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 ABSTRACT 

 

The evolution of Low Temperature Co-fired Ceramics (LTCC) allows the realisation of 

high speed electronic devices based on a ceramics multilayer platform.  Its unique 

layered lamination and ease of 3D structuring also extend its applications beyond 

electronics to the areas of microsystems.  To realise 3D structure in LTCC, the forming 

of embedded structures is inevitable.  However, achieving good quality embedded 

structures with tight dimensional tolerance and free of defects remains a challenge.  

 

The most promising method for the fabrication of embedded structure is by employing 

sacrificial material to support the structure and to retain its dimensional accuracy from 

the lamination to the sintering processes.  Carbon as the fugitive material is of 

particular interest as it gasifies directly from solid to gas phase under oxidizing 

environment and the reaction accelerates at high temperature. It is chemically simple 

and left no trace of residue if the burn-off is complete. However, the detailed process 

characterisation with respect to carbon burn-off, particularly under embedded 

condition, has not been established.  It is important to understand the competing 

kinetics between carbon burn-off and LTCC densification such that the process 

parameters could be optimised for having defect free embedded structures and an 

efficient production cycle. 

 

Experimental kinetic analysis on the carbon tape using thermal analysis was conducted.   

Catalytic carbon burn-off was observed for carbon embedded with LTCC.  Solid-

catalysed effect is significant and varies with different LTCC systems.  For a valid 

burn-off evaluation when the fugitive carbon is used for embedded structure 
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fabrication, complete reaction rate parameters for the carbon burn-off has to be 

conducted under LTCC embedded conditions.  Carbon embedded sample configuration 

for TGA analysis was prepared and conducted.  The kinetic rate parameters which were 

determined by isoconversion method with fitted first order reaction model for the pre-

exponential factor could best describe the burn-off process under the influence of 

LTCC catalysts.  

 

Experimental sintering kinetic analysis was also conducted on HL2000, the LTCC 

system selected for the study. It is a self constrained LTCC system that shrinks 

predominantly in the Z-direction during sintering. This provides better dimensional 

control for structure formation.  LTCC sintering involves complex viscous flow with 

low temperature glass phase as it infiltrates and wets the ceramic filler.  Reactive 

sintering occurred in HL2000 with alumina filler to form a stable crystallized phase to 

achieve low dielectric loss and better mechanical properties.  The sintering mechanism 

is complex. In this study, a simple thermokinetic approach using 1st order solid-state 

reaction model was determined from the TMA curves.  A single value of activation 

energy and pre-exponential factor were determined by linear regression for a fitted 

linear equation over the experimental data obtained from multiple heating rates and 

various LTCC configurations.  The obtained activation energy of 250 - 256 kJ/mol is 

comparable with the reported data in the literature. 

   

Physical phenomena were identified for carbon burn-off process for embedded 

structure fabrication in LTCC ceramics system.  An axisymmetric 2D multi-component 

chemical reactions mass transport model, which is coupled with pore evolution of 

LTCC with relation to the sintering parameters with 2 computation regions, was 



vii 

 

developed for process characterisation.  Mass transport related constants were 

determined by either physical measurements or empirical relationships, and 

experimental validations of the model were conducted.  Competing kinetic was 

observed at the firing profile of 20 K/min in a 3-layer LTCC embedded structure, with 

incomplete carbon burn-off.  The process model was further demonstrated in a practical 

application of optimising firing profile to minimise the distortion for a ∅ 32mm large 

embedded air cavity.  The deformation of the cavity achieved is 75 ± 41 µm over a span 

of 32 mm. This large embedded cavity of minimum distortion is a significant 

achievement which is not reported elsewhere. 

  

This study has provided a good understanding of the physical implication of using 

carbon as a fugitive material for embedded structure in LTCC. It has established a 

model for process characterisation which will be useful for the development of new 

products and for product improvement.  The successful deployment of the process 

model will greatly reduce the time required for experimental trials and will improve the 

product quality in term of dimensional and shape consistency and tolerance.  In 

addition, the developed model could be used in other ceramics based production 

involving burn-off processes.   
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Chapter 1 

INTRODUCTION 

 

