 the test coupomeeds to be uniforml
compressed in order to simulate actual processitwomsl during diffusion bondir.
To provide unifornrcompressivegressure, ceramic blocks wereed (Shown ilFigure
4-8) as bonding fixture. The whole structure was then compresssdg a hydraulic
press(Pressmaster model HF-4560 from Thermal Technologies Ir which has a

three inch diametathambetthus can accommodate the test setup.
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Registration
Pins

Ceramic
Fixture

(a) (b)
Figure 4-8. SolidWorks rendered model of the tetts (a) and the actual setup (b).

As mentioned before, four test coupons (S1, S2,a88 S4) were generated.
Each coupon was applied under different static oadsimulate different diffusion
bonding conditions. The static loads used in tikjseement are 500, 1100, 2400, and
3800 pounds (lbs). During testing, the load waginaously applied for 15 minutes.
Based on the coupon design which has actual suai@zeof 1.526 inch this would
translate to Poisson’s lateral stresses of 111, 23%, and 847 pounds per square inch
(psi). This generates four data points for eactstiincture length for which results will
be plotted.

In addition, to further validate if the pressurasauniformly distributed on the
actual test coupon surface, finite element softW@@®SMOSWorks) was used. The
software uses the test geometry imported from 8édicks (3D model software) and
can calculate response stress when the model isr wainpressive pressure at the

surface. The result was then validated by using prgssure sensor films (Low
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Pressure LW film which operates between 363 and &b The Fuji film is a twe-
sheet type pressure filiwhich intensifies color change when subjected tghér
pressure.

To quantifythe buckling before and aftdreing subjected tpressure, all four
fin structures ireach middle lamir werescanned three times using a surface scar
profilometer (seeAppendix L[ for measuring equipment summari A surface
profilometer would give surface height data alongcanning path. The buckling ¢
be quantified by measuring the p-to-valley distance of the datkigure 9 shows
the scan paths for one of the fin struct in middle lamina. Aftethe test coupon we
subjected to compressipressure, each of the fin structures waranned three tim
again The registration features were achecked again to verifthal the sample had
notbeen misaligned during the experim

Q

== 0 3 z S| |

‘ e cmey L
Profilometer Scan Pa / M
I

@

Figure 4-9 The profilometer scan paths for one of the frm&ures

4.6.5 Preliminary Results and Discussion

As mentioned beforeeach of thetest coupons were manufactured
evaluatedunder different loac. The resultdrom the surface profilometer scanre
listed in Table 4-1Eacl peak-tovalley value was averaged from the tt scans

before and after applying the press
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Table 4-1. Surface profilometer results from pratiany test coupons

) . 15 mm Fin| 20 mm Fin | 25 mm Fin| 30 mm Fin
Applied Load|PressurePoisson’s effect

. ) PtoV (um)PtoV (um)/PtoV (um)|PtoV (um)

(Ibs) (psi) (psi)
Before After |Before After |Beforg After |Beforg After
S1 604.26 396 136 3.66 | 4.16| 2.56 | 3.29| 2.64 | 2.65| 2.87 | 3.10
S2| 2261.10 1482 508 2.86 | 3.56| 3.30 | 2.58| 2.49 | 3.78| 3.65 | 4.40
S3 5850.92 3834 1315 3.40 | 5.46| 2.91 | 5.23] 2.79 | 4.50| 2.51 | 6.17
S4 9716.88 6367 2184 2.99| 5.65| 2.70 | 9.47| 2.40 | 6.04| 2.87 | 9.15

To understand how the results agree with the maikieah model, each fin
structure length was separately plotted (shown iguré 4-10). The horizontal
markings represent peak-to-valley values befordyapp pressure while the triangle
markings represent after pressure application.eSeach value was averaged using
three separate readings, the standard deviation cabksilated accordingly. The
vertical line represents the maximum theoreticaspure limit calculated from the
mathematical model using formula 4-8. If the resylbotted are on the right side of
the limit, this indicates that the pressure appled exceeded the critical buckling
limit. By identifying the deviation of the peak-t@lley value before and after the
application of pressure, the mathematical modelbzamalidated. Based on the results
plotted in Figure 4-10, the averaged peak-to-vallalues appear to start deviating
when exceeding the critical buckling limit. Thiglioates that the actual results agree

with the mathematical model.
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To verify the results from preliminary data, thestteeoupon design was
imported to COSMOSWorks and analyzed. The resaofhfthe analysis show that the
fin structures in the middle lamina had stressdsatiral direction (Figure 4-11). The
highest stresses were distributed along the logg®df the fin structure. In addition,
the pressured surface of the support columns h#@orompressure distribution (Figure
4-12). This indicates that the lateral stressegarerated by Poisson’s effect instead
of structural non-uniform pressure distribution.wéwver, from the same analysis, the
maximum displacement/deflection value for the fitrusture was around 10
nanometers (Figure 4-13) which is well below thduga obtained from actual
experiment. This could be possibly due to the ilitgbf the software in recognizing
the buckling caused by induced lateral stress.

