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ABSTRACT 

The permeability of ceramic green tapes influences the ceramic process steps 

such as binder removal in which the permeability partially controls the decomposition 

rate in order to avoid failure of the body, because the permeability relieves the internal 

pressure build up. The tapes are comprised of barium titanate as the dielectric materials, 

and poly(vinyl butyral) and dioctyl phthalate as the main binder mixture. 

The flow though single capillary in the tape was analyzed in terms of models for 

describing Knudsen, slip, and Poiseuille flow as transport mechanisms.  An analytical 

solution was derived, and compared to an approximate solution.  The relative 

contributions of these three flow mechanisms were then analyzed for different ratios of 

the mean free path to pore size and for different pressure driving forces. 

The permeability of green tapes which are unlaminated and laminated was 

determined as a function of binder content for binder removed by air oxidation.  The 

flow in porous media through the tapes was analyzed in terms of models for describing 

Knudsen, slip, and Poiseuille flow mechanisms. With measurement of flow, the 

characteristic pore size was determined to be 1-2 µm for unlaminated and 0.5-1 µm for 

laminated samples as a function of binder loading.  Poiseuille flow was thus the 
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dominant transport mechanism contributing to the flux in both the unlaminated and 

laminated samples and therefore Darcy’s Law was used to determine the permeability. 

The number of tapes strongly affects to the permeability for the laminated samples.  The 

permeability was also determined from micro-structural attributes in terms of the specific 

surface, the pore fraction, and terms of the specific surface, the pore fraction, and terms 

to account for tortuosity and constrictions. 

The permeability and adhesion strength of laminated green ceramic tapes were 

determined.  Both the flow in porous media and the adhesion strength were seen to 

depend on the lamination conditions of time, temperature, and pressure.  The adhesion 

strength was seen to increase with increasing lamination conditions of time, temperature 

and pressure, whereas the permeability decreased. 
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CHAPTER 1 

GENERAL INTRODUCTION 



1.1 PERMEABILITY IN THERMAL DEBINDING 

Polymeric binders are widely used in both the powder metallurgy and ceramic 

industries, such as in the fabrication of multilayered ceramic capacitors as shown in Fig. 

1.1. Such binders need to be removed from the powder compact before it is sintered into 

a final product. The most commonly used method of binder removal is thermolysis, or 

thermal debinding, which is simply the oxidation of the binder in air or the pyrolyis of 

binder in nitrogen. If binder removal is incomplete, the trapped polymeric residues will 

be a contamination source and may affect the final physical or electrical properties of the 

product [1,2]. If the binder removal is conducted too quickly, defects such as cracks and 

large voids may affect the micro-structural evolution of the component during sintering 

[3].  The successful removal of binder occurs without disrupting the packing of the 

particles or producing any defects in the green ceramic body.  

 

BaTiO3+PVB+DOP  

Pt metal 

Figure 1. 1  Schematic of the ceramic green body with metal layer for the multilayer ceramic 

capacitor. 
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Thermal binder removal from green ceramic bodies is a complex process that is 

influenced by both chemical and physical factors, such as heat transfer, mass transfer, 

kinetics of binder degradation, and stress.  The basic processes of binder removal 

include the degradation of the polymer and the transport of the degradation products to 

the surface through open pores in the body, which is illustrated in Fig. 1.2.  The 

polymeric binders are likely decomposed in air to oligomers, monomers, or smaller 

molecules, such as CO2 and H2O, at high temperature.  The gas phase molecules thus 

created are then transported to the surface through open pores in the body.  If the rate of 

binder decomposition is faster than the rate of transport to the surface, the pressure in the 

pores in the green body increases, and then the resultant stress may cause body failure by 

blistering, cracking and delaminating, as is shown in Fig. 1.3.  To avoid failure, binder 

removal must be done slowly and steadily.  In practice, thermal binder removal takes 

4~10 days, and is thus one of the most time and energy consuming steps in the fabrication 

of multilayer ceramic capacitors. 

 

Binder 

Sample 
surface 

Gas 

P 

P0

Open pore 

Figure 1. 2  Schematic diagram of thermal binder removal from the ceramic green body. The 

decomposed gas-phase products flow through the open pores 
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(a) 

(b) 

 

(c) 

(d) 

Figure 1. 3  Photos of binder removal failure in multilayer ceramic capacitors. The samples are 

failed by delaminating (a, d) and bloating (b, c). 
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A number of models have been developed in the literature to describe the thermal 

removal of binder from fine ceramic powder compacts [4-7].  German proposed three 

different mechanisms in the green body for binder transport: diffusion, permeation, and 

wicking, and these mass transport models of binder removal were simulated with simple, 

1-dimensional models.  Stangle and Aksay developed a theoretical model to describe the 

simultaneous momentum, heat, and mass transfer phenomena in porous media.  This 

model, however, has a large number of input data which are usually difficult to obtain.  

Calvert and Cima proposed a model to predict the kinetics of binder removal for a 

polymer which degrades by unzipping.  This model, unfortunately, did not take into 

consideration the effect of volume expansion from solid phase binder to gas phase 

products due to pyrolysis, which is the major phenomena occurring during thermal 

debinding. 

 In earlier work, we have analyzed and modeled the kinetic parameters of binder 

degradation during thermal binder removal with TGA and DSC [8,9].  We then derived 

an analytical solution to the pressure driven flow problem for 3-D bodies [10,11,12].  

The model can treat anisotropic permeability within the green body, which has been 

observed in multilayer ceramic capacitors where the binder product gases flow 

preferentially parallel to the metal layers.  We also have analyzed the heat transfer in 

porous green bodies during binder removal.  Based on these kinetic, heat transfer, and 

mass transfer analyses, approximate analytical equations have been derived for the 

minimum time heating cycle for binder removal from porous green bodies [13-16].  

These analytical equations can be applied in practice to real ceramic green bodies. 

 The equations for predicting the minimum time heating cycle during thermal 
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debinding, however, were derived for a theoretical permeability model, namely the 

Kozeny-Carmen equation, which may not rigorously agree to the permeability evolution 

during thermal debinding for multilayered ceramic capacitors.  It is thus the major aim 

of this work to determine how the permeability varies with binder content during thermal 

debinding, as the permeability may strongly control the heating rate of the sample in 

order to avoid failure of the body.  The permeability varies with time, because the loss 

of binder may be expected to increase the porosity and to change the surface area per unit 

volume.   

 In addition to the role the permeability plays during thermal debinding, 

lamination of the single tapes is a necessary process to get sufficient strength to maintain 

the green body.  Lamination, however, also leads to decrease in the permeability and as 

a result of that, the binder removal time increases.  Therefore less aggressive lamination 

conditions, which mean less pressure, lower temperature, or shorter time, are preferred to 

reduce the cycle time without sacrificing interlayer adhesion. 

In this thesis, we analyze different flux mechanisms in porous media in order to 

obtain a measure of the permeability.  As part of this analysis, we also determine the 

pore size as a function of binder loading.  Finally, we examine the effects of lamination 

time, temperature, and pressure on the permeability and adhesion strength of green 

ceramic tapes.
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1.2 THESIS ORGANIZATION 

In chapter 2, the flow of gases in narrow capillaries was simulated for different 

contributions from Knudsen, Poiseuille, and slip flow mechanisms.  An analytical 

solution was derived, and compared to an approximate solution presented by others.  

The relative contributions of these three flow mechanisms to the overall flux were then 

analyzed for different ratios of the mean free path to pore size and for different pressure 

drop driving forces. 

In chapter 3, the permeability of unlaminated green tapes was determined as a 

function of binder content for binder removed by air oxidation.  The tapes are comprised 

of barium titanate as the dielectric, and polyvinyl butyral and dioctyl phthalate are the 

main components of the binder mixture.  The flow in porous media through the tapes 

was analyzed in terms of models for describing Knudsen, slip, and Poiseuille flow 

mechanisms.  

In chapter 4, the permeability of laminated green ceramic tapes was determined 

as a function of binder loading for binder removed by air oxidation.  These tapes also 

consisted of barium titanate as the dielectric, and the binder consisted again primarily of 

poly(vinyl butyral) and dioctyl phthalate.  

In Chapter 5, the permeability and adhesion strength of laminated green ceramic 

tapes were determined for tapes comprised of barium titanate as the dielectric, and 

poly(vinyl butyral) and dioctyl phthalate as the main components of the binder mixture.   

Both the flow in porous media and the adhesion strength were seen to depend on the 

lamination conditions of time, temperature, and pressure. 
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CHAPTER 2 

FLUXES FROM SLIP, KNUDSEN, AND POISEUILLE FLOW IN 

NARROW CAPILLARIES 



2.1 INTRODUCTION 

The flow of gases in narrow capillaries and porous media [1-6] can be analyzed in 

terms of fluid transport models that describe Knudsen, slip, and Poiseuille flow.  The 

particular type of flow behavior depends on whether the motion of a molecule consists 

primarily of either collisions with the walls (Knudsen flow) or collisions with other 

molecules (Poiseuille flow) or a combination thereof (slip flow).  The contribution of 

each mechanism to the total flux depends on the ratio of the pore size to the mean free 

path of gas molecules, which in turn depends on the pressure.  Earlier research has 

focused on quantifying the contributions of each of these individual flow types to the 

overall flow in a capillary [7-13].   

For the specific case of binder removal from open pore compacts [14-21], the 

permeability is expected to change as binder is removed and the pore space becomes 

more open.  Both the void fraction and the pore size are expected to increase as the 

products of binder degradation exit the porous green body.  In order to be able to 

describe the evolution of permeability with binder volume loading, it is first necessary to 

understand how the three flow mechanisms contribute to the total flow in a porous 

medium.  In this study, we obtain the exact analytical solution for flow in a narrow 

capillary and then compare it with an approximate analytical solution obtained by others 

[13].   
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2.2 RESULT AND DISCUSSION 

For a single capillary of radius, r, the molar flux, N, in the x-direction at 

temperature, T, is given by [12] 

dx
dP

RT
KN T−=          2-1 

where R is the gas constant and P is the pressure.  The quantity  consists of 

contributions from Knudsen, slip, and Poiseuille flow as [12] 

TK

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+⎥⎦

⎤
⎢⎣
⎡=

PoiseuilleSlipKnudsen
T

PrvrvrK
µ

πφφ
86

)1(
3
2 2

    2-2 

where µ is the viscosity of the gas and the average velocity of the gas molecules is 

2/1)/8( MRTv π=  in terms of M, the molecular weight of the gas-phase species.  The 

contributions of the individual flow mechanisms to  are determined by the 

probability, 

TK

)/21/(1 λφ r+= , which is terms of the ratio of the pore size to the mean 

free path, PNdRT A
22 πλ =  of the gas phase species.  The molecule diameter of the 

gas molecule is d, and NA is Avogadro’s number.  In Fig. 2.1, the dependence of φ  is 

shown on the ratio of the pore size to the mean free path.  When the ratio of 2r/λ is 

small, i.e., when the pore size is much smaller than the mean free path, then φ  

approaches unity and Knudsen flow dominates.  Conversely, when the ratio of 2r/λ is 

large, i.e., when the pore size is much larger than the mean free path, then φ  approaches 

zero and Poiseuille flow dominates.    
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Figure 2. 1  Probability function, φ , for weighting Knudsen, slip, and Poiseuille flow mechanisms 

versus λ/2r . 

In light of Eqs. 2-1 and 2-2, the total flux can be represented by three terms as 

PoiseuilleSlipKnudsen NNNN ++=        2-3 

corresponding to the three flow mechanisms.  When obtaining the solution to Eqs. 2-1 

and 2-2 by integrating from P1 to P2 over the length, L, terms arise in the solution 

because of the explicit dependence on the pressure driving force and also because of the 

dependence of the probability terms on pressure via the mean free path.  To obtain the 

exact analytical solution, we introduce the constants RTvrC =1 , RTNdrC A
2

2 22 π= , 

and RTrC µ82
3 = . The total flux can then be rewritten as 

 13



dx
dP
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The exact analytical solution to Eq. 2-4, in terms of each flow mechanism, is thus 
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To obtain an approximate analytical solution to Eq. 2-4 [13], Eq. 2-1 can be rewritten in 

terms of a linear pressure drop 21 PPP −=∆  as 

L
P

RT
K

N T
Approx

∆
=.         2-8 

where TK  is given in terms of an average mean free path, PNdRT A
22πλ = , where 

( ) 2/21 PPP +=  is the arithmetic average pressure.  The expression for TK  is 
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With these substitutions into Eq. 2-8, the approximate flux from each mechanism is then 

given by [13] 

L
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The flux from each of the mechanisms thus depends via the constants C1, C2, C3, 

and P  on λ/2r , the ratio of the pore size to the average mean free path, which in turn 

depends on the average pressure.  

We next compare the approximate and analytical solutions for high and low 

pressure for µ=1.76×104 g/cm-s and d=0.4 nm, e.g., values appropriate for nitrogen gas. 

Figure 2.2 shows how the approximate analytical solution for the flux as a function of the 

pore size differs from the exact solution for each of the three flow mechanisms and for 

the total flux.  For these simulations at high pressure with P1=0.79 MPa and ∆P=0.69 

MPa, when the pore size is much smaller than mean free path, e.g., 2r/λ is much less than 

1, the dominant transport mechanism is Knudsen flow. For 2r/λ much larger than 10, 

Poiseuille (laminar) flow is the dominant transport mechanism.  In between the two 

regions of Knudsen and Poiseuille dominated flow, slip flow prevails.  In general, at 

these high pressures, the approximate solutions for slip and Poiseuille flow agree well 

with their exact solutions, whereas the approximate solution for Knudsen flow diverges 

from the exact solution at larger pore diameters.  This difference is small, however, and 

in addition does not influence the total flux by much because Knudsen flow is such a 

small portion of the overall flux at high pressures and for large pore sizes. 