Multilayer ceramics technology has advanced progressively since the introduction of 

multi-layered monolithic ceramic capacitor in the late 1950s.  In the 1980s, the major 

effort was focused on the manufacturing of multilayered ceramic circuit substrate for 

electronic components and modules for computers, but lately the focus had shifted to 

high speed wireless applications [1].  Due to the impending requirements of low loss 

dielectric materials, low resistance wiring and high interconnect density, the substrate 

material systems have also evolved from the traditional High Temperature Co-fired 

Ceramics (HTCC) technology to Low Temperature Co-fired Ceramics (LTCC) 

technology. LTCC uses liquid phase sintering technology [2] to allow low temperature 

glass phase to densify the ceramic body at a lower temperature of about 1173 K. This 

allows the use of low melting but low electrical resistance metals as conductors, for 

example, Cu, Au and Ag.  Other advanced LTCC systems also use glass-ceramics as 

the sintering medium. By controlling the crystallization phases, the physical properties 

of the sintering parts could be tailored to suit the specific applications [3]. The 

advantages of LTCC over HTCC may be summarised as: 

o Low dielectric loss at high frequency i.e. glass-ceramics [4] as a dielectric 

medium; 

o Low loss metallization i.e. Ag, Au, Cu, Ag-Pd, Ag-Pt conductors; 

o Matching coefficient of thermal expansion with the chip material i.e. Si; 

o Excellent reliability for high density board interconnection; 

o Ease of integration with other materials i.e. integrated passives. 
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Due to the LTCC characteristic properties in electrical, mechanical and chemical, and 

also the ease of 3D structuring by layers lamination, the applications of LTCC 

technology have extended beyond electronics to the areas of chemical analyses, inertial 

systems, fluid handling and control, and distributed sensor and actuator networks [5-9]. 

LTCC has recently received significant attention for potential applications in Meso-

scale Microsystems with a minimum feature size in the range of 10 µm to several 

hundreds of µm. Intensive research to develop a new breed of “Ceramics MEMS” is 

on-going.  Examples of some of the recent developments in LTCC based micro- or 

meso-systems are shown in Figure 1-1. 

 

 

(a) LTCC based Microplasma Generator [10]. 

 

(b) LTCC based Electrochemical Cell [11]. 
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(c) LTCC based Stripline resonator with embedded air cavity [12]. 

Figure 1-1 Examples of LTCC based systems. 
 

LTCC is designed as a multilayer technology which shares the common fabrication 

platform with HLCC but with entirely different material system sets.  LTCC allows low 

temperature firing and provides much wider range of choice of materials to be 

incorporated into a ceramic substrate.  Due to its low temperature processing and ease 

of structuring using layer additive processing, incorporating open and embedded 

structures becomes easier.  Over the years, many structuring methods were developed 

and demonstrated.  Approaches such as using shaped temporary inserts for simple open 

features to using fugitive and sacrificial layer for complex embedded structuring are 

available.  A good structuring process should be able to retain dimensional accuracy 

throughout the fabrication processes which includes high pressure lamination and 

sintering process, but at the same time could be easily integrated into the existing 

fabrication processes of LTCC. Among the processes, use of a fugitive layer for 

structuring especially for fully embedded structure meets the above requirements. The 

fugitive material should be thermally decomposable with no or little residue left. The 

common fugitive materials are those thermally decomposable materials such as 

polymer or carbon based materials.  Carbon was found to be suitable as its gasification 

temperature under an air environment is higher than the polymeric based fugitive 

materials to facilitate burn-off during LTCC sintering.  Furthermore, carbon could be 
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easily purified by cycles of heat treatments to achieve low or no residue after complete 

burn-off.  

 

1.1 Research Challenges 

Various methods has been developed and demonstrated for the carbon fugitive process 

for embedded structuring; however, challenges and issues remain.  The control of the 

reduced O2 at mixed N2/O2 sintering environment, the effect of the heating rate for 

carbon burn-off, the competing kinetics between the carbon burn-off and sintering, the 

distortion of the structure due to pressure build up with gasification and the effects of 

gravitational structural body force, are some of the challenging issues. The process has 

not been fully established or characterised.  Process characterisation is needed.  It could 

be conducted experimentally or more rigorously by a physical phenomenon based 

process model.  In this study, the formulation and the development of a process model 

for process characterisation and its practical use in a production environment will be 

explored.   