Though the results from actual data and FEA shoat the warpage was
caused by exceeding critical buckling load, howettee averaged deviation from all
the results was only abouty2n. Comparing this value with the lamina thicknehbs,
deviation was only about 3.2%. If the fin structwas buckling, the deviation should
be catastrophic. After close examination of the tegsipon design, it was clear that
due to the middle shim design shown in Figure 4dy the warpage was restricted
along the length of the fin structure. This resioic prevents the fin from buckling and
thus explains the high stress distribution in tB&Fesults. In future testing, to isolate

the Poisson’s effect, modifications to the testpmms will be required.
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Figure 4-11. Lateral stress distribution when 1p80load was applied.
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Study name: Study 1
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Figure 4-13. Measured displacement in Z-directi¢remv1000 psi load was applied.
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Figure 4-14. Middle shim design before (a) andrgfi¢ modification.

In addition to the results from the profilometerdaREA, the accuracy and
repeatability of the registration procedure was a¢aluated. As described previously,
registration fiducial features were checked befamd pressure appliedrigure 4-15
shows representative result images of the fiduomdrkings taken by optical
microscope for test coupon S2. Since the fiduciatkimgs line width were measured
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to be abouR0 to 24 un according to the results, less than 10 um misale@nmcar

be achievedising this procedu.

L e

Figure 4-150ptical images (50X) of theegistration featurelsefore (a) and after (i
applying pressure (test coupon S2).

4.7  Experimental Approach

Building on theresults from the preliminary studyhe objectiveof this step
wasto validate the mathematical mo. Each parameter in the mocmust be tested
individually. According to formula -8, the parameters can be separated into
categoriesThe first category ithe materials mechanical propest E andv) and the
second is the structural propertit andb). The mechanical properties can only vai
by eitherswitching to another material set or by changing thmperature. In th
dissertation, due to manufacturability issues deedr befor in 4.6.1, temperature
was used as a parameter to vary the mechanicaknieq As for the structur
parameters, thkength is varied in each test cour According to the formula, sinc
the thickness is a squared term, there would benalia design change whi
switching to 25pumX mil) or 75um (3 mil) shim stocK:hus in this dissertation, nitr
acid was used to etithe standard shim stog¢kneasured to be 60 um in thickneto

the thicknes®f around50 pm.
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To carry out the experiment, the material and tloegss plan were the same
as the preliminary experiment. However, the expental design and protocol was

modified according to the results from the preliarinfindings.

4.7.1 Experimental Design Plan

The experimental test plan is listed in Table 4t2vas separated into two
major categories. One was designed to test medigmacameters and the other was
to test structural properties. The reason for sdpay the design was due to different
predicted channel widths when mechanical properédaced dramatically at elevated
temperatures. The test coupons for mechanical testsrporated five different
channel widths while the test coupons for strudtteats had three. Both designs
incorporates the same registration pin holes amtlicial markings that were
successfully implemented in the preliminary desifhese features are located on

diagonal corners for both horizontal and vertidegranent.



Table 4-2. Experimental test plan
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Test Conditions

Structural Properties

Sample Pressure Pressure| Length | Thickness Charzrkl;:-l Span
Number Temperature (6iong) Duration () t)
ci| c2| c3| ca| cs
°C °F MPa psi min mm mm mm
El 200.0] 392.0f 14.38 2085.2y 15 2.4 0.061 .0 1.0 6.0 (8.0
E2 200.0] 392.0f 14.38 2085.2y 15 2.4 0.061 12.0 135 [5.0 (18D
Elastic Modulus E3 375.0| 707.00 14.38 2085.2f 15 2.2 0.061 PO 40 6.0 |80
& Poisson's Rati E4 375.0]1 707.0] 14.38 2085.2y 15 2.4 0.061 12.0 135 [5.0 (18D
E5 425.0( 797.00 14.33 2085.2y 15 2.4 0.061 .0 1.0 6.0 |8.0
E6 425.0( 797.00 14.33 2085.2y 15 2.4 0.061 12.0 135 [5.0 (18D
TO 21.0 69.8 3.15 456.55 15 2.2 0.050 15.0 2p.0 35.
T1 21.0 69.8 5.68 823.77 15 2.2 0.050 15.0 2p.0 35.
Thickness T2 21.0 69.8 | 16.84 2449.44 15 2.2 0.050| 15.0 20.0 25
T3 21.0 69.8 28.1( 4075.2] 15 2.2 0.050 1.0 20.0 25:
T4 21.0 69.8 39.31 5700.94 15 2.2 0.050 1.0 20.0 25:
S1 21.0 69.8 3.15 456.55 15 2.2 0.061 1.0 20.0 25:
S2 21.0 69.8 5.68 823.77] 15 2.2 0.061 1.0 20.0 25:
S3 21.0 69.8 16.89 2449.49 15 2.2 0.061 15.0 20.0 Pp5:
Width sS4 21.0 69.8| 28.1 4075.21 15 2.2 0.061 15.0 20.0 p5:
S5 21.0 69.8| 39.31 5700.94 15 2.2 0.061 15.0 20.0 p5:
S6 21.0 69.8| 50.52 7326.66 15 2.2 0.061 15.0 20.0 Pp5:
S7 21.0 69.8| 61.72 8952.39 15 2.2 0.061 15.0 20.0 Pp5:

The mechanical properties of copper alloys decredsanatically when

4.7.1.1 Design for Mechanical Parameters (E and v)

10.0

10.0

10.0

subjected to high temperatures (see Table.42R)e to this reason, according to

formula 4-8, the width of the fin structures need<e reduced substantially. After

searching through the literature and materials baokls, the mechanical data for

copper alloy C11000 when subjected to elevated ¢éeatpre could not be found. Thus

the elastic modulus values used in this experinagme extrapolated using empirical

results reported for copper alloy C10200pthegrove and Burghoff, 19R6Both

alloys have more than 99.9% copper compositiondkigithus it is assumed that the
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mechanical properties would behave similar to CD1@Men subjected to elevated
temperature.

Because of the uncertainty of the mechanical pta@seof the test articles, a
wide range of fin lengths were used. The detailgecsications and dimensions are
listed in the engineering drawings (Appendix J)eTdimensions of the test coupons
were 1.4 inches by 2.3 inches and had an actualadrg.746 inch Each test coupon
incorporates five different fin structure lengtBample E1, E3, and E5 have fin length
of 2, 4, 6, 8, and 10 mm. Sample E2, E4, E6 havéefigth of 12, 13.5, 15, 16.5, and
18 mm. All samples were subjected to same commpegsiessure (2085.27 psi) in
order to evaluate the effect of mechanical pararset®ifferent mechanical
parameters were generated using three differertepsotemperatures (200, 375, and
425°C). Under those temperatures, the corresponeiasfic modulus values were
calculated to be 98.69, 13.92, and 2.00 GPa, réspbc Shown in Figure 4-16, the
test coupon design still incorporates the samestiegion pin holes and fiducial

markings in diagonal corners as the preliminary¢espon design.

Table 4-3. Empirical data reported frampthegrove and Burghoff, 1956.

C12200 at Elevated Temperal C10200 at Elevated Temperali
Test Temperaturel  Elastic Modulus Test Temperaturg  Elastic Modulus
°C °F (GPa °C °F (GPa
24 75 114 24 75 116
60 140 109 100 212 117
100 212 119 204 400 98
149 300 108
204 400 102
288 550 103
371 700 74
454 850 55
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4.7.1.2 Design for Structural Parameters (b and t)

Shown in Figure 4-16&he test coupon design for fin length tests was freati
based on the results from preliminary study. Fotaitkrl specifications and
dimensions, please refer to the engineering packadependix |. The test coupon
dimension is 0.75 inch by 2.31 inches and has amhsurface area of 0.968 irfch
Each test coupon incorporates three different finctures having length of 15, 20,
and 25 mm. The length of the fin is based on théhamatical model (formula 4-8)
and the material properties at room temperature. major design change is added
through cut features along the side of the midaieiha fin structure to allow buckling
to progress.

For fin thickness tests, same test coupon design wged. However, the
thickness of the middle lamina was reduced fromu®d to 50 um. According to
formula 4-8, this 20% reduction in thickness wotdduce the critical buckling load
limit by 36%.

O 10 O_
— T — 1 Added Through
—~ o« [ 0 Cut Feature
] D/J
Il
’* o = A I
00— 10 o
0 110
@ ol | 0

Figure 4-16. Design of test coupon for structuraperties testing
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4.7.2 Experimental Test Protocol

Each test coupon was stacked then registered tisengegistration pins. The
sample was taped on both ends to prevent any maxewidch might cause mis-
registration. The pins were then removed so thepkamwan fit between the ceramic
fixtures shown in Figure 4-17. Afterward, the fitalcmarkings were checked using
optical microscope. If the fiducial markings weret rconnected, the sample was
logged as mis-registered and discarded. Once thplsgassed the initial inspection,
the test coupon was then pressed using a hydnandss. To ensure the force readout
on the hydraulic pressure was calibrated, a stsnideel compression load cell
(OMEGA part number LC304-5K) was used. The rangehe load cell is 0-5000 Ibs
with accuracy (linearity, hysteresis, repeatabiligpmbined) of + 25 Ibs.
Measurements were taken right when the hydrauespmwas turned on, and then
measured again after running for 60 minutes. Thas w ensure the hydraulic oil is
warmed up thus prevent fluctuations of pressurendwactual testing.