Figure 2.3 treats the same case as in Fig. 2.2 but now for lower pressures where 

P1=0.14 MPa and ∆P=0.04 MPa. The approximate solutions for all three flow 

mechanisms agree well with the exact solution for all pore sizes, and thus the total flux is 

well represented for all pore sizes. 
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Figure 2. 2  Contributions of Knudsen, slip, and Poiseuille flow to the total flux versus pore 

diameter for P1=0.79 MPa and ∆P=0.69 MPa. The exact solutions are given by the lines and the 

approximate solutions are given by the symbols 

0.0001

0.001

0.01

0.1

1

10

100

1000

0.01 0.1 1 10

Pore diameter (µm)

N
 (m

ol
/m

2 
s)

Flux from total f low
Flux from Poiseuille f low
Flux from Knudsen f low
Flux from slip f low

 

Figure 2. 3  Contributions of Knudsen, slip, and Poiseuille flow to the total flux versus pore 

diameter for P1=0.14 MPa and ∆P=0.04 MPa. The exact solutions are given by the lines and the 

approximate solutions are given by the symbols. 
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As a final comparison of the two solutions, Figure 2.4 shows a comparison of the 

approximate and exact solutions for a pore size of 1 µm as a function of P1 at fixed 

P2=0.1 MPa. The total flux from the approximate solution agrees well with the exact 

solution as P1, and thus ∆P, increases, because for Poiseuille flow, the approximate 

solution is always close to the exact solution, and Poiseuille flow is the dominant 

transport mechanism in pores of 1 µm size. In contrast, Knudsen flow from the 

approximate solution is slightly less than the exact solution as P1 increases.  
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Figure 2. 4  Contributions of Knudsen, slip, and Poiseuille flow to the total flux versus upstream 

pressure for a pore diameter of 1 µm and P2=0.1 MPa.  The exact solutions are given by the lines 

and the approximate solutions are given by the symbols. 

The differences between the approximate and exact solution arise because of the 

use of an average pressure in the approximate solution for the probability term. For a 
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compressible fluid, the pressure profile as a function of position is given by [1], 

2
1

2
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2
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2
2
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This contrasts to the linear relation which arises for an incompressible fluid, 

where the pressure varies as 

1
12 Px

L
PPP +⎟

⎠
⎞

⎜
⎝
⎛ −

=         2-14 

Figure 2.5 shows the difference between these two pressure distributions as a 

function of distance in the sample. At higher pressure differences, the difference between 

the two pressure profiles becomes larger, and thus the linear representation of the 

pressure profile becomes a worse approximation.  When ∆P is thus large, the difference 

between the approximate and exact solutions for Knudsen flows is larger than for smaller 

∆P.  This difference appears mathematically in terms of a ∆P driving force for the 

approximate solution compared to the natural logarithm pressure driving force in the 

exact solution; the difference between the two, however, becomes smaller as ∆P 

decreases.  

The above analysis illustrates how Knudsen, slip, and Poiseuille flow contribute 

to the total flux in narrow capillaries of different sizes.  In general, the approximate 

solution is quite accurate and thus can be used for describing flow in narrow capillaries. 
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Figure 2. 5  Comparison of the pressure profiles with normalized position, x/L, for a compressible 

fluid (dashed lines) and for a linear pressure drop (solid lines) for three values of the total pressure 

difference.
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2.3 CONCLUSIONS 

Flow in narrow capillaries is analyzed in terms of mechanisms for describing 

Knudsen, slip, and Poiseuille flow. An approximate solution proposed earlier is compared 

to the exact solution and found to be very accurate, especially at low pressure over a 

range of pore sizes.   
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CHAPTER 3 

PERMEABILITY OF GREEN CERAMIC TAPES AS A FUNCTION 

OF BINDER LOADING 



3.1  INTRODUCTION 

In the fabrication of ceramic components, the permeability [1-6] of the green 

body influences or governs a number of processing steps such as slip casting, drying, and 

binder removal. For the specific case of binder removal from open pore compacts, the 

permeability may strongly control the rate at which the sample can be heated in order to 

avoid failure of the body [7-15].  The permeability is also not a constant characteristic of 

the green body, but evolves in time as solid binder is removed.  The loss of binder is 

expected to both increase the porosity and to change the surface area to volume ratio 

within the porous medium; both effects will lead to changes in the permeability.   

For porous bodies in which large pores are present, e.g., the mean free path is 

much smaller than the pore size, such that pressure-driven convective flow dominates, a 

large number of models have appeared for describing the permeability [1-6,16-22].  

Complications that may arise include whether or not viscous or inertial effects are 

controlling the flow behavior.  In addition, no commonly accepted model has appeared 

that describes the permeability in terms of no adjustable parameters.  In many 

treatments, however, a common feature is that both the porosity (or void fraction) within 

the green body and some characteristic dimension or distribution of dimensions appears 

as model parameters.  This length aspect of the permeability is most often related to 

some controlling pore size or surface area per unit volume; these latter two quantities can 

be interpreted in terms of a hydraulic resistance which governs the pressure drop, and 

hence flow rate, within the pores in the green body.  In addition, a term is often included 

to account for tortuosity and constriction in the pore space.   
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For small pore sizes where the mean free path is comparable or larger than the 

pore size, both Knudsen and slip flow contribute to the total observed flux [23-29].  This 

aspect of the problem for flow in narrow capillaries was treated successfully a number of 

years ago [28,29], but the extension of these results to porous media is again difficult, and 

several models have appeared which relate flow in narrow capillaries to flow in porous 

bodies [10,27,29].  These models either were strictly theoretical and not compared to 

experiment, or when compared to experiment, required the inclusion of adjustable 

parameters in order to obtain good agreement. 

Recently, we have developed a method for determining the minimum time for 

binder removal from porous green bodies where convective flow is the dominant 

transport mechanism by which the degradation products exit the pore space of the green 

component [13-15].  The model thus requires values for the permeability as a function 

of binder content.  Thus, the difficulty in describing the permeability is now 

compounded in that we are seeking a unique function for the permeability, preferably 

with no or at most one adjustable parameter. 

In this work, the measurement of the flux through green bodies as a function of 

binder content is reported.  We then describe an approach for obtaining from such flux 

data the pore diameter and the permeability as a function of binder content.  The 

permeability is then related to other microstructural characteristics of the green body.  
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3.2  EXPERIMENTAL 

The tape samples used in this study were prepared from barium titanate powder 

(Tamtron X7R 412H, Ferro Electronic Materials, Niagara Falls, NY), which has a mean 

particle diameter of 1.2 µm and specific surface area of 3.3 m2/g.  The powder at 55.6 

wt% was ball milled with 44.6 wt% binder solution (B73305 Ferro Corp., San Marcos, 

CA), which contains approximately 14 wt% poly(vinyl butyral), 8 wt% dioctyl phthalate, 

60 wt% toluene, and 18 wt% ethanol.  After milling, the slurry was de-aired and then 

filtered through a 53 µm nylon mesh.   The slurry was then tape cast, dried, and cut to 

obtain samples.  The thickness of the dried tapes was approximately 125 µm.  The total 

organic content of the substrates was 10.9% by weight, as determined by weight loss 

based on the total sample weight.  To prepare samples with up to two-thirds lower 

binder content, oxidation in air was used at temperatures between 150-200°C for times of 

0.5-24 h.  Below approximately 4 wt% binder, the samples were brittle and fractured 

during testing. 

To perform the permeability measurements, green tapes of disk geometry were 

inserted into a sample holder (see Fig. 3.1, Millipore, MA) with an open area of 1.56 cm 

in diameter and sealed with a flexible o-ring.  An upstream pressure of nitrogen was set 

by a pressure regulator, and the downstream pressure could be adjusted by the valve 

before the flow meter.  The volumetric flow rate, Vf, in the flow meter was monitored 

and then converted to a molar flow rate, n, via 

f

ff

RT
VP

n =          3-1 

where P is the pressure, R is the gas constant, T is the temperature, and the subscript f 
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denotes the conditions at the flow meter.  The measured molar flux, Nm, through the 

area, A, of the substrate is then given by 

ρom uAnN == /         3-2 

where uo is the superficial velocity and RTP /=ρ  is the molar density.   The flux 

given by Eq. 3-2 is a quantity determined solely by experiment and contains no 

microstructural features of the porous green body.   

Green Tape in  

Housing at T and P 

P2 

 Flow  

Meter 

Flow Rate Vf  at Tf 

and Pf

Inlet 

P1 

 

Figure 3. 1  Schematic of the flow cell used to measure the permeability of green ceramic tapes.
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3.3  RESULTS AND DISCUSSION 

The microstructures of green tape samples at high (10.9 wt%), medium (6.2 wt%), 

and low (0 wt%) binder contents are shown in Fig. 3.2.  These samples were prepared 

by freezing substrates in liquid nitrogen and then fracturing them.  For the tape with 

10.9 wt% binder, regions of sample rich and poor in binder content are observed.  Large 

pores or channels of micron size and irregular shape appear throughout the sample, and 

many of these pores are separated by distances of many multiples of the ceramic particle 

diameter.  No clear characteristic single pore dimension is evident, but rather a 

distribution of pore dimensions is seen.  For the sample of intermediate binder loading, 

more pores of smaller size are evident with smaller separation distances between them.  

For the sample with no binder, pores appear to be located between almost every 

individual ceramic particle.  Large sized channels, however, are still evident. 

 



 
 

 

Figure 3. 2  Scanning electron micrographs of green tape samples at high  (10.9 wt%, the first 

panel, P.28),  medium (6.2 wt%, the second panel, P.29), and low (0 wt%, the third panel, P.29) 

binder contents.  
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For a single capillary of radius, r , the molar flux, N, in the x-direction can be 

represented by [10,28] 

dx
dP

RT
N Tκ

−=          3-3 

The quantity Tκ  depends on the flow regime, which is determined by the ratio of the 

pore diameter, D=2r, to the mean free path, , of the gas-phase 

species, where d is the molecular diameter and N

APNdRT 22/12/ πλ =

A is Avogadro’s number. The term   

can be expressed as the weighted summative contributions from Knudsen, C, slip, B, and 

Poiseuille, A, flow mechanisms as 
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with vrC 3/2= , 6/vrB π= , , where µ8/2 PrA = µ  is the viscosity of the gas.  The 

quantity 2/1)/8( MRTv π=  is the average velocity in terms of the molecular weight, M, 

of the gas-phase species.  Equations 3 and 4 can be integrated from P1 to P2 over the 

sample thickness, L, to yield the total flux for a compressible fluid as 

N=NKnudsen + NSlip + NPoiseuille       3-5 

where  
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with RTvrC /1 = , RTNdrC A /22 2
2 π= , and .  RTrC µ8/2

3 =

The relative fluxes from each of the three mechanisms thus depend on the ratio of 

the pore diameter to the mean free path, which in turn depends on the pressure.  Figure 

3.3 shows how the three mechanisms contribute to the total flux as a function of the pore 

size for P1 = 0.38 MPa and ΔP = 0.28 MPa.  For small pores, where the ratio λ/2r  is 

much less than unity, Knudsen flow is the dominant transport mechanism.  For 

intermediate pore sizes, where λ/2r  ≈ 1-10, slip flow is the largest contributor to the 

observed flux although both Knudsen and Poiseuille flow also make significant 

contributions.  For larger pore sizes, where λ/2r  is much greater than unity, Poiseuille 

flow dominates. 
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Figure 3. 3  Left-hand axis) Contributions of Knudsen, slip, and Poiseuille flow to the total flux 

versus pore size. Right-hand axis) Ratio of pore diameter to the mean free path of the gas molecule 

versus pore diameter. 
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To determine the characteristic pore size which governs the observed flow 

behavior, we adopt the procedure proposed in Ref. [26], whereby we obtain the flux as a 

function of the arithmetic mean pressure, Pave.  At higher pressures, where Knudsen 

flow can be neglected, a plot of the normalized flux, PN ∆/  versus Pave yields a linear 

relation 

BAP
P

N
ave +=

∆
         3-9 

where A is the slope and B is the intercept.  The ratio of  

v
r

B
A

πµ4
3

=          3-10 

can then be used to determine the characteristic pore diameter, rD 2= .   

Figure 3.4 shows the linear relationships obtained as a function of binder loadings 

between 10.9-6.9 wt%.  Below 6.9 wt% binder, the normalized flux did not vary linearly 

with the mean pressure, and the origin of this non-linearity is unclear.  Equation 3-10 

was then used to determine, as seen in Fig. 3.5, that the average characteristic pore size 

increases from approximately 1 to 2 µm as the fractional porosity, ε, in the sample 

increases from 0.2 to 0.3.  Extrapolation of this curve to 0.4 fractional porosity, which 

corresponds to zero binder content, suggests a maximum characteristic pore size of ~2.3 

µm.  The variability in the pore size determined by this method is estimated as less than 

15%. 