 

1.2 Objective and Scope 

The aim of this study is to understand the carbon fugitive material burn-off kinetics 

under embedded condition and to develop a theoretical/numerical model for optimising 

the embedded structure fabrication process using LTCC as a basic platform for 

microsystems and micro-wave applications. The followings will form parts of the scope 

of this study: 

(i) Identifying carbon as fugitive material for embedded structure and its burn-off 

kinetics analysis using thermoanalytical tools. 

(ii) LTCC sintering kinetics analysis using thermoanalytical tools. 
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(iii) Identifying major physical phenomena for embedded carbon burn-off under LTCC 

microsystem platform. 

(iv) Development of a theoretical model for embedded carbon burn-off process under 

embedded condition by considering multicomponent mass transportation coupling with 

chemical reactions (carbon burn-off and LTCC sintering). 

(v) Validation of the developed model experimentally by the scale-down samples under 

laboratory conditions. 

(vi) Demonstration and optimisation of a fully embedded air cavity process for 

microsystem applications.  

 

1.3 Novelty 

A process model for fabrication of embedded structure in LTCC using fugitive carbon 

has been successfully developed.  The complex process mechanisms of the interrelated 

kinetics of carbon burn-off and LTCC sintering have been successfully modelled by 

conventional mass diffusion and convection equations coupled with energy balance 

equations and kinetic rate equations of carbon burn-off and LTCC sintering.  Simple 

experimental based methodologies which could be easily set up by using TGA and 

TMA for the determination of kinetic parameters of carbon burn-off and LTCC 

sintering have been established.  This developed model could well be utilised for the 

optimisation of firing profile, with the potential to significantly reduce process setup 

time and to produce high quality large embedded structure in LTCC with less wastage 

in sample preparation.  A usual trial and error approach in optimising sintering profile 

for LTCC embedded structure fabrication could then be eliminated.    
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1.4 Contributions 

In this study, a specific physical phenomenological based process model, which has not 

been explored elsewhere, has been developed for embedded carbon burn-off in LTCC 

for embedded structure fabrication.  Along with the model development, experimental 

kinetic analysis for carbon burn-off and LTCC sintering has been developed for quick 

kinetic parameters determination without the necessity to delve into the detailed kinetic 

processes. 

 

Solid catalysed carbon burn-off has been established which hitherto has not been 

reported for fugitive carbon burn-off in LTCC. Both accelerated and retarded reaction 

rates, which depend on the type of LTCC tape used, have been observed. 

 

By implementing the process model, multi-step firing profile has been demonstrated to 

reduce pressure build-up resulting in minimal swelling and sagging of the cavity. A 

near free distortion fully embedded cavity with average maximum cavity height 

variation of just 75 ± 41 µm over a span of 32 mm has been achieved.  This is a notable 

achievement as it paves the way for the optimisation of processing conditions for 

carbon burn-off and LTCC sintering through simulation. 

 

1.5 Outline of Dissertation 

The thesis is organised as follows: 

Chapter 1 introduces multi-layer ceramic technology and the evolution of LTCC 

technology and materials.  Challenges and issues arose from the fabrication of 

embedded structure in LTCC lead to the objective and scope for the study.  Chapter 2 

presents a comprehensive review of the present embedded structure fabrication 
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technique of LTCC.  Literature review is also conducted for exiting models leading to 

the development of embedded carbon burn off process model in LTCC involving both 

carbon burn-off and LTCC sintering.  Chapter 3 describes the method of obtaining the 

kinetic rate parameters and the effect of carbon catalytic reaction introduced by the 

LTCC materials. Method of using thermoanalytical tools to obtain a simple sintering 

rate parameters required by the model is also introduced.  Chapter 4 examines the 

physical phenomena of carbon burn-off in the embedded cavity of LTCC structure. 

This allows the development of an axisymmetric 2D model for carbon burn-off in 

embedded cavity based on multicomponent mass transport and chemical reactions of 

carbon-gas reactions coupled with LTCC sintering. The model is validated by rigorous 

TGA testing of scale-down samples under different sets of heating profiles.  The 

modelled results based on averaged carbon burn-off curves are compared with the TGA 

measured results.  Chapter 5 implements the process model for a large embedded air 

cavity suitable for microwave, microfluidic and MEMS applications.  The sintering 

profile is optimised based on the internal total gas pressure to achieve a near distortion 

free cavity structure.  Chapter 6 concludes the study and outlines future work for further 

investigation. 
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Chapter 2 

LITERATURE REVIEW 

 

Both LTCC and HTCC fabrication processes are multilayer technologies allowing 

individual layer processing before collating and co-fired to form a monolithic sintered 

structure.  One of the major differences is the material system used.  LTCC uses low 

temperature glass system as the major sintering medium which allows a sintering 

temperature of less than 1123 K, while HLCC uses majority of Alumina at about 1873 

K.  Understanding the LTCC multilayer fabrication processes and its material system 

with its sintering characteristics are essential to allow process advancement for 

structure formation in LTCC for both open and embedded structure.  