After applying pressure, the fiducial markings wéren re-checked to ensure
the test sample was still aligned. The sample Was tmoved to the profilometer
station to scan for warpage. Each fin structure seamned three times and the peak-
to-valley distance was recorded (shown in FigudB1-Since each parameter of the
mathematical model was evaluated separately, addititest procedures were
required. These additional protocols are describéide following paragraphs.
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Figure 4-18 The profilometer scan paths for one of the fractures

4.7.2.1 Protocol for Testing Structural Parameter: Width (b)

Since thewidth of the fin structure is critical ithese tes, additional scan
lengthfor surface profilomett was implemented. After each scéme width of the fin
structure can be confirmeFigure 4-19 shows one of the profdeamned result and

location of the widthmeasureme.
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Figure 4-19. Microchannel width measured usingasigfprofilometer results.

To validate the length parameter in the formubaes samples were generated.
Each sample was applied under different loadsnlsite different diffusion bonding
conditions. The loads used in this experiment &2, 497, 2371, 3946, 5520, 7094,
and 8668 pounds (Ibs). During testing, the load wastinuously applied for 15
minutes. The induced Poisson’s lateral stressed%re 283, 840, 1398, 1955, 2513
and 3071 pounds per square inch (psi) which woeldegate seven data points for
each microchannel width. Though preliminary resu#fisow uniform pressure
distribution throughout the surface, Fuji pressseasor films (Low Pressure LW film
which operates between 363 and 1450 psi) were agaith to confirm.

4.7.2.2 Protocol for Testing Structural Parameter: Thickness (t)

To reduce the thickness by 20%, the shim stock maateas etched using
diluted nitric acid. To estimate the thickness wan, the weight of the shim stock
was measured before and after laser patterninghisnexperiment, twelve pieces of

shim stock were etched then three of them werer laschined with the design
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described previously. Total of five sets of tesumons were manufactured. Each
sample was exposed to the same loads that weréppim structural width study.
In this case, the loads used are 442, 798, 234%8,3hd 5520 pounds (Ibs). During
testing, the load was continuously applied for 1bwutes. The induced Poisson’s
lateral stresses were 157, 283, 840, 1398, and A95b8ds per square inch (psi). This
generates four additional data points to be plaitit the result from length testing.
Since the thickness of the fin structure was @itio these tests, additional
measurement was implemented. By utilizing the serfarofilometer, the thickness of
the laminae can be estimated. In addition, tradgiomicrometers were used to

validate the results obtained from surface profaéten (shown in Figure 4-20).

| =

Measured Thicknesst ()

| —-=oo

6 =oea  sGoon  1Eoon oobo  =eooo

Figure 4-20. Thickness of the test coupon measiioad surface profilometer result.
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4.7.2.3 Calibration of pressure distribution.

To ensure uniform compressive pressure was applietheest coupons, ¢
additional test coupon was tested using the Fim.fiThe results show unifor
pressure distribution throughout the test coupbovs ir Figure 421).

Figure ¢21. Fuiji film pressure distribution result

4.8 Results and Discussic

The results for structural and mechanical pararaeare explained in th
subsequent paragrap

4.8.1 Results from Structural Parameter: Channel Width (b)

Profilometryresults for room temperature studiage plotted inFigure 4-22.
The rectangulamarkes indicate the parallelism of the test articlerfirasured before
being subjected to compressive pressure while the tamgarkes indicate the
parallelism afterapglying pressure. The verticahdicates maximum theoretic
pressure limit calculated using formula-9). In general, the figures show over
agreement with thenodel suggestinthat buckling due to Poisson ratio effects
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possible. The results for the 15 mm channel widtihsw deviations from the model
for S3, S5 and S6.

Samples S5 and S6 suggest that little deformatmouroed within the fins
even when the buckling force exceeded the criticalt for buckling. However,
investigation of the surface profiles for these gb® suggest a multimode buckling
behavior that would reduce the measurable deflectigshown in Figure 4-23).
Sample S3 suggests that significant buckling oeclelow the critical buckling
force. Investigations are being made to deterniities is due to grain size effects.