For a pore size of 1 µm, which corresponds to the lowest level of porosity, Fig. 3.3 

shows that Poiseuille flow contributes more than 95% of the total flux, and we can 

therefore neglect the Knudsen and slip flow terms.  We note that the results shown in 
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Fig. 3.3 are based on equations derived for a single capillary.  We use these results, 

however, to determine that the permeability in a porous body with a characteristic pore 

diameter of 1 µm arises mainly from Poiseuille flow.  For the given range of pore sizes, 

the Reynolds number is less than 1×10-3, and thus inertial effects are also not significant. 
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Figure 3. 4  Normalized flux versus average pressure for samples containing different binder 

loadings.  
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Figure 3. 5  Characteristic pore diameter versus porosity.  The closed symbols were determined 

from experiment and the open symbols are extrapolated values. 
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Based on the above analysis, we are then left with the equivalent of Darcy’s law 

for flow in porous media and can thus express the superficial velocity in Eq. 3-2 as 

dx
dPuo µ

κ
−=          3-11 

where κ  is the permeability arising from Poiseuille flow.  Combining Eqs. 3-2 and 3-

11 leads to the permeability as 

1−

⎟
⎠
⎞

⎜
⎝
⎛−=

dx
dPN m

ρ
µκ         3-12 

At steady state flow conditions, the pressure across the sample varies from P1 to P2 for a 

compressible fluid as [1] 

2/1
2

1

2
1

2
2

⎥
⎦

⎤
⎢
⎣

⎡
+

−
= Px

L
PPP        3-13 

When the ideal gas law is used to describe the molar density, Eq. 12 simplifies to 

2
1

2
2

2
PP

LRTN m −
−= µκ         3-14 

For κ  to be a useful quantity, e.g., an intrinsic material property, then it is desirable that 

changing the flow conditions or the sample thickness should not influence its value.  To 

determine if these latter two conditions for the permeability, as given by Eq. 3-14, are 

satisfied, two types of experiments were conducted.  In the first type, different upstream 

and downstream pressures of nitrogen were set to obtain a constant pressure drop of 0.28 

MPa, and the flux and the permeability were then determined as described above.   

Figure 3.6 shows that with increasing upstream pressure, the flux and gas 

density, determined at the center of the sample, both increase, whereas the superficial 

velocity is nearly constant.  These three quantities vary in such a manner, however, that 
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the permeability is nearly constant.  For a given sample and set of flow conditions, the 

flux, and thus also the permeability, varied by less than 5%.  The variability between 

individual tape samples, however, was estimated at 15%.  
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Figure 3. 6  Permeability, flux, gas density, and superficial velocity versus upstream pressure for a 

constant pressure drop of 0.28 MPa. 

Figure 3.7 also illustrates the permeability as a function of upstream pressure, but 

now includes samples over a range of binder loadings.  The permeability of the tapes, 

which increases with decreasing binder loading as expected, is relatively constant versus 

the upstream pressure, and is thus independent of the specific values of the upstream and 

downstream pressures and gas density. 
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Figure 3. 7  Permeability versus upstream pressure for a constant pressure drop of 0.07 MPa as a 

function of binder loading. 

In the second type of experiment, tapes were stacked to different total 

thicknesses in the sample holder, and then the permeability was determined for a fixed 

upstream pressure and different pressure drops.  As seen in Fig. 3.8, the permeability is 

again nearly constant and is thus independent of the total thickness and pressure drop.  

Taken together, the results in Figs. 3.7 and 3.8 indicate that analyzing the flux data 

obtained here in terms of Eq. 3-14 leads to permeabilities that are not strongly dependent 

on the flow conditions or sample thickness. 

The permeability of individual tape substrates was then measured as a function of 

binder loading for binder removed by air oxidation.  Figure 3.9 shows that the 

permeability increases by a factor of 30 with decreasing binder content.  Below about 

one-third of the initial organic content, very few data points are evident because of the 
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brittle nature, and hence fracture during testing, of the samples low in binder.  It 

appears, however, that the permeability is not varying as strongly over the last one-third 

of binder loading, as compared to the variation in the permeability for the initial amounts 

of binder removed. 
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Figure 3. 8  Permeability versus number of stacked green ceramic tapes as a function of binder 

loading. 

 The permeabilities determined in the experiments in Figs. 3.6 through 3.9 are 

based only on Darcy’s law for flow in porous media and make no mechanistic 

assumptions about what microstructural features of the porous medium are governing the 

flow behavior.  Many different approaches [1-6,10,16,27] have been proposed to 

account for the permeability in terms of such microstructural attributes as the porosity, 

characteristic pore size, and tortuosity and constrictions.  The large number of models, 

which were primarily developed for porous media consisting of one type of particle, 
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attests to the difficulty in accounting for the effects of different morphological features of 

the pore space on the permeability.  In this work, this difficulty is now compounded by 

having the need for a model that accounts for the permeability of a two-component 

porous medium as one phase is removed. 
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Figure 3. 9  Permeability of green ceramic tapes as a function of binder loading for binder removal 

by air oxidation.  The predictions of Models A-D are also shown. 

 In this work, we first relate the measured flux from an experiment to the flux 

from single capillary, modified by some function of the porosity as 

)(ερ fNuN om ⋅==         3-15 

The function )(εf  is not generally known, but has alternatively been represented as 

proportional to the porosity, ε , in Ref. [10] and as  in Ref. [27].  We adopt, and 2ε
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slightly modify, these approaches and let , where k is a constant to 

account for tortuosity and constrictions.  We further proceed to define an effective 

specific surface per unit solid volume, S, in terms of a hydraulic pore diameter, D=4r, as  

kf /2)( 1+= αεε

D
S

)1(
4
ε
ε

−
=          3-16 

With this definition for S combined with the term for Poiseuille flow from Eq. 3-4, we 

then obtain that the permeability is given by 

( ) 22

3

1 Sk ε
εκ

α

−
=

+

        3-17 

For α=0, we obtain the Kozeny-Carman equation.  Meyer and Smith [16] observed, 

however, that for bodies consisting of a single type of particle, the tortuosity increased 

with decreasing porosity as .  An expression of this type thus leads to 

α=1.1, which leads to approximately the same dependence of  derived for a random 

pore model [27]. 

1.125.1 −= εk

2ε

We can thus calculate the permeability in Eq. 3-17 in terms of four approaches 

related to how we determine the quantities S and k: 

Model A:  Obtain S from D (Eq. 16) and fit  k from Nm versus Pave data for α=0; 

Model B:  Obtain S from D (Eq. 16) and fit  k from Nm versus Pave data for α=1; 

Model C:  Obtain S fitted from permeability data with constant k=5 for α=0; 

Model D: Obtain S fitted from permeability data with a 2nd order polynomial with 

constant k=5 for α=0. 

Models A and B thus use the measured flux data to obtain both S and k, but do not 

directly use the permeability data in Fig. 3-9.  Models C and D, on the other hand, are 
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fitted directly to the permeability data in Fig. 3-9 with assumed conventional values of k. 

Values of k for Model A were thus determined by fitting the measured fluxes 

versus average pressure for different binder loadings, as seen in Fig. 3.10.  In general, 

the level of agreement is quite good, and similarly good agreement was obtained with 

Model B.  Table 3.1 summarizes the values of k and S that arise by fitting the fluxes 

determined in the experiments for the first two models.  For Models A and B, k first 

decreases with increasing porosity and then increases slightly; S, however, varies only 

weakly in a nonmonotonic fashion with binder volume fraction.  For Model C, with 

constant k=5, the best fit for constant S is 4.18 × 10-6 m-1.  For Model D, with constant 

k=5, the best fit variation in S in Table I spans 20%.  Figure 3.9 shows the level of 

agreement between the permeability and the predictions of the four models.  Both 

Models A and B describe the permeability reasonably well, in spite of not being fit 

directly to the permeability data.  Model C, which is the Kozeny-Carman equation with 

constant values of k and S, gives the poorest level of agreement.  Model D provides the 

best level of agreement, which is not surprising in that it is fitted to the permeability data 

by allowing S to be a function rather than a constant.  

The values of k and S given in Table 3.1 deserve further comment.  As seen from 

the form of Eq. 3-17, the product kS2 is the effective fitting parameter, and thus, 

depending on the model, changes in k are necessarily reflected in changes in S.  With 

Models A and B, S is determined directly from D, and then k is determined by fitting the 

flux data, as seen in Fig. 3.10.  For Model A, very large values of k are determined, 

which suggests a very tortuous path or small constrictions, or some combination thereof.  

The microstructures of Fig. 3.2 are consistent with this latter idea, in that the presence of 
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high binder loading appears to have occluded the pore space between clusters of 

individual ceramic particles.  Use of Model B leads to values of k of the order of 20-50, 

which is a factor of ∼2 larger than the largest values reported in Ref. [18] for systems 

containing particulates only.  The nonmonotonic variation in k is less clear.  This may 

arise as smaller pores begin to conduct more flow as binder is removed.  Although in 

principle Eq. 3-3 can describe this effect, knowledge of the distribution of radii 

responsible for each flow regime are required.  For Models C and D, in which k is fixed 

at a conventional value of 5, the values of S now obtained appear somewhat unrealistic in 

that if these are converted to an equivalent pore diameter via Eq. 3-16, pore diameters of 

D≈0.2-0.7 µm result.  Under these circumstances, slip and Knudsen flow will contribute 

substantially more to the flux, and thus analyzing the flux data in terms of only Poiseuille 

flow is incorrect.  The results in Figs. 3.7 and 3.8, however, indicate that Poiseuille 

flow, as represented by Darcy’s Law, reasonably represents the permeability as an 

intrinsic material property. 

In spite of the uncertainty in the actual values of the microstructural parameters 

governing the permeability, the method of analysis adopted here does lead to good 

representation of the permeability.  Models A, B and D all describe reasonably well the 

permeability versus binder loading in terms of microstructural attributes of the porous 

medium.  To do this, however, requires some experimental flux data and the inclusion 

of fitted or adjustable parameters, as is typically the case for describing the permeability 

of porous media. 

 

 41



0

2

4

6

0.1 0.3 0.5

Pave (MPa)

N
m

 (m
ol

/m
2 
s)

10.9 %

9.3 %

7.2 %

6.9 %

10.5 %

 

Figure 3. 10  Flux versus average pressure as a function of binder loadings.  The symbols are the 

values determined in the experiments and the lines are the best fits as a function of k. 

Table 3. 1  Comparison of the values of the parameters comprising Models A-D for describing the 

permeability of green ceramic tapes 

Model A Model B Model C Model D 

k S×10-6 k S×10-6 k S×10-6 k S×10-6

Binder 
Weight 

% 

ε 
(-) 

D 
(µm) 

(-) (m-1) (-) (m-1) (-) (m-1) (-) (m-1) 

10.9 0.20 1.00 220 1.00 48 1.00 5 4.18 5 4.60 
10.5 0.22 1.50 200 0.73 46 0.73 5 4.18 5 4.23 
9.3 0.25 1.67 100 0.78 30 0.78 5 4.18 5 3.67 
7.2 0.30 1.85 40 0.95 18 0.95 5 4.18 5 3.27 
6.9 0.31 2.00 43 0.91 20 0.91 5 4.18 5 3.28 
5.8 0.34 2.05 44 1.03 24 1.03 5 4.18 5 3.48 
4.9 0.37 2.13 46 1.10 28 1.10 5 4.18 5 3.81 
3.4 0.41 2.20 50 1.27 36 1.27 5 4.18 5 4.71 
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3.4  CONCLUSIONS 

 The permeability of green ceramic tapes as a function of binder loading has been 

determined.  A method of analysis was used to determine the relative contributions from 

Knudsen, slip, and Poiseuille flow.  Because the characteristic pore size was found to be 

of the order of 1-2 µm, the flux through the green tapes was attributed as arising mainly 

from Poiseuille flow.  The permeability was related to a microstructural model in terms 

of a characteristic pore size or equivalently specific surface, the porosity, and a term to 

account for tortuosity and constrictions.  For the different types of models evaluated, the 

specific surface was not strongly dependent on the binder loading, whereas the term 

accounting for tortuosity and constrictions depended more strongly on the binder loading.
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CHAPTER 4 

PERMEABILITY OF LAMINATED GREEN CERAMIC TAPES AS A 

FUNCTION OF BINDER LOADING 



4.1 INTRODUCTION 

During binder removal from ceramic components, the permeability [1-6] of open 

pore green compacts may strongly control the rate at which the sample can be heated in 

order to avoid failure of the body [7-15].  The removal of binder with time both 

increases the porosity and changes the solid surface area to solid volume ratio within the 

porous medium; both effects will lead to changes in the permeability.  For multilayer 

ceramic structures, which are subjected to a lamination step, the permeability of 

laminated tapes will likely be different from that of the unlaminated tapes. 

In previous work [16], we have developed a methodology for analyzing the 

permeability of porous green bodies as a function of binder loading. The methodology is 

based on analyzing flux data through a porous medium in order to determine which flow 

mechanisms—Knudsen, slip, or Poiseuille flow—are predominantly contributing to the 

flow behavior [17-23]. For the ceramic tapes analyzed therein, we showed that the 

controlling pore size was greater than 1 µm, and thus Poiseuille flow was the dominant 

transport mechanism. In light of this result, we could then analyze the flux data in terms 

of Darcy’s law to obtain a permeability that was insensitive to the flow conditions, i.e., 

was an intrinsic property of the composite ceramic-binder body. 

In this work, we report the measurement of the flux through laminated green tapes 

as a function of binder content and then compare these results to what was obtained on 

unlaminated tapes.  As expected, the process of lamination changes attributes of the 

microstructure, and hence permeability of the tapes, as compared to unlaminated tapes. 

The permeability determined as a function of binder content is then related to other 
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microstructural characteristics of the green body such as the specific surface and 

tortuosity. 