 

2.1 LTCC Fabrication Technology  

The LTCC multilayer substrate fabrication processes are shown in Figure 2-1, which 

include the following essential processes: 

(i) Green sheet preparation: This involves the preparation of a slurry which is a mixture 

of powders (glass, ceramics, glass-ceramics) and binder.  The formulation of a powder 

system is essentially proprietary and tailored to the specific applications. The green 

sheet is produced by tape casting [13].  LTCC green sheet is readily available 

commercially and the list of the major suppliers could be found in reference [1].  It 

comes with different blank sizes (100 mm – 300 mm) with various thicknesses (50 µm 

to 250 µm). 

(ii) Via and structure forming:  This involves the formation of via to provide 

interconnecting paths with the layers. Via is formed on each individual green sheet 

typically by a high speed mechanical punching system with a minimum via size of 
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about 50 µm.  However, laser and chemical etching (solvent jetting) [7] systems had 

been developed for achieving a finer via size smaller than 25 µm.  For cavities or 

special structures forming such as embedded channels for a fluidic system, it is not 

unusual for them to be created together with the vias using the same forming process.  

Structure could also be formed by overlap punching [14], CNC milling, laser 

machining and chemical etching process. 

(iii) Via filling and pattern printing: These involve via filling with a conductive ink as 

well as the printing of circuitry and sometimes integrated components such as resistor 

paste.  Generally, it is achieved by using the technique employing a hybrid screen 

printer with a doctor blade.  The blade is usually a polymer squeegee shaped at a 

specific angle to the screen for an efficient transfer of ink.  Via filling is achieved by 

printing ink over the carrier side of the green sheet with or without a stencil.  Patterning 

(circuitry) on the green sheet is achieved by screen printing through the silk mask. 

Multiple printing is sometimes required to improve the ink deposition quality or 

integrated with other functionality inks.  Ink has to be dried between each print at about 

343 K for 10 min to 15 min.  The typical line/space resolution is 75 µm/75 µm.  For 

finer printing resolution, special ink formulation and finer screen mask have to be 

sought.  Alternatively, photoimageable ink system such as Dupont Fodel® conductor 

system could be used in conjunction with the lithographic process for finer patterning. 

(iv) Collating and laminating:  This involves the registration of individual layers of 

green sheet after via/structure forming.  The layers are collated, pre-tacked and 

laminated under pressure and temperature conditions.  Lamination is achieved by either 

a hydro-isostatic or uniaxial laminator.  Typical lamination conditions are in the 

pressure and temperature ranges of 100 kg/cm2 – 250 kg/cm2 and 333 K – 353 K 

respectively.  At these conditions, the polymer binder in the green sheet fuses and 
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allows interpenetrating of powder across the layers’ interfaces. Having uniform 

laminating pressure over the layers is a key requirement for a defect free product. 

(v) Debinding and sintering:  A pre-cut (for ease of de-panelisation) or trimming of 

LTCC laminate to shape is usually required before the debinding and sintering 

processes.  Thermal debinding is normally employed to completely drive off the solvent 

and binder before the sintering process.  It is achieved by heating the sample gradually 

(1 K/min to 2 K/min) to the binder decomposition temperature (673 K to 873 K).  The 

sample might have to be soaked at the decomposition temperature for a sufficient 

length of time (several hours) if the sample is thick and large.  This is followed by a 

faster heating rate (5 K/min to 10 K/min) to the sintering temperature (1073 K to 1223 

K).  The specific heating profile is very much dependent on the size of the samples, 

material systems and structure complexity. 