115

Channel with 15 mm Width (Scan Length 17 mm)

Fr 60
< g 50
2> 40
x 3
c c 30
O © -
0% 20
o0 A N
R e

O Tl = s3] [sal[slfsels]

100 1000 1000C
Compressive Pressure on Fin due to Poisson's Ratio (psi)
Channel with 20 mm Width (Scan Length 22 mm)

E‘ 60
S E 50
27 40
~ 3 J
@ c 30
[N
0% 20
90 :
z 10 ° & N M —t

0 s} [s2] s3] [sa] {ss]{s6][s7]

100 1000 10000

Compressive Pressure on Fin due to Poisson's Ratio (psi)

Channel with 25 mm Width (Scan Length 27 mm)

E 60
g g 50
2240
O G 20
i
0 [s1]{s2] (s3] [s4] [ss][s6][s7]
100 1000 10000

Compressive Pressure on Fin due to Poisson's Ratio (psi)

Figure 4-22. Test results plotted against 15 (t2@)middle), and 25 mm (bottom)
channel width. The red line indicates maximum tke&oal pressure limit.
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4.8.2 Results from Structural Parameter: Thickness f)

Profilometryresults for room temperature studies of foils reduicethickness
by etchingare plotted inFigure 4-24. The hollow rectangulararkes indicate the
parallelism of the firmeasured befo it wassubjected to compressive pressure w
the hollow triangle markes indicate the parallelismafter pressure. The red li
indicates maximum theoretical pressure limit cated using formula -9). From the
figures, all sampleexcept T1 were buckled after applying compressivesgur
suggesting poor alignment between empirical andréteal result. Upon further
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investigation, the centerline average surface roagh (see Appendix E) for samples
used in the previous section was found to be 0:h8 famples used in this section
were etched to allow for a reduction in thickn€3snsequently, the centerline average
roughness of etched samples was found to be 1.18phown in Figure 4-25). This
suggests average peak-to-valley surface variatioth® order of 4.5 um for the etched
samples. This variation of surface roughness oh bumtes could provide as much as
18% variation in thickness across the foil. Accagdio formula (3-9), the thickness of
the fin has squared impact on the critical bonditigss. Furthermore, it is likely that
such pronounced roughness acted as notches inefiloging the buckling resistance
of the foil.
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Figure 4-25. Surface profile taken from fIattenmltI and etched (rlght) sample

4.8.3 Results from Mechanical Parameters: Elastic Modulus(E) and

Poisson’s Ratio ¢)

Profilometry results for studies above room tempueeaare plotted in Figure
4-26. The parallelism of foils in this experimenasvplotted against the width of the
channel since the compressive pressure and thehfokness were fixed. The
rectangular markers indicate the parallelism of fiee measured before it was
subjected to compressive pressure while the X mairkelicate the parallelism after
pressure. Red lines indicate maximum theoreticanobl widths calculated using
formula (4-9).

The results for the 375°C and 425°C conditions shathin 20% error from
the model. However, results for the 200°C samddsgnd E2) show departure from
the model. Calculations for the critical limit hacbund 50% error. These errors might
be due to the poor estimation of the elastic maxluhlue using empirical data. In the
future, micro-tensile testing would be needed tdidede the actual mechanical

properties at elevated temperatures.
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Fin Length v.s. Peak-to-Valley Deflection (at 200
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Figure 4-26. Test results plotted using 200 (t8@p (middle), and 425°C (bottom).
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4.9 Result Implications

The results from the experiment data show goodeageat with the theoretical
model. To further validate the theoretical modelperimental results from previous
publication were use@luess and Paul, 200 Detailed test coupon design is shown
in Appendix K. From the publication, critical paratars are as follows:

E = 1.00 x 18 [N/m?] (at 800°C)

v = 0.343 (at room temperature)

t=2.03 x 1¢' [m]

Glong = 6.00 x 16 [N/m?]
By applying the theoretical model derived in thisdy, the theoretical buckling length
is calculated to be 8.12 mm. Since the channel gpad in the publication was 4mm,

it is expected that the channel would not bucklerafiffusion bonding (as shown in
Figure 4-27)

Figure 4-27. Metallography results from Pluess’blpation (Pluess and Paul, 2007).

The theoretical model was also applied on the actersice described in 4.3.
From Figure 4-2, the structural data were obtaifecddition, the process parameter
was obtained fromAerospace Structural Metals Handbodt diffusion bonding
temperature, the Young’s modulus was 1.03 %X NOn* and the Poisson’s ratio was
0.28. Given that the bonding pressure was 1.38 N1, the critical buckling length

was calculated to be around 11 mm. Comparing taigevwith the inlet and outlet
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channel span (Figure 4-2), it was found that tisellte agrees with the model having
no warpage at the inlet (3.3 mm span) while showuagpage at the outlet (37 mm
span).

From the discussion above, it is expected thathiberetical model is capable
of predicting warpage due to Poisson’s ratio. Haevevhe Young's modulus data

must be obtained at respective temperature.