 49



4.2 EXPERIMENTAL 

The tape samples used in this study were prepared from barium titanate powder 

(Tamtron X7R 412H, Ferro Electronic Materials, Niagara Falls, NY), which has a mean 

particle diameter of 1.2 µm and specific surface area of 3.3 m2/g.  To prepare slurries, 

55.4 wt% barium titanate powder was mixed with 44.6 wt% of a binder solution (B73305 

Ferro Corp., San Marcos, CA), which consists of 22 wt% poly(vinyl butyral) (PVB) and 

dioctyl phthalate (DOP) in a 6:4 weight ratio in a solvent mixture.  The slurry was ball 

milled, filtered, and then tape cast.  The tapes, which after drying had a thickness of 

approximately 125 µm, were then cut into samples.  The tape samples were then 

laminated in a press with heated platens at 7 MPa at 85°C for 10 minutes.  Mylar films 

of 75 µm thickness were used to prevent sticking to the top and bottom metal faces of the 

platens.  The initial volume fraction of porosity of the tapes was determined by the 

Archimedes’s method, and was 0.20 ± 0.02 for unlaminated tapes and decreased to 0.15 ± 

0.03 after the lamination step. 

The total initial organic content of the substrates was 10.9% by weight, as 

determined by weight loss.  To prepare samples with lower binder contents, the 

laminated tapes were subjected to oxidation in air at temperatures between 150-200°C for 

times of 0.5-24 h.  Below 4 wt% binder, the samples were brittle and fractured during 

testing.  As binder was progressively removed by heating, the volume fraction of 

porosity was calculated from the known initial porosity and the weight loss. 

The permeability measurements were performed by placing green tapes of disk 

geometry into a sample holder with an open area of 1.56 cm in diameter and sealing them 
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with a flexible o-ring.  The upstream pressure of nitrogen, P1, was set by a pressure 

regulator, and the downstream pressure, P2, could be adjusted by a valve after the sample 

holder.  After the valve, a flow meter was used to measure the volumetric flow rate, Vf, 

which was then converted to a molar flow rate, n, via the ideal gas law 

f

ff

RT
VP

n =          4-1 

where P is the pressure, R is the gas constant, T is the temperature, and the subscript f 

denotes the conditions at the flow meter.  The measured molar flux, Nm, through the 

area, A, of the substrate is then given by 

Nm=n/A=uoρ         4-2 

where uo is the superficial velocity and ρ=P/RT is the molar density. 
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4.3 RESULTS AND DISCUSSION 

The microstructures of unlaminated and laminated green tapes at high (10.9 wt%), 

medium (~6 wt%), and low (0 wt%) binder content are shown in Fig. 4.1.  These 

samples were prepared by fracturing substrates that had been first submerged in liquid 

nitrogen.  For the unlaminated tapes with 10.9 wt% binder, regions of sample rich and 

poor in binder are evident.  Large pores or channels of micron size and irregular shape 

appear throughout the sample, and many of these pores are separated by distances of 

many multiples of the ceramic particle diameter.  No clear characteristic single pore 

dimension is evident, but rather a distribution of pore sizes is seen.  For the tapes of 

intermediate binder loading, more pores of smaller size are evident with smaller 

separation distances between them.  For the tapes with no binder, pores appear to be 

located between almost every individual ceramic particle.  Large sized channels, 

however, are still evident.  For the laminated tapes, the same progression in the 

appearance of the pore space with binder loading occurs, but both the volume fraction of 

pores and the pore size may be slightly smaller for the laminated tapes as compared to the 

unlaminated tapes, although this is difficult to say with certainty based on the appearance 

of the microstructures alone. 
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Figure 4.1 a) Scanning electron micrographs of the cross sections of unlaminated (top) and laminated 

(bottom) tapes at low (0 wt%) binder loadings. 
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Figure 4.1 b) Scanning electron micrographs of the cross sections of unlaminated (top) and laminated 

(bottom) tapes at intermediate (~6 wt%) binder loadings. 
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Figure 4.1 c) Scanning electron micrographs of the cross sections of unlaminated (top) and laminated 

(bottom) tapes at high (10.9 wt%) binder loadings. 
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For flow in narrow capillaries at low Reynold’s number, Knudsen, slip, and 

Poiseuille flow may all occur.  The relative contributions of each of these flow 

mechanisms depends on the ratio of the pore size to the mean free path of the gas-phase 

molecules: 

PNdRT A
22 πλ =          4-3 

where d is the molecular diameter and NA is Avogadro’s number.  

For a single capillary of radius, r, the molar flux, N, in the x-direction is given by [22] 

dx
dP

RT
KN T−=          4-4 

The quantity  consists of contributions from Knudsen, slip, and Poiseuille flow as TK
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where µ is the viscosity of the gas. The average velocity of the gas-phase species is  

2/1)/8( MRTv π=          4-6 

where M is the molecular weight.  Upon integration of Eqs. 4-5 from P1 to P2 over the 

length, L, the total flux can be represented by three terms 

PoiseuilleSlipKnudsen NNNN ++=        4-7 

which are given by [16] 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
+

=
22

12

2

1

1
1ln

3
2

PC
PC

LC
CNKnudsen        4-8 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
+

−−=
22

12

2
21

1

1
1ln1)(

6 PC
PC

C
PP

L
CNSlip

π      4-9 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
+

+−−−=
22

12
2

2
21

2

2
2

2
1

3

1
1ln2)(2)(

2 PC
PC

C
PP

C
PP

L
CNPoiseuille    4-10 

 56



where RTvrC =1 , RTNdrC A
2

2 22 π= , and RTrC µ82
3 = .  

 Figure 4.2 shows a plot of the three contributions to the total flux from Eq. 4-7 as 

a function of the pore size for µ=1.76×104 g/cm-s and d=0.4 nm, e.g., values appropriate 

for nitrogen gas.  Depending on the pore size, Knudsen, slip, or Poiseuille flow can 

dominate the flow behavior.  As the pore size increases from 0.1 µm to 1 µm, a 

transition takes place from slip-dominated to Poiseuille-dominated flow.   
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Figure 4. 1  Contributions of Knudsen, slip, and Poiseuille flow to the total flux versus pore 

diameter for nitrogen gas in a single capillary. 
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To determine the characteristic pore size which governs the flow in a porous 

medium, the normalized flux, N/∆P, can be plotted versus the average pressure, Pave. 

When such experiments are conducted at higher pressures where Knudsen flow can be 

neglected, a linear relation is obtained [20] 

BAP
P

N
ave +=

∆
         4-11 

where A is the slope and B is the intercept.  The ratio of  

v
r

B
A

πµ4
3

=          4-12 

can then be used to determine the characteristic pore diameter, rD 2= .   

Figure 4.3a shows a plot of the normalized flux versus Pave for 1-5 tapes with 10.9 

weight% binder laminated at 7 MPa at 85°C for 10 minutes.  For each number of 

laminated tapes, a linear relationship is obtained with different slopes and intercepts, 

which suggests that the characteristic pore size is changing as well.  As the number of 

laminated tapes increases, however, the normalized flux appears to approach a constant 

value for four or more laminated tapes.  This effect may arise because as more tapes are 

stacked, the load during lamination becomes more evenly distributed.  

Figure 4.3b shows the characteristic pore size determined by Eq. 4-12.  As the 

number of laminated tapes increases, the characteristic pore size decreases from 0.8 µm 

to 0.5 µm.  For the smallest pore size, the results in Fig.4.2 indicate that Poiseuille flow 

is responsible for more than two-thirds of the total flux, a contribution which increases 

rapidly as the pore size increases. 
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Figure 4. 2  a) Normalized flux versus average pressure at 10.9 wt% binder for 1-5 tapes laminated 

at 7 MPa at 85°C for 10 min. b) Characteristic pore diameter versus number of laminated tapes. 

The normalized flux was then determined as a function of binder content for five 

laminated tapes.  Figure 4.4a shows that for all binder loadings, the normalized flux 

varies again linearly with the average pressure, and that the normalized flux increases 

with decreasing binder loading.  From this linear behavior, values of A and B were 

obtained in order to determine the characteristic pore size.  Figure 4.4b shows that the 
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characteristic pore size increases from 0.5 µm to above 1 µm as binder is removed. 

Below 6 weight% binder, no data are shown because of the brittle nature, and hence 

fracture during handling, of samples low in binder.  Figure 4.4b also shows that 

characteristic pore size versus binder loading for five laminated tapes is smaller by 50-

100% as compared to the pore size of a single unlaminated tape [16].  Thus, the process 

of lamination influences both the absolute characteristic pore size and how the 

characteristic pore size evolves as binder is removed. 

The results for the pore size in Fig. 4.4b, when considered in light of the trends in 

Fig. 4.2, indicate that Poiseuille flow is the major contributor to the flux at all binder 

loadings.  As a consequence, the permeability, κ, can be represented by Darcy’s law for 

flow in porous media as 

dx
dPuo µ

κ
−=          4-13 

Combining Eqs. 4-2 and 4-13 leads to the permeability as 

1−

⎟
⎠
⎞

⎜
⎝
⎛−=

dx
dPN m

ρ
µκ         4-14 

At steady state flow conditions for a compressible fluid, the pressure across the sample 

varies from P1 to P2 as [1] 
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When the ideal gas law is used to describe the molar density, Eqs. 4-14 and 15 simplify to 

2
1

2
2

2
PP

LRTN m −
−= µκ         4-16 

For κ to be a useful quantity, e.g., an intrinsic property of the ceramic-binder composite, 
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changing the flow conditions or the sample thickness should not influence its value. 
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Figure 4. 3  a) Normalized flux versus average pressure at different binder loadings for five tapes 

laminated at 7 MPa at 85°C for 10 min.  b) Characteristic pore diameter versus binder loading for 5 

laminated and 1 unlaminated tape. 

To test the sensitivity of the permeability of tape samples to changes in flow 

conditions, the following types of experiments were conducted.  For the first type, the 
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permeability of unlaminated stacks of tapes was compared to that of laminated stacks of 

tapes at different binder loadings.  Figure 4.5 shows that for unlaminated stacks of tapes, 

the permeability is independent of the number of stacked tapes, in spite of the fact that 

different pressures were used depending on the number of stacked layers.  For laminated 

tapes, the permeability appears to be approaching a constant value with increasing 

number of tapes, which is a direct consequence of the limiting behavior seen in Figure 

4.3a for the normalized flux with increasing number of laminated tapes.  It also appears 

that the plateaus in permeability occur for different number of laminated tapes, depending 

on binder loading; this behavior may have as its origin either non-uniformity during 

lamination or during binder removal.  We also can see that for a given binder loading, 

the permeability of five laminated tapes is less than 20% of the unlaminated tapes. 
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Figure 4. 4  Permeability comparison at different binder loadings of stacked tapes (filled symbols, 

left-hand axis) versus tapes laminated (open symbols, right-hand axis) at 7 MPa at 85°C for 10 min.  
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Figure 4.6 shows the permeability of five laminated tapes versus upstream pressure 

and for different pressure drops. The permeability is relatively insensitive to the upstream 

pressure and increases with decreasing binder loading.  The results in Figs. 4.5 and 4.6 

thus indicate that the permeability is not strongly dependent on the flow conditions after 

more than four tapes are laminated together. 
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Figure 4. 5  Permeability versus upstream pressure of five tapes laminated at 7 MPa at 85°C for 10 

min for 3 different binder loadings.  The pressure drop, ∆P, is 0.28 MPa for 10.9 and 8.2 wt% binder 

samples and 0.14 MPa for 6.1 wt % binder samples. 

Figure 4.7 compares the permeability of 1-5 laminated tapes as a function of 

binder loading.  As the binder loading decreases from 10.9 to 5 wt%, the permeability 

increases by a factor of approximately 50.  We also see once again that the permeability 

decreases as the number of laminated tapes increases and approaches a constant value as 
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more than four tapes are laminated together. At low binder loadings, no data are again 

shown because of the brittle nature, and hence fracture, of the samples after a large 

amount of binder is removed. 
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Figure 4. 6  Permeability versus binder loading for different numbers of tapes laminated at 7 MPa 

at 85°C for 10 min.  

The permeability values presented above are determined solely from flux data.  

To relate these permeabilities to microstructural attributes of the tapes, we first relate the 

measured flux from an experiment to the flux from the single capillary model, modified 

by a function of the porosity as 

)(ερ fNuN om ⋅==         4-17 

Although the function f(ε) is generally not known, it has alternatively been represented as 

proportional to ε in Ref. [10] and to ε2 in Ref. [21].  As we have done earlier for 
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unlaminated tapes [16], we let f(ε)=2ε 2/k, where k is a constant to account for tortuosity 

and constrictions.  We further proceed to define a specific surface (surface area per unit 

solid volume), S, in terms of an equivalent pore diameter, D=4r, where r is the hydraulic 

radius, as  

D
S

)1(
4
ε
ε

−
=          4-18 

With this definition for S combined with the term for Poiseuille flow from Eq. 4, we then 

obtain that the permeability is given by 

( ) 22

4

1 Sk ε
εκ

−
=         4-19 

which is similar in form to the expression obtained by Meyer and Smith [24], who 

observed that for bodies consisting of a single type of particle, the tortuosity increased 

with decreasing porosity. 

To calculate values of κ from the microstructural features in Eq. 4-19, values of k 

and S are thus required.  Values of S were obtained from Eq. 18 with the values of pore 

diameter, D, obtained from Fig. 4.4b.  Values of k were next determined by fitting 

measured flux data with Eq. 4-17 along with the proposed form of f(ε).  Tables 4.1 and 

4.2 summarize the values obtained in this manner for five laminated tapes as compared to 

the values obtained previously for unlaminated tapes.  The values of S determined are 

higher by approximately 50% for the laminated tapes as compared to the unlaminated 

tapes, and in both cases S does not vary strongly with binder content. The quantity k 

varies much more strongly, and nonmonotonically, with binder content for both types of 

tape samples and for a given binder content is larger for the unlaminated samples.  The 
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large k values determined suggest a very tortuous path or small constrictions between 

pores or some combination thereof; this behavior may be consistent with the appearance 

of the microstructures of the tapes seen in Fig. 4.1. 