 

 

Figure 2-1 Typical LTCC process flow including structuring step [1]. 
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2.2 LTCC Material Systems 

LTCC, as its name implied, is a ceramics material system, designed to co-fire or co-

sinter with the metal wire (for circuitry) at a lower temperature than the HTCC. This 

allows the use of high electrical conductive metals with melting points below 1273 K, 

such as Ag, Au, Ag-Pd and Ag-Pt.  High conductive metals are necessary to provide the 

required electrical properties for high speed wireless application in which HTCC’s 

metal systems are unable to accommodate.  HTCC uses metals such as Mo, W, Mo-Mn 

which have very poor electrical conductivity but high melting point for co-firing at 

1873 K. 

 

To achieve densification of LTCC at this low temperature, it is common to use a glass 

system of amorphous glass or crystallised glass. They act as a binder for the glass 

ceramic composite and improve the sintered density at a reduced time by liquid phase 

sintering.  Most recently, advanced crystallisable glass-ceramic systems had been 

developed and used commercially.  Figure 2-2 shows the LTCC material systems used 

in practice. However, the common commercial systems are based mostly on ceramic-

glass composite (CGC) and glass-ceramics (GC) which can provide low dielectric loss, 

high mechanical strength and matching thermal expansion coefficient for 

microelectronic packaging of high performance electronic modules.  The typical 

commercial systems such as Dupont and Heraeus LTCC are based on GCC while Ferro 

LTCC is based on GC.  
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Figure 2-2 Common LTCC material systems used in applications with associated 
sintering mechanisms relative to glass content [15]. 

 

2.3 Sintering Shrinkage of LTCC 

LTCC has a typical shrinkage of 8 % – 20 % in the X and Y directions and about 15 % 

in the Z direction after sintering.  The shrinkage tolerance is ±0.15 % [16].   Post 

sintering processes, such as mechanical grinding/lapping and electro-plating processes, 

are sometimes required to improve the flatness of the multilayer substrate and also to 

enhance surface metallization for better wire bondability or solderability for subsequent 

assembly processes. Dimensional control and stability are difficult without many trial 

runs.  The inherent sintering shrinkage has to be factored into the design for the various 

fabrication processes.   

 

Constrained sintering processes had been developed to produce dimensionally accurate 

multilayer substrates.  Many constrained processes were available.  Mikeska et al [17] 

had incorporated external (bottom and top) sacrificial release layers to constrain the 

internal LTCC laminate by interfacial frictional forces between the sacrificial and 

LTCC layers during sintering.  As the layers of the LTCC laminate nearer to the 

sacrificial layers are more constrained than the inner layers, the edges become concave 
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after constrained sintering.  Thus, the maximum number of LTCC laminate was limited 

to about 25 layers (for 0.113 mm thick green tape) to have an acceptable dimensional 

tolerance [16].  Furthermore, the external release layers had to be removed by a mild 

removal process such as sand blasting, and post external metallization was required.  In 

order to improve the process, self constrained laminate was developed to include 

permanently the “sacrificial layers” as part of the fired structure.  However, it involved 

the proper arrangement of constraint layers within the LTCC laminate and might affect 

the overall physical properties of the LTCC structures [16]. 

    

In contrast, Lautzenhiser et al [18] developed a self constrained LTCC tape system by 

incorporating directly the constrained layer into the green tape via a novel tape casting 

method.  Each individual self-constrained tape was a 3-layers structure consisting of a 

closely packed, near zero shrinkage (at LTCC sintering temperature) refractory 

constrained layer sandwiched by two LTCC layers.  In contrast to the former 

constrained mechanism by a high interfacial friction force between the sacrificial and 

LTCC layers, the constrained effect of the self-constraint tape was by densifying the 

LTCC layers over the densely packed refractory porous layer.  The glass phase from the 

LTCC layers softened and drew into the constrained layer by capillary force promoted 

by the wetting agent and the pore structure of the constrained layer.  With this 

arrangement, the shrinkage in the X and Y directions was controlled in the range of 

0.07 % - 0.10 %, with a tolerance of ±0.023 % [19].  Significant sintering shrinkage (25 

% - 40 %) was restricted in the Z direction [16,19]. 

 

For exploring free structuring in LTCC for microsystem applications where 

dimensional control is important, a tape system which provides low or near zero 
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shrinkage in the X and Y directions is favoured.  Low sintering shrinkage will likely to 

produce less cambering sample due to non-uniform shrinkage rates caused by the 

complex structuring.  Thus, for this current investigation of embedded structure 

fabrication, commercial low shrinkage self-constrained tape system developed by 

Herarus Inc (HL2000) [19] was employed.   HL2000 is a self-constrained tape system 

[18] where the removal of the release layers is not necessary. There is virtually no 

limitation in the number of tape layers that can be employed for the LTCC laminate. 