4.10 Summary

The identification of warpage mechanisms withinaged microchannel
structures is important to prevent flow maldisttibno. A new warpage mechanism
has been identified caused by the buckling of chhfins due to lateral stresses
induced via Poisson’s ratio. A critical compresssteess limit formula had been
developed. Empirical results show generally goag@gent. The critical limit can be
predicted based on key mechanical properties {elasddulus and Poisson’s ratio)
and dimensions (channel width and thickness). Thglication of this formula for
typical arrayed microchannel fabrication is that thitical channel span needs to be

identified when transitioning from the header tarachannels and vice versa.
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CHAPTER S

Conclusions

Microchannel technologies have much to offer to theld of
nanomanufacturing. In ceria synthesis, microchanmekers vyielded different
nanoparticle morphologies. XPS study showed theah#noparticles synthesized using
microchannel Tee-mixer yielded more *temolecules. This indicates that the
Tee-mixer approach permitted the formation andwapbdf an unstable intermediate
Ce(OH)} molecule by shielding the intermediate from expesto the oxygen
environment. Applications such as anti-reflectieatings are currently under research.

In second part of this study, main sources of meicha#ly induced
warpage/flow maldistribution were summarized. Toidwnsupported regions within
the microchannel structure, FEA software can bdit@ted. Annealed materials need to
be selected to minimize build-in internal stresdesaddition, careful considerations
must be taken to prevent introduction of stress@sng machining. According to
preliminary study, the load on mis-registration mlocheeds to be modified as
non-uniform pressure. Thermal gradient would affde@ microchannel structure.
However, it can be minimized by reducing the rargpiate. Finally, machining burrs
needs to be removed in order to efficiently diftusbond the laminae and to prevent
device leakage.

In the last part of this study, a new warpage mesha has been identified
caused by the buckling of channel fins due to &dtsresses induced via Poisson’s ratio.
A critical compressive stress limit formula had beeveloped. Empirical results show
generally good agreement. The critical limit canplbedicted based on key mechanical
properties (elastic modulus and Poisson’s ratia@) dimensions (channel width and

thickness). This formula was also compared to previpublications and devices
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designed and manufacturing in the lab. The impbeabf this formula for typical
arrayed microchannel fabrication is that the ailtichannel span needs to be identified
when transitioning from the headers to the microdletés and vice versa.
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APPENDIX A

EDS Results of Batch Mixer from Experiment (i)

Spectrum 1

e L o o o o o o o o o o e L e o e o e L e o R
u] 0.5 1 1.5 2 25 3 35 4 45 -]
ull Scale 3549 cts Cursor: 0.000 ket

Spectrum processing :
Peaks possibly omitted : 3.325, 8.626, 11.640 keV

Processing option : All elements analyzed (Norneal)s
Number of iterations = 3

Standard :

O Si02 1-Jun-1999 12:00 AM
Si SiO2 1-Jun-1999 12:00 AM
Ce Ce0O2 1-Jun-1999 12:00 AM

Element| App Intensity Weight% Weight% Atomic%

Conc. Corrn. Sigma
OK 27.39 1.7188 25.18 0.43 68.53
SiK 3.27 0.7791 6.64 0.20 10.29
Cel 40.10 0.9294 68.18 0.46 21.18

Totals 100.00
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EDS Results of Batch Mixer from Experiment (ii)

Spectrum 1

®

LI e o B L I B o o o o o o e e B e e B I o i e e e LN I e e e B R
a ns 1 15 2 25 3 35 4 45 5
ull Scale 3549 ctg Cursor: 0.000 ke

Spectrum processing :
No peaks omitted

Processing option : All elements analyzed (Nornealjs
Number of iterations = 3

Standard :

C CaCO3 1-Jun-1999 12:00 AM
O SiO2 1-Jun-1999 12:00 AM
Si Si02 1-Jun-1999 12:00 AM
Ce CeO2 1-Jun-1999 12:00 AM

Element| App Intensity Weight% Weight% Atomic

Conc. Corrn. Sigma
CK -1.13 0.8332 -2.14 0.49 -15.73
oK 10.86 1.6957 10.12 0.28 55.79
SiK 0.38 0.7390 0.81 0.10 2.53
Cel 58.99 1.0225 91.22 0.53 57.41

Totals 100.00




130

EDS Results of Tee-mixer from Experiment (i)

0 0.5 1 1.5 2 25 3 35 4 45 5
ull Scale 3549 cte Cursor: 0.000 ke

Spectrum processing :
Peak possibly omitted : 8.619 keV

Processing option : All elements analyzed (Norneal)s
Number of iterations = 3

Standard :

O SiO2 1-Jun-1999 12:00 AM

Si Si02 1-Jun-1999 12:00 AM

K MAD-10 Feldspar 1-Jun-1999 12:00 AM
Ce Ce0O2 1-Jun-1999 12:00 AM

Element| App Intensity Weight% Weight% Atomic

Conc. Corrn. Sigma
OK 37.59 1.4620 37.07 0.39 69.10
SiK 10.84 0.8556  18.28 0.23 19.41
KK 283 1.1301 3.61 0.13 2.75
Cel 23.84 0.8376 41.04 0.44 8.74