Table 4. 1  Porosity, pore size, specific surface, and tortuosity versus binder loading for laminated 

tapes. 

Binder ε D S ⅹ 10-6 k 
(wt%) (-) (µm) (m-1) (-) 

10.9 0.15  0.48  1.47 35  
10.1 0.17  0.58  1.41 32  
9.1 0.20  0.68  1.47 20  
8.2 0.23  0.74  1.61 10  
6.8 0.27  0.86  1.72 7  
6.1 0.29  1.12  1.46 10  

Table 4. 2  Porosity, pore size, specific surface, and tortuosity versus binder loading for unlaminated 

tapes. 

Binder ε D S ⅹ 10-6 k 
(wt%) (-) (µm) (m-1) (-) 

10.9  0.20  1.00  1.00 48 
10.5  0.22  1.50  0.73 46 
9.3  0.25  1.67  0.78 30 
7.2  0.30  1.85  0.95 18 
6.9  0.31  2.00  0.91 20 
5.8  0.34  2.05  1.03 24 
4.9  0.37  2.13  1.10 28 
3.4  0.41  2.20  1.27 36 

Figure 4.8 compares the permeabilities determined from Eq. 4-16 from flux data 

versus binder content to permeabilities calculated from Eq. 4-19 with the values of S and 

k from Tables 4.1 and 4.2. In general, the values of the permeabilities obtained from 
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microstructural attributes (Eq. 4-19) agree quite well with those obtained from measured 

flux data (Eq. 4-16), even though the permeability values from microstructural features 

were not directly fitted to the experimental values.  When directly fitted to each other, 

then even better agreement can be obtained [16].  Figure 4.8 also shows that laminated 

tapes are less permeable by a factor of about five as compared to unlaminated tapes. 
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Figure 4. 7  Comparison of the permeability determined from flux data (Eq. 4-16) and from 

microstructural attributes (Eq. 4-19) for laminated and unlaminated tapes versus 

 Figure 4.9 compares the permeability of the laminated and unlaminated tapes as 

a function of volume fraction of porosity.  Although the general overall trends in 

permeability remain the same as compared to Fig. 4.8, the two sets of permeability data 

are now shifted relative to each other as a consequence of the difference in starting 

porosity arising from the lamination step.  These data show that in terms of the volume 
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fraction of porosity, the permeability of the laminated samples begins at lower volume 

fractions of porosity, as compared to the unlaminated samples.  At intermediate void 

fractions, the permeabilities of both types of tapes become more equivalent, and then 

diverge as more binder is removed.   
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Figure 4. 8  Comparison of the permeability determined from flux data of laminated and 

unlaminated tapes versus pore volume fraction.   

The results in Figs. 4.8 and 4.9 and in Tables 4.1 and 4.2 thus indicate that the 

processing step of lamination has a pronounced effect on magnitude and on the evolution 

of permeability within the green bodies as a function of binder content. These differences 

can then be rationalized in terms of differences in the microstructural features of porosity, 

specific surface, and tortuosity and constrictions. 
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4.4 CONCLUSIONS 

The permeability of laminated green tapes as a function of binder loading has 

been determined.  The flux through the laminated tapes is seen to depend on the number 

of tapes laminated together, and is seen to approach a constant value for four or more 

laminated tapes.  The permeability of laminated tapes is approximately a factor of five 

smaller as compared to the unlaminated tapes.  The characteristic pore size governing 

the flow behavior through the laminated tapes was determined to be greater than 0.5 µm, 

which indicates that Poiseuille flow is the dominant flow mechanism, and thus Darcy’s 

law for flow in porous media can be used to describe the permeability. The permeability 

of the tapes was also expressed in terms of microstructural attributes in terms of the 

porosity, specific surface, and a term to account for tortuosity and constrictions. 
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CHAPTER 5 

EFFECT OF LAMINATION CONDITIONS ON THE 

PERMEABILITY AND ADHESION STRENGTH OF GREEN 

CERAMIC TAPES 



5.1 INTRODUCTION 

During the processing of layered ceramic components which are formed from 

laminated tapes, the conditions of lamination are likely to influence the subsequent 

properties and thus processing of the ceramic green body.  Two such properties of the 

laminated tapes are the permeability [1-16] and adhesion strength [17-22].  High 

adhesion strength is desirable for avoiding delamination during the binder removal 

heating cycle and to allow for a high degree of bonding to form between layers during the 

sintering cycle.  From the viewpoint of permeability, high permeability is desirable after 

lamination so that the green body can be heated more quickly during the binder removal 

step.  

In earlier work, we have shown how the permeability [23-26] of open pore green 

laminated tapes is substantially less than that of the unlaminated tapes at one set of 

lamination conditions. It is also likely that the adhesion strength between layers will 

depend on the lamination conditions.  In this work, we examine the effects of lamination 

time, temperature, and pressure on the permeability and adhesion strength of green 

ceramic tapes.  We also show the effect of tape orientation on both properties.  Finally, 

we show that the yield of multilayer ceramic structures depends on both the conditions of 

lamination and on the heating rate used in the binder removal heating cycle.
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5.2 EXPERIMENTAL 

Green ceramic tapes were prepared from barium titanate powder (Tamtron X7R 

412H, Ferro Electronic Materials, Niagara Falls, NY), which has a mean particle 

diameter of 1.2 µm and specific surface area of 3.3 m2/g.  The slurry preparation 

consisted of mixing 55.4 weight% barium titanate powder with 44.6 weight% of a binder 

solution (B73305 Ferro Corp., San Marcos, CA), which is 22% by weight poly(vinyl 

butyral) (PVB) and dioctyl phthalate (DOP) in a 6:4 weight ratio in a solvent mixture.  

The slurry was ball milled, filtered, and then tape cast.  The tapes after drying had a 

thickness of approximately 140 µm. The total organic content of the substrates was 

10.9% by weight, as determined by weight loss.  To prepare samples with lower binder 

contents, oxidation in air was used at temperatures between 150-200°C for times of 0.5-7 

h.   

The tape samples were laminated using a 25 ton press (Model 2518, Carver, Inc., 

Wabash, IN) with heated platens over a range of times, temperatures, and loads.  A stack 

of tapes was placed on the lower platen, which was already at the desired temperature, 

and then the load was applied and held for a fixed amount of time.  The load was 

converted to a pressure by using the nominal area of the face of the tapes to which the 

load was applied. 

The adhesion strength of the laminated tapes was determined in the following 

fashion from peel tests.  Green tapes of 2 cm width × 10 cm length × 0.01 cm thickness 

were partially separated with a layer of Mylar of 0.08 mm thickness, as indicated in Fig. 

5.1, and then laminated.  The two parts of the T-shaped sample not laminated were then 
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placed in grips and and subjected to load with a tensile tester (TA TX Plus Texture 

Analyzer, Stable Micro Systems Ltd., Surrey, UK).  During testing, the top crosshead 

moved and the load was measured as a function of displacement for a constant crosshead 

speed of 0.4 cm/s. 
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Figure 5. 1  a) Schematic diagram of the lamination procedure used to fabrication T-shaped samples 

and, b) schematic diagram of T-peel test, and photo of the tensile tester used to determine the peel 

force. 

 75



The peel energy for a T-peel test can be found from the work done by machine as 

lFWmachine 12=          5-1 

where F1 is the applied force and l is the distance traveled by the crosshead.  The total 

work done on the sample is given by the energy for peeling, Epeel, and the energy of 

straining, Estrain, as 

bxtWbxFEEW pstrainpeelsample λ+=+=       5-2 

where b is width of sample, t is thickness of sample, Fp is the peel force, and  is the 

work of straining.  Because of conservation of energy, the machine work and sample 

work are equal: 

λW

bxtWbxFlF p λ+=12         5-3 

If the extension due to strain is negligible, l and x (see Fig. 5.1) will be equal and the 

strain energy will be negligible.  The peel force, Fp, is then 

b
FFp

12
=          5-4 

and has units of N/m.  

The permeability measurements were performed by placing green tapes of disk 

geometry into a sample holder with an open area of 1.56 cm in diameter and sealed with a 

flexible o-ring (see Fig. 5.2).  The upstream pressure of nitrogen, P1, was set by a 

pressure regulator, and the downstream pressure, P2, could be adjusted by a valve after 

the sample holder.  The volumetric flow rate, Vf, which was measured by a flow meter, 

was converted to a molar flow rate, n, via 

f

ff

RT
VP

n =          5-5 
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where P is the pressure, R is the gas constant, T is the temperature, and the subscript f 

denotes the conditions at the flow meter.  The measured molar flux, Nm, through the area, 

A, of the substrate is then given by 

ρom uAnN == /         5-6 

where uo is the superficial velocity and RTP /=ρ  is the molar density.  For flux 

governed mainly by flow in porous media, which is the case here [16], Darcy’s law for 

flow in porous media is valid: 

dx
dPuo µ

κ
−=          5-7 

where µ is the viscosity.  The permeability κ  for a compressible fluid can then be 

determined from 

2
1

2
2

2
PP

LRTN m −
−= µκ         5-8 
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Figure 5. 2  Schematic of apparatus used to determine the permeability and photo of a tape and the 

sample holder for permeability measurements. 
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5.3 RESULTS AND DISCUSSION 

The microstructures of the top and bottom surfaces of the green tapes are shown 

in Fig. 5.3.  No strong difference is observed in the microstructures, but slightly more 

binder may be present on the bottom face. 

The microstructures of cross-sections of tapes laminated at the most aggressive 

conditions of 7 MPa at 85°C for 10 min, the intermediate conditions of 3.5 MPa at 65oC 

for 5 min, and the least agressive conditions of 1.8 MPa at 50°C for 2 min are shown in 

Fig. 5.4 for the green and sintered body.  The sintered samples were prepared by 

freezing substrates in liquid nitrogen and then fracturing and polishing them.  Large 

pores or channels of micron size and irregular shape appear throughout the sample, and 

many of these pores are separated by distances of many multiples of the ceramic particle 

diameter.  The presence of the lamination line is vaguely evident for the tapes laminated 

at the least aggressive conditions and not at all visible for the tapes laminated at the most 

aggressive conditions. 
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(a) 

(b) 
Figure 5. 3  Scanning electron micrographs of unlaminated green tapes a) top surface, b) bottom 

surface. 
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(a-1) 

(a-2) 
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(b-1) 

(b-2) 
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(c-1) 

(c-2) 
Figure 5. 4  Scanning electron micrographs of the cross view of green tapes(1) and sintered tapes(2) 

laminated at (a) maximum conditions (7MPa, 85 oC, 10 min, (b) intermediate conditions (3.5 MPa, 65 
oC, 5 min), (c) lower conditions (1.8 MPa, 50 oC, 2 min). 
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The permeability of samples is shown in Fig. 5.5 for tapes with 10.9 weight% 

binder laminated at 7 MPa at 85°C for 10 minutes.  Shown are the results of 5 

specimens tested in different lamination orientations of top faces to top faces (t-t), top 

face to bottom face (t-b), and bottom face to bottom face (b-b).  Although there is no 

strong dependence of the mean permeability on the orientation of the samples during 

lamination, the scatter in the mean permeability is less for the samples laminated in a top 

face to bottom face fashion.  
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Figure 5. 5  Permeability versus tape orientation for two tapes laminated at 7 MPa at 85 oC for 10 

min. 

Figure 5.6a illustrates the room temperature permeability through tapes laminated at 

7 MPa as a function of lamination temperature for different lamination times.  At low 

lamination temperatures, the permeability does not depend strongly on the lamination 

temperature or time.  With increasing lamination temperature above 35°C, the 

permeability begins to decrease, and a decrease by nearly three orders of magnitude is 

evident for tapes held for 10 minutes at the highest lamination temperature.  Figure 5.6b 

 83



shows how the permeability varies with lamination temperature for different lamination 

pressures at 10 min.  Once again, the permeability decreases strongly at higher 

temperatures, and this decrease is most pronounced at a lamination pressure of 7 MPa. 
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Figure 5. 6  a) Permeability versus temperature of two tapes laminated a) at 7 MPa for different 

times, and b) for 10 min at different pressures.  
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The peel force versus displacement curves are shown in Fig. 5.7 for tapes laminated 

at 7 MPa at 85°C for 10 minutes.  Each curve is the average of 3-5 specimens tested in 

different lamination orientations of t-t, t-b, and b-b. Initially, for all three lamination 

orientations, the force rises in a linear manner, reaches a local maximum, and then 

experiences a relatively constant peel force versus displacement.  Near the end of each 

test, local or global maxima or minima are also observed.  The adhesion strength is 

customarily taken as the initial maximum achieved, although the plateau regions are also 

indicative of the same ordering in adhesion strength in that the highest adhesion strength 

corresponds to the samples laminated in a b-b fashion, and the lowest adhesion strength 

arises for samples laminated t-t. 

0

20

40

60

80

0 20 40 60 80 100

Displacement (mm)

Pe
el

 F
or

ce
 (N

/m
) t-b b-b t-t

 

Figure 5. 7 Peel force versus displacement for two tapes laminated at 7 MPa at 85 oC for 10 min in 

different orientations.  The curves are the results of the averages of 3-5 samples 

The average peel force versus displacement curves for samples laminated at 

different pressures at 85°C for 10 min are shown in Fig. 5.8a.  With increasing 
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lamination pressure, the peel force varies by approximately a factor of three over the 

range of conditions examined here.  Figure 5.8b shows the effect of lamination 

temperature on the force versus displacement for samples laminated at 7 MPa for 10 

minutes. With increasing lamination temperature, the peel force increases by a factor of 

three over the range of conditions examined here.  The effect of lamination time is 

illustrated in Fig. 5.8c for samples laminated at 7 MPa at 85°C.  With increasing 

lamination time, the peel force increases.  The results in Fig. 5.8 thus indicate that 

observable differences arise in the adhesion behavior depending on the lamination 

conditions, and that the initial maximum in the peel force is a good indicator of the 

adhesion strength.  