 

2.4 Co-Sintering of LTCC 

The major components of LTCC system, as indicated in Section 2.2, often consist of a 

ceramic filler such as Alumina in a glass matrix.   The common defects such as 

cracking, delamination, voiding and distortion seen in most of the co-sintering of other 

systems are also existent in LTCC [147-151].  Inhomogeneity of ceramic filler size 

[151] from the tape casting process and subsequent layer lamination of heterogeneous 

powder compacts [150] could induce non-uniformity in sintering stresses within layers.  

Co-sintering of layers of powder compact having differences in green density and 

ceramic systems could result in band of void formation at the layer interface resulted 

from the viscous flow of glass composite and the effect of wetting of ceramic fillers.  

Mismatch in shrinkage and thermal expansion during heating and cooling of sintering 

cycle also induces layer delamination and distortion [149]. Co-sintering involving 

reactive sintering of glass with ceramic fillers accelerates the sintering cycle but 

complicates the process of producing defect free parts.  Various models for co-sintering 

particularly for two powder systems were developed.  Suri et al [153] presented the 

criteria for defect free co-sintering based on elastic-plastic empirical model of porous 

sintering metals by determining the induced stress resulted from difference in shrinkage 
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during sintering. The in-situ strength of the weaker material during sintering was taken 

into consideration in the model.   Chang et al [152] had developed an in-situ camber 

measurement together with a viscous model to predict stress developed in the bi-layer 

glass-based LTCC systems.  The predicted biaxial stresses could thus be used to predict 

defect free co-sintering.   

 

LTCC is designed to co-sinter with conductive metal inks for electrical interconnection.  

The mating of shrinkage and thermal expansion between the LTCC and conductive 

metal system is critical.  The in-situ camber methodology developed by Chang et al 

[152] could be applied in the development of co-fired silver based metallization for 

LTCC [154].   New LTCC systems will continuously face challenges in co-sintering 

issues with new glass system with acceptable low dielectric requirement for high speed 

RF applications.  

 

2.5 Embedded Structure Fabrication  

To realise 3D structure in LTCC for ceramic microsystems, forming of embedded 

structures is inevitable.  Structures could be formed by various methods such as 

mechanical milling/punching/stamping, laser abrasion/cutting and chemical solvent 

etching/jetting. They could first form open structures on each individual green sheet or 

green sheet laminate.  The structured green sheets are then laminated and co-fired to 

become a monolithic embedded structure.  For RF millimetre wave application, it is 

essential to preserve and control the dimensional accuracy of the embedded structure 

such as a simple air via or cavity [19,20].  A drift of dimensional tolerances will 

critically affect the enclosed air volume and thus the overall effective dielectric 

constant gained from the embedded structure for the system. The unfilled suspended 



 

structure (without lamination) of larger than 

sagging due to sintering induced deformation [9].  The embedded structure

able to retain its dimensional accuracy from lamination and the subsequent sintering 

process.  Many techniques particularly in the area of lamination processes were 

developed over the years and could be summarised as follows:

(i) Use of glue layer:  Use of a glue layer, such as commercial polyacrylate based 

double coated pressure-
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layers [24].  

 

Figure 2-3 Use of adhesive layer as glue layer for low pressure lamination and its 
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structure (without lamination) of larger than ∅4 mm was reported to have severe 

sagging due to sintering induced deformation [9].  The embedded structure

able to retain its dimensional accuracy from lamination and the subsequent sintering 

process.  Many techniques particularly in the area of lamination processes were 

developed over the years and could be summarised as follows: 

:  Use of a glue layer, such as commercial polyacrylate based 

-sensitive adhesive film, between layers and structures to allow 

5 MPa) or even zero pressure lamination [5,21-23].  This avoids the 

collapse or severe deformation of the structure during lamination. The glue layer is 

recommended to have a slightly higher melting point than the debinding temperature of 

the LTCC.  The capillary force caused by the flow of the adhesive melt between the 

LTCC porous skeleton structures after debinding pulls the interfaces together to allow 

layers interpenetration during the sintering process.  The lamination mechanism is as 