Totals 100.00
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EDS Results of Tee-mixer from Experiment (ii)

Spectrum 1

0 0.5 1 1.5 2 25 3 35 4 45 5
ull Scale 3549 cte Cursor: 0.000 ke

Spectrum processing :
Peaks possibly omitted : 3.320, 3.607, 8.638, 9k&38

Processing option : All elements analyzed (Nornealjs
Number of iterations = 3

Standard :

O SiO2 1-Jun-1999 12:00 AM
Si SiO2 1-Jun-1999 12:00 AM
Ce CeO2 1-Jun-1999 12:00 AM

Element| App Intensity Weight% Weight% Atomic%

Conc. Corrn. Sigma
OK 4443 1.5259 45.47 0.42 71.11
SiK 1552 0.9011 26.89 0.29 23.96
Cel 14.13 0.7984  27.63 0.48 4.93

Totals 100.00
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EDX Results of Batch Mixer
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EDX Results of Tee-Mixer

133

Counts

500

400

\)OO

nie)

300

200

100

Energy (keV)




134

APPENDIX C

Numerical Solution for Mis-registration (a)

1 o
2P(a)® — 2PW,(a)? + EWC%H =0

Assume
A=2P

B =-2P-W;

6 6

Solution 1 = 1/6/A*(-108*C*AN2+8*BA3+12*37(1/2)*(CE27*C*AN2-
4*BA3)N(L/2)*AVN(LI3)+2/3*BA2/A/(-
108*C*AN2+8*BA3+12*37(1/2)*(CH(27*C*AN2-4*BA3)N(L/2)*AY(1/3)+1/3*B/A

Solution 2 = -1/12/A*(-108*C*AN2+8*BA3+12*37N(1/2(C*(27*C*AN2-
4*BA3)N(L/2)*AVN(L/3)-1/3*BA2/A/(-
108*C*AN2+8*BA3+12*37(1/2)*(CH(27*C*AN2-
4*BA3)NL/2)*AYN(LI3)+1/3*BIA+1/2%*3N(1/2)*(LI6/AX(-
108*C*AN2+8*BA3+12*37(1/2)*(CH(2T*C*AN2-4*BA3)N(L/2)*AY(1/3)-
2/3*B2/A/(-108*C*AN2+8*BA3+12*3N(1/2)*(C*(27*C*AN2-
4*BA3)NL/2)*AN(L/3))

Solution 3 = -1/12/A*(-108*C*AN2+8*BA3+12*37N(1/2C*(27*C*AN2-
4*BA3)NL/2)*AYN(L/3)-1/3*BA2/A/(-
108*C*AN2+8*BA3+12*37(1/2)*(CH(2T*C*AN2-4*BA3)N(L/2)*AYN(1/3)+1/3*B/A-
1/2%1*3N(1/2)*(1/6/A*(-108*C*AN2+8*BA3+12*37N(1/2)*(CH(27T*C*AN2-
4*BA3)N(LI2)*A)N(LI3)-2/3*BA2IA/(-
108*C*AN2+8*BA3+12*37(1/2)*(CH(27*C*AN2-4*BA3)YN(L/2)*AYN(1/3))
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APPENDIX D

Measuring Equipment Summaries

Optical Microscope and Video Measurement Systems

Misalignment and fin geometry were measured by BECIBEEDML microscope
and a video measurement system (VIA-100). The eersiystem provides flexibility
and accuracy for specimen’s dimensional inspedierause its features include X, Y
or point to point measurement, an easy calibraposcedure, and 50X to 2000X
magnification within submicron scale resolution.dddition, the video measurement
system was connected to a computer and capablamtiring digital images of
specimen using a FlashBus FBG program.

The optical microscope is mainly used for direcsual observation, or
preliminary observation for final characterizatidn.conjunction with a measurement
system, this device provides the capability for -gwmension measurement within
micron resolution. It is an accessible and affoleatevice for a typical laboratory.
However, it still has many limitations within thange of measurement or resolution,
including limited magnification, lack in three-dimgonal analysis or surface
topography. Hence, other measurement techniquel,asian electron microscope or
surface-measuring device, are necessary to faeilit@ micro-scale characterization.

Surface Contact Profilometer

This device applies a contact measurement techrtigjuepect the surface
profile of the microstructure. The instrument uagsrobe or a stylus to run along the
surface of interest to evaluate the surface praiild projects on the device’s monitor
or plots on a graph-sketching machine. Some progier uses special tools such as
diamonds to identify the characteristics of thaifie within nanometer resolution. In
general, profilometer uses a transducer insidesyiséem to convert the traced result
into numerical data or graph on the monitor or otheput devices.

The contact profilometer that was used to verify éxperimental result in this
study is the DEKTAK 3 Surface Profiler from VEECOeWMology Group, Inc.
Pictures below show the DEKTAK 3 system currensgdiin Nano Micro Fabrication
facility at Oregon Nanoscience and Microtechnolbtgtitute.