Figure 5.9 summarizes the adhesion strength and permeability versus lamination 

conditions.  For all lamination conditions, the permeability decreases with increasing 

lamination time, temperature, and pressure, whereas the adhesion strength increases.  

The results in Fig. 5.9 thus indicate that a compromise exists in the selection of the 

lamination conditions.  Higher lamination conditions of time, temperature, and pressure 

lead to better adhesion between layers, which may lead to improved yield during binder 

removal.  These same lamination conditions, however, lead to less permeability in the 

green body, with concomitant slower heating cycles necessary to avoid pressure buildup 

and failure.   
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Figure 5. 8  Average peel force with displacement for tapes laminated at a) different pressures at 

85oC for 10 min, b) at different temperatures at 7 MPa for 10 min, and c) at different times at 7 MPa 

at 85 °C. 
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Figure 5. 9   Average peel force and permeability for tapes laminated at a) different pressures at 

85oC for 10 min, b) at different temperatures at 7 MPa for 10 min, and c) at different times at 7 MPa 

at 85 °C. 
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To test this idea of a trade-off between lamination conditions, binder removal 

cycle time, and yield from binder removal, multilayer ceramic bodies were prepared by 

stacking 20 tapes of 3×3 cm in size.  The tapes were then laminated at three sets of 

conditions (see Table 5.1), where Condition A corresponds to the most aggressive 

conditions for achieving high adhesion strength and low permeability.  Conversely, 

Condition C represents lamination settings for obtaining low adhesion strength and high 

permeability, whereas Condition B is intermediate between Conditions A and C.  

Table 5. 1  Lamination conditions for multilayer ceramic structures 

 Pressure T t 
Conditions MPa oC min 

A 7 85 10 
B 3.5 65 5 
C 1.8 50 2 

Following lamination, substrates of size in 2×2×0.28 cm were cut from the center 

of the stacks.  To determine process yield, samples laminated at Conditions A, B, and C 

were heated to 600oC and then held for 180 min.  Six such experiments were conducted, 

in which the ramp rate to 600°C was varied from between 0.5 to 13°C/min.  Table 5.2 

contains the yield results from this study.  At heating rates of 0.5-5°C/min, all of the 

samples survived.  At heating rates above 5°C/min, samples laminated at Conditions A 

and B began to fail.  At the highest heating rate of 13°C/min, all of the samples failed.  

A heating rate of 10°C/min represents the transition from survival to failure for all of the 

substrates examined here. 
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Table 5.2 also indicates the failure mode at each condition.  For samples 

laminated at Condition A, which leads to high adhesion strength and low permeability, 

the failure mode was cracking and swelling, or in other words, the adhesion between 

layers was not the failure mechanism.  For substrates laminated at conditions B and C, 

delamination became the failure mode, which is consistent with the less aggressive 

lamination conditions.  These results suggest that beyond a threshold degree of 

lamination, less aggressive lamination may lead to increased process yield.  Or in other 

words, the decrease in permeability obtained by laminating at more aggressive conditions 

is the more dominant factor in determining substrate yield during binder removal as 

compared to the adhesion strength. 

Table 5. 2  Yield results and failure mode for substrates laminated at different conditions and then 

subject to different linear heating rates to 600°C. 

Heating Rates (oC/min)  Lamination 
Condition 0.5 1 5 10 10 13 

A OK OK OK 
Fail 

swelling/crack
Fail  

swelling/crack 
Fail 

cracked 

B OK OK OK OK 
Fail 

delamination 
Fail 

delamination 

C OK OK OK OK OK 
Fail 

delamination 

In earlier work, we have examined how the permeability evolves as a function of 

binder loading for binder removed by air oxidation [25,26].  We thus show in Fig. 5.10 

the adhesion strength versus binder loading of samples laminated at 7 MPa at 85°C for 10 

min.  The initial adhesion strength of the samples is approximately 25-30 N/m, and 

increases with decreasing binder loading to 50-60 N/m with removal of 25% of the initial 
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binder content.  Below 7.5 weight% binder, the samples were too brittle to test.  The 

increase in adhesion strength with decreasing binder loading is somewhat surprising, but 

the number of samples tested in Fig. 5.10 indicates that the trend is real.  One possible 

explanation is that as binder is removed by thermal decomposition, bonds in the polymer 

are broken, and new bonds may also form in and between the remaining polymeric 

species and the ceramic particles.  These new bonds are likely to be of a chemical nature, 

and thus may be stronger than the more physical types of interactions arising from the 

lamination process. 
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Figure 5. 10  Adhesion strength of two tapes versus binder loading laminated at 7 MPa at 85°C for 

10 min.
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5.4 CONCLUSIONS 

The permeability and adhesion strength of laminated green tapes has been 

determined.  With increasing lamination conditions of time, temperature, and pressure, 

the permeability decreases whereas the adhesion strength increases, thus indicating a 

trade-off between these two properties and the lamination processing conditions.  This 

trade-off was also evident in the yield of layered samples subjected to different 

lamination conditions.
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 



6.1 CONCLUSIONS 

The flow of gases in narrow capillaries and porous media has been analyzed in 

terms of fluid transport models that describe Knudsen, slip, and Poiseuille flow.  This 

analysis has described how the three flow mechanisms contribute to the total flux in 

porous media as the permeability evolves with binder volume loading.  An approximate 

solution for determining the permeability was very accurate over a range of pore sizes as 

compared with the exact solution, especially at low pressure. 

The permeability of unlaminated and laminated green ceramic tapes was 

determined as a function of binder loading for binder removed by air oxidation.  The 

flow in porous media through the tapes was analyzed in terms of models for describing 

Knudsen, slip, and Poiseuille flow mechanisms.  The characteristic pore sizes were 

between 1~2 µm for unlaminated green ceramic tapes and between 0.5~1 µm for 

laminated green ceramic tapes as a function of binder loading.  Poiseuille flow was the 

dominant transport mechanism contributing to the flux for both the unlaminated and 

laminated green ceramic tapes.  The permeability thus was determined from Darcy’s law 

for flow in porous media.  The permeability was also determined from microstructural 

features such as the specific surface, the pore fraction, and a parameter to account for 

tortuosity and constrictions.  For laminated green ceramic tapes, the permeability also 

depends on the number of tapes laminated together. 

The permeability and adhesion strength of green ceramic tapes were examined as 

a function of lamination time, temperature, and pressure.  The permeability and the 

adhesion strength both strongly depend on all three variables of lamination.  The 
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adhesion strength increases with increasing lamination conditions of time, temperature, 

and pressure, whereas the permeability decreased.
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6.2 FUTURE WORK 

Knowledge of the permeability in green ceramic tapes during binder removal is 

be very important, because the permeability strongly influences the way in which the 

products of binder degradation exit the green body and thus relieve the build-up of 

pressure.  With the help of this study, minimum time heating cycles for binder removal 

from green bodies can be determined more accurately in that as the binder decomposes 

and then exits the green body by convection through pores, the pore size increases, which 

leads permeability increases. 

Using the techniques developed in this work, the permeability can also be 

determined in nanosized porous media, such as for SrTiO3 based ceramic capacitors.  

For these smaller pore sizes, Knudsen flow may be the dominant transport mechanism 

contributing to the flux, and thus the equations presented in this work will need to be 

modified to account for this. 

Finally, by optimizing the conditions of lamination, which affects the 

permeability directly, the thermal binder removal process can possibly be accelerated. 

This will result in saving energy and reducing process time, which are the ultimate goals 

of this study. 
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APPENDIX 

EFFECT OF DECOMPOSITION KINETICS AND FAILURE 

CRITERIA ON BINDER REMOVAL CYCLES FROM THREE-

DIMENSIONAL POROUS GREEN BODIES 



A.1 INTRODUCTION 

The development of heating cycles for the thermal removal of binder from porous 

green components is a difficult problem because of the coupled kinetic and transport 

phenomena which occur during the process [1-11].  In earlier work, we have developed 

a convective transport model to describe the pressure distribution in 3-D porous bodies 

during binder removal [12,13].  This transport model can then be combined with a 

variational calculus algorithm for specifying the minimum cycle time for binder removal 

[14,15].  The algorithm predicts that minimum time heating cycles are not a sequence of 

ramps and holds but rather are a continuous nonlinear increase in the temperature with 

time.  More recently, we have derived an analytic approximation that accurately 

describes the minimum time heating cycles [16]. 

To determine the minimum time heating cycles, a number of quantities must be 

specified in the model [15,16], and these include the rate law for binder decomposition 

and the conditions at which failure of the body occurs.  To determine the binder 

decomposition kinetics, we have demonstrated earlier how weight loss data, as obtained 

from a thermogravimetric analyzer (TGA), can be used to specify the kinetic parameters 

that appear in the rate law.  Although it is relatively straightforward to obtain values for 

the preexponential factor and the activation energy of decomposition that accurately 

describe the TGA data, the specification of a unique kinetic mechanism is more difficult 

[14,17,18].  In many instances, it may not be feasible or even possible to unambiguously 

determine the decomposition mechanism over the full range of binder loading.  In fact, a 

unique mechanism probably does not exist for many real binder systems, which are 

composed of multiple organic components with their own individual decomposition 
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behavior.  In addition, catalytic effects between the ceramic solid (and from metal layers 

for multilayer ceramic capacitors) also complicate the decomposition mechanism.  It is 

thus one aim of this work to show how the assumption of a kinetic mechanism for binder 

decomposition influences the predicted minimum time heating cycles. 

Two other inputs into the model are the temperature and pressure at which failure 

occurs in the green body during the heating cycle.  Although stress ultimately causes 

failure within the green body, we have shown earlier how the stress within the body is 

related to the internal pressure within the porous compact [19].  A method is thus also 

described herein to determine the temperature and pressure at which failure occurs in the 

green body and what influence these parameters have on binder removal cycles.   
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A.2 EXPERIMENTAL 

The materials used in this study are green tapes composed of BaTiO3 powder 

(Tamtron® X7R 422H, Ferro Electronic Materials, Niagra Falls, NY), poly(vinyl butyral) 

(PVB) binder (Butvar B98, Richard E. Mistler, Inc., Yardley, PA), butyl benzyl phthalate 

plasticizer (Santicizer 160, Richard E. Mistler, Inc., Yardley, PA), and blown Menhaden 

fish oil (Z-3, Richard E. Mistler, Inc., Yardley, PA).  The individual tapes, nominally 100 

µm thick, were screen printed with a Pt paste (E1192, Ferro Electronic Materials, San 

Marcos, CA) at a thickness of nominally 5-10 µm.  The tapes were then laminated into 

multilayer ceramic capacitors (MLCs) at 2-4 MPa and 80-85°C.  To determine the 

kinetics of binder degradation, weight loss experiments were conducted in flowing air 

with a TGA.   
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A.3 MODEL 

Because the model has been derived in detail elsewhere, we simply present here 

the important governing equations [15,16].  We specifically treat the thermal 

decomposition of binder in a 3-D porous medium of parallelepiped geometry where 

convective flow is the transport mechanism by which the product gases exit the body.  

We assume that (1) the temperature distribution in the body is uniform; (2) the viscosity, 

µ , of the gas is constant during the heating cycle; and (3) the dimensions, Lx, Ly, and Lz 

of the green body do not change during binder removal.  Under these circumstances, the 

normalized maximum pressure occurs in the center of the body, (P/Po)o, and is given by 

[12,13] 
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Equation A-1 thus describes the pressure in the center of the body in terms of the reaction 

rate, r, permeability, κ , temperature, T, and component dimensions.  The quantity G in 

Eq. A-1, in light of the model assumptions, is a constant given by 
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where the other symbols are defined in the Nomenclature section. 

The permeability, κ , in Eq. A-1 can be represented in terms of the porosity, 　, 

by the Kozeny-Carmen equation as 
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where k is the Kozeny-Carmen parameter and S is the surface area per unit volume.  If 

slip flow prevails because of the pore size, then Eq. A-3 can be corrected to account for 

this.   

The minimum cycle time, t*, to remove binder from the green body can then be 

obtained from variational calculus as [16] 
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where )( bg ε  is given by the term in braces in Eq. A-4a.  The quantity Ts is the starting 

temperature for the binder removal cycle, and Pt, the threshold pressure, is the value of 

(P/Po)o in Eq. A-1 corresponding to when failure in the body occurs.  Equation A-4 is 

thus the approximate analytical solution for the minimum time for binder removal in 

terms of all of the dimensional and transport parameters appearing in the problem.   

The minimum time in Eq. A-4 does not explicitly depend on the kinetic 

parameters of binder degradation such as the pre-exponential factor, A, and activation 

energy, E.  As will be seen shortly, however, Ts, the starting temperature of the binder 

removal cycle, does depend on the specifics of the kinetic expression.  The rate of 

binder decomposition, r, can be expressed as an activated process which depends on 

binder concentration, )( bf ε , as  
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To obtain the relationship of temperature versus time for the heating cycle, we 

first note that an equation of the form of Eq. A-4 can be used to represent the relationship 

between any time, t, and any volume fraction of binder, bε .  The relationship between 

temperature, T, and bε , is then given by [16] 
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The heating cycle T(t) is thus determined via the common intermediate variable bε .  

Because different kinetic expressions will have different forms of )( bf ε  and values of A 

and E, the heating cycles predicted by the variational calculus algorithm will depend on 

these quantities. 