3. This method was successfully used for the fabrication of 

vaporizing liquid microthruster for microspacecraft applications. However,

matching LTCC systems and no metallised interconnections are possible between 

3 Use of adhesive layer as glue layer for low pressure lamination and its 
lamination mechanism [21]. 

4 mm was reported to have severe 

sagging due to sintering induced deformation [9].  The embedded structure must be 

able to retain its dimensional accuracy from lamination and the subsequent sintering 

process.  Many techniques particularly in the area of lamination processes were 

:  Use of a glue layer, such as commercial polyacrylate based 

sensitive adhesive film, between layers and structures to allow 

23].  This avoids the 

mation of the structure during lamination. The glue layer is 

recommended to have a slightly higher melting point than the debinding temperature of 

the LTCC.  The capillary force caused by the flow of the adhesive melt between the 

tures after debinding pulls the interfaces together to allow 

layers interpenetration during the sintering process.  The lamination mechanism is as 

3. This method was successfully used for the fabrication of 

for microspacecraft applications. However, it requires 

matching LTCC systems and no metallised interconnections are possible between 

 

3 Use of adhesive layer as glue layer for low pressure lamination and its 
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Low temperature transfer tape (LTTT) could also be used as high temperature glue 

layer to permanently bond fired LTCC structures [25,10].  The fabrication steps closely 

resemble the conventional thick film processing, and bonding is achieved by post 

processing.  The post-fire process steps for the fabrication of a microplasma generator 

are shown in Figure 2-4. 

 

Figure 2-4 Use of LTTT as post-fire glue layer for the fabrication of embedded 
structure for microplasma generator [10]. 

 

(ii) Use of multi-step lamination: Another way of preventing severe deformation of 

structures during lamination is to pre-laminate the individual structure stack first at a 

lower lamination pressure before combining all stacks using the higher final lamination 

pressure to form the monolithic structure [26,27].  The thick layer over the structure 

will resist better the deformation and thus resulting in less deformation.  The additional 

lamination steps are included in Figure 2-5. 
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Figure 2-5 Improved inner layer cavity forming by multi-step lamination [27]. 
 

(iii) Use of stress compensating materials:  Thick film materials, such as resistor or 

metal paste, have a higher coefficient of thermal expansion (CTE) than the LTCC tape. 

Using these thick film materials on the suspended structure will exert a compensating 

stress against the gravity induced sagging plastic deformation as shown in Figure 2-6.  

The material has to be properly selected to match the LTCC system so as to hold the 

structure together during sintering [28].  It is likely to be used in compliment with other 

techniques as the stress compensating material is not able to withstand the lamination 

pressure.  

 

Figure 2-6 Use of screen printing resistor paste as a stress compensating materials for a 
bridge structure design embedded in LTCC [28]. 
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(vi) Use of temporary insert:  Shaped inserts made of wax or polymer as in Figure 2

have been used with or without cavity definitions to support the structure during 

lamination [26,29]. They are normally removed after lamination but could be burnt off 

during the sintering process.  In some instances, cleaning of structure (micro

may be required after sintering especially for fluidic applications [11,14].  Removal of 

insert after lamination may pose difficulty. However, for some low melting point 

inserts, it will be prudent to melt it and drain it out from the enclosure.  It could not be 

used for a fully enclosed structure without access paths such as inlet and outlet ports.

7 Use of temporary inserts for embedded structures [27].
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tain the shape of the structure 

during lamination and possibly even during sintering.  The fugitive materials which are 

in liquid, paste, tape and even shaped solid forms are normally filled in after the 

dium such as Pb bi-silicate, will 

remain after sintering. An intensive chemical process which involves the handling of 

hydrofluoric acid (HF) can be used to selectively remove the sacrificial medium [7,28].  

ovide support for the structure during 

off during sintering without the need of post 
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processing.  By controlling the burn-off kinetics of carbon fugitive materials for a small 

cavity, it was reported that carbon can support the suspended structure throughout the 

sintering cycle without swelling or sagging for a Ø10 mm thin membrane [34].  Carbon 

burn-off rate could be retarded under a partial inert environment of air/nitrogen 

mixture.  By adjusting the mixing ratio of air/nitrogen environment during sintering, the 

carbon fugitive material could decompose during densification while supporting the 

structure against sagging due to gravitational effect [9].  The effect on cavity forming 

using a controlled firing environment of O2/N2 is shown in Figure 2-8.  