DEKTAK 3 profiler is capable of vertical measurertenp to 2 mm with a
1nm, 1l-sigma step height repeatability. The DEKTEKonsists of two parts: the
stylus profiler unit, and the computer to conttod imachine. The profiler unit is used
to measure the vertical surface profile of a sampldiamond-tipped stylus is lowered
onto the sample, and the stage is slowly translai@asing the stylus to move up and
down vertically as it moves along the surface. Vbdical motion of the stylus is
measured electrically and converted to a digitaintt. The profile can be viewed on
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the screen and saved to disk to be printed. With ¢hpability, topography of fi
laminae before and after pressure applied can Geaely vrified.

Vernier Micrometer

The Vernier micromete was used for measuring the thickness of the lam
Micrometer iscommonly used in industry for securing small measwents Its
purpose is to measure objects whigh accuracyof 0.0001 inc. The Vernier
micrometer consists of three parts: spindle, sleand thimble. The readings from t
micrometer were validated with the surface conpacfilometer

Spindle Thimble

—— | *_'\-m:-w_ -




137

APPENDIX E

Surface Roughness

Surface roughness is commonly specified as eithbmaetic average (center
line average roughness) or root mean square avexagghness. The arithmetic
average, denoted in ISO 4287 ags R the average deviation of the surface from a
mean line or centerline. The arithmetical averagaation from the mean line is

l
1
Ra=7 | Ildi
0
where

Ra = arithmetical average deviation from the meaa lin
y = ordinate of curve of profile
| = length over which average is taken

An approximate of average roughness may be obtabeadding the y
increments, as shown in the Figure below, and ohgidhe sum by the number of
increments taken:

g, = IO

Hypothetical surface profile
dividedintoincrements (1 ton)

The root mean square average roughness, denoté8Oind287 by R is
calculated by taking a series of measurements whtiens from the center line and
taking their root mean square. It is defined maidtgcally as:
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! s
1 2
Rq: Tfydl
0

An approximation of the root mean square averagghmess may be obtained
by adding the square of the y increments, showfigare above, dividing the sum by
the number of increments taken, and extractingtjuare root:

X=n 2 1
Rq — [ZX:lrny )l z

R, is more sensitive to occasional high and low peakd gives more weight
to higher peaks. Other important specificationslude maximum peak to valley
roughness height and ten point height. Maximum pealalley roughness is denoted
in ISO 4287 as Rand is the distance between two lines parall¢héocenter line that
contacts the extreme upper and lower points optbie within the sampling length.
(Dallas, 1976; ISO 4287, 199%)

Roughness sampling length is the distance betweesuccessive data points
being record in a scan whereas the evaluationhesdiasically the length of the scan
being taken to measure the surface roughness. dillogving table (taken from ISO
4288, specifies the roughness sampling length anghness evaluation length for a
given center line average roughnésed 4288, 1999.

Rarange Roughness sampling length Roughness evaldatigth
pm mm mm
(0.006) < R<0.02 0.08 0.40
0.02<R<0.1 0.25 1.25
01<R<2 0.80 4.00
2<R<10 2.50 12.50
10<R<80 8.00 40.00

! Dallas, D. B. (Editor-in-Chief)Tool and Manufacturing Engineers Handbook, Third Edition, Society
of Manufacturing Engineer, McGraw-Hill Book CompamNew York, USA, 1976

2SO 4287, “Geometric Product Specification (GPSurface Texture: Profile Method — Terms,
Definitions and Surface Texture Parametelstérnational Organization for Sandardization, Geneve,

Switzerland, 1997

%S0 4288, “Geometric Product Specification (GPSuface Texture: Profile Method — Rules and
Procedures for the Assessment of Surface Textumgrnational Organization for Standardization,
Geneve, Switzerland, 1996
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APPENDIX F

Test Coupon Design for Mis-registration Experiment

Assembly View
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APPENDIX G
Fiducial Design for Alignment

The registration features are designed so that whese test coupons are
stacked, it can be visually validated from the tging a traditional microscope (see
Appendix D for measuring equipment summaries). dilewing figures show the
registration feature design for each individualelayThe circles are through cut
features while the crosses are blind cuts.

(@) (b) (c)

Registration design feature in top shim (a), middian (b), and bottom shim (c)

Figure below shows the actual image of how it lookder the microscope after three
test coupons are stacked.
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APPENDIX |

Test Coupon Design for Structural Parameters andt

(Sample SO to S8 and TO to T4)
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APPENDIX J
Test Coupon Design for Mechanical Parameterg and v
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Test Coupon Design for Mechanical Parameterg and v

(Sample E2, E4, and E6)
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APPENDIX K

Test Coupon Design in Pluess’s Publication
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