To complete the model description, we note that the porosity, ε , is related to 

volume fraction of solid, sε , as  

bs εεε −−= 1          A-7 

Equations A-1 through A-7 thus constitute the model that will be evaluated here for 

predicting the minimum cycle time for binder removal.  A number of parameters appear 

in these equations, and it is the aim of this work to demonstrate some important 

relationships between the kinetic, transport, and dimensional quantities that appear in the 

model.  
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A.4 RESULTS AND DISCUSSION 

A.4.1 Kinetic Analysis of TGA Data 

The weight loss of binder as a function of temperature is displayed in Fig. A.1 for 

three different heating rates.  At a heating rate of 5°C/min, two regions of rapid weight 

loss are evident.  As the heating rate in the TGA experiment is decreased, the weight 

loss profiles are shifted to lower temperatures and the regions of rapid binder degradation 

are seen to depend on the heating rate.  Thus, the TGA profiles are not directly useful for 

specifying heating rates and hold temperatures for binder removal cycles.  
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Figure A. 1  TGA weight loss data for a poly(vinyl butyral) and butyl benzyl phthalate binder in the 

presence of barium titanate and platinum metal heated at different linear heating rates in air.  The 

predicted kinetics with the first-order mechanism for the first region of decomposition are indicated 

by the symbols. 
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To determine values for A and E from the weight loss data in Fig. A.1, we assume 

or establish a decomposition mechanism as a function of binder concentration and then 

use an integral form of the kinetic expression.  For a general kinetic process, f(α), where 

obb ,/1 εεα −=  is the fraction of reacted binder, the rate expression for a thermally 

activated process can be represented as 

( )αα f
RT

EA
dt
d

⎥⎦
⎤

⎢⎣
⎡−

= exp         A-8 

For TGA experiments conducted with a constant heating rate, β, A and E can be 

determined from [20]: 

RT
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RTE
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where F(α) is the integrated form of f(α).  Many forms of f(α) and hence F(α) have 

been proposed [21,22].  Here, we examine first-order kinetics, for which f(α)=(1-α) and 

F(α)=-ln(1-α), and diffusion-controlled kinetics, for which f(α)=3(1-α)1/3/2[(1-α)-1/3-1] 

and F(α)=[1-(1-α)1/3]2.   

The values of A and E determined from analysis of the TGA data with the two 

kinetic mechanisms are contained in Table A.1 along with the regression coefficients and 

the range of conversion evaluated.  For each set of three heating rates, the values of A 

and E are similar, which suggests that the mechanism of decomposition is not changing 

over the range of heating rates examined here.  Figure A.1 also shows the kinetics 

predicted for the first region of decomposition from the values of A and E for the first-

order model.  In general, the predicted kinetics agree quite well with the weight loss 

data recorded in the experiments; similarly good agreement was obtained when the 
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kinetics parameters determined from the diffusion mechanism were used.  We note, 

however, that poorer agreement between the predicted and measured decomposition 

behavior is observed if the kinetic parameters obtained at one heating rate are used to 

predict the TGA data obtained at another heating rate [12].  In addition, the high level of 

agreement seen between the measured and predicted kinetics in Fig. A.1 arises in part 

because of the limited conversion range over which the data are fitted, and this point has 

been discussed in more detail elsewhere [18].  Although, based on these results, we 

cannot definitively conclude which mechanism is better for representing the actual binder 

decomposition process, we will next address the ramifications of utilizing one kinetic 

expression versus the other.   

Table A. 1  Kinetics parameters, regression coefficients, and range of conversion determined from 

the first region of weight loss at different heating rates for barium titanate, platinum metal, and 

poly(vinyl) butyral and dibutyl phthalate binder using first-order and diffusion-controlled 

mechanisms. 

 
β 

(°C/min) 
E 

(kJ/mol) 
A 

(s-1) 
R2

(-) 
1-α 
(-) 

0.5 54 2.68×102 0.99 0.95~0.56 

1 52 2.43×102 0.99 0.95~0.55 First Order 

5 51 3.39×102 0.99 0.96~0.48 

0.5 118 1.20×109 1.00 0.94~0.52 

1 109 9.13×107 0.99 0.96~0.54 Diffusion 

5 102 7.56×106 0.99 0.98~0.50 
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A.4.2 Determination of Failure Temperature and Threshold Pressure 

 During heating cycles for binder removal, the decomposition of binder leads to 

pressure within the green body, and, depending on the kinetics of decomposition, 

possibly to failure of the body.  One important input to the model is thus the threshold 

pressure, Pt, which corresponds to the pressure in the center of the body at failure.  To 

the best of our knowledge, no method has been reported on measuring the failure 

pressure within a porous body, especially for the case where the average pore size is less 

than 1 µm.  To circumvent this difficulty, we have developed a procedure to obtain a 

value for Pt in the following manner.  Components of parallelepiped geometry are 

subjected to rapid linear heating rates.  During the course of the rapid heating cycle, we 

visually monitor the sample and record the temperature, Tf, at which failure occurs.  To 

determine Pt, we then use Eqs. A.1, A.3, A.5, and A.7 with the known heating rate and 

calculate (P/Po)o as a function of temperature.  In performing this calculation, however, 

we need to assume a decomposition mechanism with associated values of A and E.  

Figure A.2 shows the results of this type of calculation for the pressure in the 

center of the body as a function of temperature when components of cube geometry are 

heated with a linear heating rate of 5°C/min.  The model parameters used for these 

simulations are in Table A.2 along with the kinetic constants for two decomposition rate 

laws.  As the temperature is ramped, the rate of decomposition increases, and thus the 

pressure increases and then goes through a maximum as binder is consumed and the body 

becomes more permeable.  The pressure continues to decrease as binder is consumed 

and the pore space becomes more open.  The model parameters used for these 

simulations are in Table A.2 along with the kinetic parameters for two decomposition rate 
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laws. These parameters were obtained by simulating TGA data with a first-order 

mechamism at a heating rate of 1oC/min with A=200s-1 and E=95kJ/mol and then 

analyzing it with first-order and diffusion-controlled mechanisms.  As also seen in Fig. 

A.2, the pressure profiles determined at a heating rate of 5oC/min from the two kinetic 

mechanisms differ, and this occurs because the rates predicted by the two mechanisms 

are slightly different at each temperatures at which the data were analyzed versus the 

temperature at which they are simulated, i.e., as the difference in the heating rates 

increases. 
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Figure A. 2  The normalized pressure in the center of the body, (P/Po)o, versus temperature as 

determined from the model for first-order and diffusion-controlled decomposition kinetics with a 

heating rate of 10°C/min.  The procedure used to determine failure pressure, Pt, for an observed 

failure temperature, Tf, for first-order kinetics is also shown. 
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Table A. 2  Parameters used in the simulations to determine the effect of decomposition kinetics on 

the minimum cycle times for binder removal. 

Symbol (units) For simulations in Figs. A.2-5 
For simulations 

in Figs. A.7 and A.8 

Kinetics First order Diffusion First Order 

A (s-1) 2.56×102 5.9×107 2.5×103

E (J/mol) 55,061 122,465 68,000 
εb,o (-) 0.4 0.39995 0.4 
εs (-) 0.5 0.5 

S (m-1) 5.0×106 2×107

Lx (m) 0.01 varies 
Ly (m) 0.01 varies 
Lz (m) 0.01 varies 

 Also indicated in Fig. A.2 is that an observed failure temperature of Tf =80°C 

corresponds to a threshold pressure of Pt=1.31 for first-order kinetics.  With the 

assumption of diffusion-controlled kinetics, however, the profile of (P/Po)o, with 

temperature is different from the first-order case and the value of Pt is now 1.59.  The 

absolute values of Pt thus depend on the kinetic model and for a fixed temperature can 

differ by up to 25% for the cases examined.  We also note that for the case of assumed 

first-order decomposition with a failure pressure of Pt =1.31, a second temperature exists 

to the right of the maximum in pressure at which failure may occur, namely at Tf =399°C.  

Obviously, however, if a body fails at the lower temperature, then the second temperature 

of failure is not particularly meaningful.  This example does indicate, however, that if a 

green body can survive failure at low temperature for a specific pressure, where the body 

is full of binder and relatively strong, then it may still fail later in the heating cycle, when 

the green body contains less binder and hence is weaker. 
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 The above procedure indicates how observation of Tf can be used, with an 

assumed kinetic model, to determine Pt.  Figure A.2 can thus also be interpreted as 

indicating how threshold pressure varies with Tf, which is explicitly shown in Fig. A.2 

with the alternate axis labels Tf and Pt. 

A.4.3 Effect of Kinetics on Binder Removal Cycles for Components of Fixed Size 

The effects of assuming a kinetic mechanism on the predicted rapid binder 

removal cycles can now be examined.  Because the cycle time is strongly dependent on 

Pt (see Eq. A.4), which in turn depends on Tf, different heating cycles can arise when 

first-order and diffusion-controlled mechanisms are used to describe the decomposition 

behavior.  Figure A.3 shows the two minimum time heating cycles arising from use of 

the two different kinetic mechanisms (see Table A.2 for model parameters) for Tf =80°C.  

Both cycles start at approximately the same value of Ts and have the same general shape 

with no hold periods but are of significantly different duration, with the heating cycle 

corresponding to the diffusion-controlled case being shorter by a factor of three in total 

time.  This comparison indicates that both the assumption of a kinetic model and the 

establishment of the failure temperature can strongly influence the minimum cycle times 

for binder removal. 

Because it is difficult to determine the failure temperature, it may be tempting in 

practice to simply assume a failure pressure Pt.  For the case of taking Pt =1.5, this 

failure pressure corresponds to failure temperatures of Tf =89.8 and 76.5°C for the first-

order and diffusion-controlled kinetics, respectively.  Figure A.4 shows the minimum 
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cycle times predicted for the two different kinetic models.  Although the cycles exhibit 

qualitatively similar behavior, Ts for the two cycles differs by 15°C.   
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Figure A. 3  Temperature profiles with time determined by the variational calculus algorithm for 

first-order and diffusion-controlled kinetics for Tf=80oC 

A third option to determine the minimum time heating cycles is to assume a 

constant value of Ts=80°C for the heating cycle, which for first-order and diffusion-

controlled kinetics implies failure pressures of Pt=1.31 and 1.86, respectively.  Figure 

A.5 shows that minimum time heating cycles predicted with the assumption of constant 

Ts exhibit very nearly the same qualitative shape and relationship to the corresponding 

curves in Fig. A.3.  This arises because Tf and Ts can be close to each other in value, and 

this will be explained in more detail in the next section. 
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Figure A. 4  Temperature profiles with time determined by the variational calculus algorithm for 

first-order and diffusion-controlled kinetics for Pt=1.5 
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Figure A. 5  Temperature profiles with time determined by the variational calculus algorithm for 
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first-order and diffusion-controlled kinetics for Ts=80oC 

To summarize this section, we note that the discrepancy in the decomposition 

behavior arising from the two different kinetic mechanisms may lead to different 

minimum time binder removal cycles.  When more accurate kinetic parameters and 

mechanisms are determined which are valid over a wider range of temperature, however, 

differences in the decomposition behavior with temperature and in the curves of (P/Po)o 

in Fig. A.2 become less pronounced, which in turns leads to more similar behavior 

between the pairs of heating cycles in each of Figs. A.3, A.4, and A,5. 

A.4.4 Effect of Component Size on Failure and on Binder Removal Cycles for 

Fixed Kinetics 

 The cases examined in Figs. A.2-5 treat a component of fixed size where both the 

kinetics and another parameter are varied in the model such as Tf, Pt, or Ts; the effect of 

assumption of a kinetic mechanism is then examined on the predicted binder removal 

cycles.  We now examine the effect of body size on failure criteria and thus on the 

resulting predicted binder removal cycles. 

Table A. 3  Summary of failure temperatures for MLC samples of different dimensions subjected to 

a linear heating rate of 8°C/min. 

Lx×Ly×Lz (cm) Tf (oC)
1×1×0.24 147±3 
2×2×0.24 132±3 
3×3×0.24 123±3 
4×4×0.24 115±3 

MLC, multilayer ceramic capacitor. 
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Figure A. 6  Photos of multilayer ceramic capacitors. The sample on the top failed by delamination. 
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The sample in the middle failed by bloating and the image on the bottom shows the cross-sectional 

view of the interior of the bloated sample. 

For MLC samples heated at 8°C/min, the failure mode typically appeared as 

surface bloating or delamination in the center region, as seen in Fig. A.6.  The cross-

sectional view in Fig. A.6 indicates, however, that the apparent surface bloating 

originates in fact from the core of the sample, which is where the transport model predicts 

the maximum pressure will occur [12] and where the mechanics model predicts the 

maximum stress will occur [19].  Table A.3 shows how the failure temperature varies 

with size of the MLC components.  As the component size increases, Tf decreases; the 

dominant failure mode of bloating or delamination originating from the sample core, 

however, remains the same.  The experimental results suggest that the temperature of 

failure is not unique for a given ceramic-binder system but rather depends on the 

dimensions of the body.   

The effect of component size on the evolution of pressure within the center of the 

green body for first-order decomposition kinetics (see Table A.2) is shown in Fig. A.7.  

The pressure evolution is directly proportional to the size of the component, which can 

also be seen from Eq. A.1 via the quantity G.  In general, we can expect three simple 

types of behavior between the threshold pressure, Pt, and the dimensions of the body: a) 

Pt decreases with increasing component size, b) Pt is independent of the component size, 

or c) Pt increases with increasing component size.  These different cases are 

schematically indicated in Fig. A.7 by the labeled solid lines.  For these three cases of 

assumed failure versus component size, different relationships between Pt, Tf, Ts, and t* 

are obtained depending on whether the body fails when it is highly loaded with binder, 
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i.e., on the left-hand side (LHS) of the maxima in pressures in Fig. A.7 or when the body 

contains less binder, i.e., on the right-hand side (RHS) of the maxima.   
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Figure A. 7  Pressure profiles for cube shaped-components of different dimensions subjected to a 

linear heating rate of 10°C/min.  The diagram is divided into left and right-hand sides and cases a-c 

indicate how the failure temperature and pressure vary with component size. 

Table A.4 shows these relationships of how Pt, Tf, Ts, and t* vary for the three 

cases of how Pt depends on component size.  For case a on the LHS of Fig. A.7, where 

Pt decreases with increasing component size, Tf also decreases with increasing 

component size; this is the behavior that was observed for the MLC components in Table 
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A.3.  Table A.4 also shows that the duration of the minimum time heating cycles, t*, are 

longer with increasing component size for case a, which is thus in accord with the widely 

held physical expectation that larger components require longer binder removal cycles.  

Figure A.8 shows the minimum time heating cycles for components of different size 

predicted by the variational calculus algorithm for case a, which is the case for the failure 

behavior observed for the MLC components in Table A.3.  In general, the cycles have 

similar shapes with no temperature holds; each cycle, however, has a different start 

temperature. 
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Figure A. 8 Temperature profiles with time determined by the variational calculus algorithm for 

first-order kinetics for case a, where Tf decreases with increasing component size. The body 

dimensions Lx=Ly=Lz (m) are indicated 

For case b on the LHS of Fig. A.7, where Pt is independent of component size, Tf 

also decreases with increasing size of component.  Table A.4 again shows that the 
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minimum cycle times are longer for larger components, which again is consistent with 

the idea that larger bodies require longer cycle times for binder removal.   

Table A. 4  Summary of relationships between Pt, Tf, Ts, and t* as a function of component size and 

whether the body fails on the left-hand side or right-hand side of Fig. A.7 

       Left-Hand Side (LHS) Right-Hand Side (RHS) 
 Lx=Ly=Lz Pt  Tf Ts t* Tf Ts t* 

Case (m) (-)  (oC) (oC) (h) (oC) (oC) (h) 

  0.01 3.00  141.5 133.6 6.3 186.7 133.6 6.3 
a 0.02 2.80  106.8 105.8 27.3 217.3 105.8 27.3 
 0.04 2.60  81.5 81.3 121.1 239.6 81.3 121.1 
  0.08 2.40  59.5 59.4 549.8 257.8 59.4 549.8 

 0.01 3.00  141.5 133.6 6.3 186.7 133.6 6.3 
b 0.02 3.00  109.6 108.5 23.5 214.8 108.5 23.5 
 0.04 3.00  86.4 86.2 88.4 235.2 86.2 88.4 
 0.08 3.00  66.4 66.4 334.0 252.5 66.4 334.0 

  0.01 3.00  141.5 133.6 6.3 186.7 133.6 6.3 

c1 0.02 4.72  130.0 125.8 9.2 197.1 125.8 9.2 
 0.04 6.76  116.0 114.2 17.1 209.3 114.2 17.1 
  0.08 8.93  101.0 100.4 37.4 222.3 100.4 37.4 

 0.01 3.00  141.5 133.6 6.3 186.7 133.6 6.3 
c2 0.02 5.75  141.5 133.6 6.3 186.7 133.6 6.3 
 0.04 11.36  141.5 133.6 6.3 186.7 133.6 6.3 
 0.08 22.66  141.5 133.6 6.3 186.7 133.6 6.3 

  0.01 3.00  141.5 133.6 6.3 186.7 133.6 6.3 
c3 0.02 5.80  142.1 133.9 6.1 186.2 133.9 6.1 
 0.04 11.65  143.2 134.6 6.0 185.2 134.6 6.0 
  0.08 23.97  145.5 135.8 5.6 183.1 135.8 5.6 

For case c on the LHS of Fig. A.7, where Pt increases with increasing component 

size, three sub cases are evident.  For case c1, Tf decreases with increasing size of 

component and t* (see Table A.4) increases with increasing component size, which is 
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again consistent with widespread expectation.  Case c2 corresponds to a very special 

case in that the threshold pressure increases with increasing size in such a manner that the 

failure temperature is constant.  For this case, minimum time heating cycles are 

independent of the component size.  Although this latter relationship between size and 

cycle time is not consistent with the belief that larger bodies require longer cycle times, 

the type of analysis presented in Fig. A.7 may be valid for bodies in which failure arises 

from surface defects, such as blisters.  Although such behavior was not observed for the 

MLC samples examined here, components highly loaded with binder may fail by such a 

mechanism.  In such instances, adjusting the binder removal cycle to avoid surface 

defects may lead to heating cycles that do not depend as strongly on component size.  

For the final case c3 on the LHS of Fig. A.7, where both Pt and Tf increase with 

increasing component size, Table A.4 shows that the minimum cycle time for binder 

removal decreases with increasing body size.  This behavior is opposite to larger 

components requiring longer cycle times. 

Cases a-c, including sub-cases, can also be examined for the RHS of Fig. A.7, 

where the body contains less binder; the values of Pt, Tf, Ts, and t* for these cases are 

contained in Table A.4 and summary of the relationships is contained in Table A.5.  For 

cases a, b, and c1, Tf increases with increasing component size and t* also increases with 

increasing component size, which is again in accord with expectation.  Once again, 

however, cases c2 and c3 lead to behavior in t* versus component size that is not 

consistent with preconceived notions of how the time for binder removal varies with 

component size.   
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To summarize this section, we note that Fig. A.7 and Table A.5 illustrate in 

compact fashion some complicated, and not entirely expected, relationships between 

body size and failure temperature, failure pressure, and cycle time.  In this work and in 

earlier work by us [9], we have noted that green bodies fail during binder removal 

relatively early in the heating cycle, when the green body still retains a significant 

amount of binder.  Thus, failure seems to occur more frequently during the part of the 

binder removal cycle corresponding to the LHS of Fig. A.7, where the permeability in the 

body is low but the green strength is relatively high.  This may be a general observation 

in the tradeoff between permeability and green strength, in that a higher frequency of 

failure for bodies with high green strength and low permeability was also observed when 

green bodies where subject to rapid depressurization from the conditions of supercritical 

extraction [23].   

Table A. 5  Summary of threshold pressure, failure temperature, and minimum cycle time with 

increasing size of component. 

  Left-Hand Side (LHS) Right-Hand Side (RHS) 

Case 
With ↑ size, 

Pt, 
With ↑ size, 

Tf, 
With ↑ size, 

t* 
With ↑ size, 

Tf, 
With ↑ size, 

t* 

a Pt ↓ Tf ↓ t* ↑ Tf ↑ t* ↑ 
b Pt is constant Tf ↓ t* ↑ Tf ↑ t* ↑ 
c1 Pt ↑ Tf ↓ t* ↑ Tf ↑ t* ↑ 
c2 Pt ↑ Tf is constant t* is constant Tf is constant t* is constant
c3 Pt ↑ Tf ↑ t* ↓ Tf ↓ t* ↓ 

Case a-c are also indicated in Fig. A.7 and depend on whether failure on the left- or right-hand side of the 

diagram. The cycle time for binder removal for case c2 and c3 are inconsistent with the expectation that 

longer times are required for larger components. 

The data in Table A.4 contain a number of relationships between Pt, Tf, Ts, and t*, 
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one of which is that for failure early in the heating cycle, i.e., on the LHS of Fig. A.7, 

start temperatures tend to be just slightly below failure temperatures, as given by Tf≈Ts+δ, 

where δ is a relatively small positive number.  To represent this mathematically, we first 

note that for a given heating cycle, the relationship between Pt and Tf can be expressed by 

rewriting Eq. A-1 as 
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where the subscript f denotes the value of the quantity at Tf, the failure 

temperature.  We can then use Eq. A-6 to obtain a relationship between Ts and Tf for a 

body of a certain size as 
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where the subscript s denotes the value of the quantity at Ts, the starting temperature.  

Because the first two ratios in the argument of the natural logarithm of Eq. A-11 must be 

slightly greater than unity as a consequence of the binder loading being relatively high 

early in the cycle, and because R/E is less than unity, then Tf≈Ts+δ is valid early in the 

heating cycle, which is what is observed in Table A.4.   

For failure during binder removal that occurs on the RHS of Fig. A.7, which 

corresponds to when more binder has been removed, Eq. A-11 indicates that the starting 

and failure temperatures will be further apart as compared to when failure occurs on the 

LHS of Fig. A.7.  This is also the behavior seen in Table A.4. 

To see mathematically some of the other relationships in Table 4 between Pt, Tf, 
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Ts, t*, and component size, we can evaluate the ratio of cycle times (see Eqs. A-4 and A-

10) for two bodies of different sizes, denoted by subscripts 1 and 2.  After cancellation 

of common terms, the ratio of cycle times becomes 
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which is only in terms of failure values and the ratio of cycle starting temperatures.  We 

note that Eq. A-12 no longer contains the quantity G which explicitly accounts for the 

size of the component. To further simplify Eq. A-12, we express from Eqs. A-5 and A-6 

the ratio of the start temperatures as 
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Combination of Eqs. A-12 and A-13 then leads to  
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which is a relatively simple relationship between the ratio of the cycle times in terms of 

the starting permeabilities and the starting reaction rates at Tsi.  Because the starting 

permeability is independent of the body size, Eq. A-14 can be further simplified, and with 

the use of Eq. A-5, leads to 
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Equation A-15 thus indicates that if the cycle start temperatures are equivalent, then the 

cycle times should be of the same duration, independent of body size, as is seen in Table 

A.4.   
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Because the starting and failure temperatures are related by Eq. A-11, the ratio of 

cycle times for two bodies of different sizes can now be written in terms of the quantities 

at failure as 
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For bodies which fail early in the heating cycle, i.e., on the LHS of Fig.A.7, the argument 

of the natural logarithm approaches unity and the ratio of cycle times is thus very 

approximately given as 
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which is not directly dependent on the body size, but is dependent on the failure 

temperature, as is seen in Table A.4.  For the special case of c2 in Table A.4, where the 

failure temperatures of bodies of different sizes are the same, then the minimum cycle 

times for binder removal are equivalent, which suggests that the argument in the natural 

logarithm in Eq. A-16 is identically unity, and thus Eq. A-17 holds exactly.  More 

generally, however, to rationalize the behavior of cycle times for the other cases in Tables 

A.4 and A.5, where Tf either increases or decreases with increasing component size, Eq. 

A-16 must be used. 

To summarize this work, the specification of binder removal cycles is a difficult 

task because of the coupling of kinetic, transport, and stress phenomena, and this 

difficulty is exacerbated by the potential for spatial and temporal changes in important 

model parameters.  For example, both the permeability and the rate of binder 

decomposition vary over orders of magnitude during the heating cycle, and therefore it is 
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difficult to ascertain definitively what model should be used and how the parameters 

appearing therein are to be determined.  This work is thus part of a long term effort to 

make progress in the many different areas which are germane to binder removal. 

This work further illustrates some heretofore unanticipated problems in specifying 

binder removal cycles.  It is extremely challenging to determine unambiguously the 

mechanism of binder decomposition, especially for multicomponent binder blends when 

catalytic effects from the ceramic and metal electrode materials are operative.  As 

demonstrated here, this ambiguity in the kinetics may lead to significant differences in 

the predicted minimum time heating cycles.  The method of determining the failure 

temperature and pressures as a function of component size, as demonstrated in Fig. A-7, 

however, offers some relief in this regard. 

Although we have successfully applied the binder removal methodology 

described herein to reduce the duration of heating cycles, routine application of the 

method is not yet possible.  Unique specification of the decomposition mechanism is 

still unresolved, as is the evolution of the permeability with binder loading.  Future work 

will thus be directed at these unresolved issues, in order to be able to practically and 

reliably utilize the proposed methodology for developing rapid cycles for binder removal. 
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A.5 CONCLUSIONS 

 The sensitivity for describing binder removal cycles of a previously developed 

model to kinetic parameters and to failure criteria has been examined.  The minimum 

time heating cycles depend on the kinetic mechanism and the activation energy and 

preexponential factor of binder decomposition.  Because it is difficult to ascertain 

unambiguously the decomposition mechanism, uncertainty is introduced into predicting 

the minimum time heating cycles. 

 Another important input into the model is the temperature at which failure occurs 

in the green body.  A limited amount of experimental data suggests that the failure 

temperature decreases with increasing size of the component.  A very general 

methodology has been presented to determine how the failure temperature, failure 

pressure, and cycle time are related.  This approach can then be used to rationalize under 

which circumstances the cycle time increases, decreases, or is independent of the 

component size.
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A.6 NOMENCLATURE 

A, preexponential factor  

E, activation energy 

f, as subscript, denoted quantity at the failure temperature 

k, Kozeny-Carman parameter 

Li, i=x,y,z dimensions of the body 

M, average molecular weight of gas products 

P, pressure 

Po, ambient pressure  

Pt, threshold pressure in the center of the body 

R, gas constant  

r, rate of binder decomposition 

S, surface area per unit volume 

s, as subscript, denoted quantity at the start temperature 

t, time  

t*, minimum cycle time for binder removal 

T, temperature 

To, initial temperature  

Ts, starting temperature of binder removal cycle 

α , binder conversion 

β , heating rate 

ε , porosity 

sε , volume fraction of solid 

bε , volume fraction of binder  

ob.ε , initial volume fraction of binder   

bρ , binder density  

oρ , initial gas density at To and Po

κ , permeability 

µ , gas viscosity  
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