 

 

Figure 2-8 Use of carbon filling as fugitive structure supporting material firing under 
reduced ratio of O2/N2 [7].  

 

As a summary, Table 2-1 compares the current techniques employed in the 

manufacturing of 3D LTCC structures. 
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Table 2-1 Comparison of current techniques in realising three-dimensional structures. 

Technique Advantages Disadvantages 

Lamination 

with insert 

• Better dimensional control for 

surface structures 

• Support structures during 

lamination 

 

• Limited to relatively large and simple 

structures 

• Tailored and removable inserts 

required 

• Difficulty in insert removal as sticking 

of green laminate to insert may occur 

• No support during sintering 

Low 

pressure 

lamination 

(use of glue 

layer & 

multiple 

lamination 

steps) 

• Complex 3D structures (with 

dimensions of 100 µm to 10 

mm)  

 

• Precise alignment between tapes or 

laminates is difficult 

• Delamination could occur between 

laminates 

• Required compatible adhesive and 

ceramic systems 

• Additional lamination steps required 

• Interconnection between sintered 

substrates is not feasible with adhesive 

layer 

• No support during sintering 

Lamination 

with fugitive 

or sacrificial 

material 

• Complex 3D structures and 

suspended thick film (with 

dimensions of 100 µm to 10 

mm) 

• Could achieve full enclosed and 

embedded structures 

• Could provide support during 

lamination and sintering 

• Relatively poor dimensional stability 

• Filling and patterning of fugitive or 

sacrificial materials are difficult 

• Post processing i.e. chemical etching 

may require  

 

 

Gluing 

method 

(Post-firing) 

• Relatively good dimensional 

control 

• Relatively large embedded 

structures (more than 10 mm)  

• Precise alignment between sintered 

substrates is difficult 

• Interconnection between sintered 

substrates is not feasible 

• Post processing required for joining the 

sintered laminates. Could be tricky as 

the sintered laminates are fragile 

• Extra layers of “glue” required, needs 

properties matching 

Co-firing of 

thick film  

• Support structures during 

sintering 

• No support during lamination 

• Location and volume of metallic 

loading are difficult to estimate 

 

Though the fabrication of a 3D structure on LTCC, particularly on the structuring and 

lamination processes of LTCC green tape, was covered extensively in the literature, 

manufacturing of embedded structure is still in its infancy.  The initial industry 
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adoption is still waiting for market demands.  Typical industrial standards in term of 

physical properties and geometrical tolerances for mass ceramic based micro-system 

are not available. The requirements for material and process specifications are very 

much dependent on specific area of applications.  In high speed RF applications, the 

dielectric constant required may be less than 6.0; this is achieved by careful selection of 

material systems.  For microfluidic systems, the material system has to be leak-proof 

and resistance to chemical.  This will require fully dense parts. The embedded channel 

will need to have dimensions of handling micro-litre fluid.  Thus a LTCC system with 

small sintering shrinkage (typical value of 0.2 %) may be required.  LTCC based 

microsystem is unique and applicable for meso-scale system that a traditional Si 

platform may not be economically viable.  Some exploratory works on realizing 

microfluidic based systems and BioMEMS could possibly provide some insights on the 

process requirements. 

- Design of embedded hydrogen peroxide catalyst combustion chamber for mini-

satellite which is in the range of 10 – 50 kg will require 0.325 N thrust load. The 

combustion was obtained from reaction of continuous flow of reactant at 0.00025 kg/s 

within a 8 embedded channel chambers of 0.75 mm x 0.254 mm [157]. 

-   Ceramic based BioMEMS which required continuous flow PCR with zone 

temperatures accuracy of +/- 1 °C were achieved by including embedded chain of 

channels of 0.5 mm x 0.5 mm and air cavity of 2 mm x 11 mm for thermal control. 

[158]. 

-   Micro heat pipe was realized in LTCC with embedded porous wick structure of 

width 0.5 mm and thickness 0.05 – 0.1 mm with high capillary force and large liquid 

volume.  The structure was demonstrated for power density devices of 160 W/cm2 

[159]. 
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Embedded structuring process in ceramic composites particularly in LTCC is 

challenging and the process involved is complicated.  The processing mechanisms are 

specific to each technique and material system, and could well be entirely different 

from each technique or material system. 

 

Low lamination approach using novel PSA double coated adhesive makes use of 

intrinsic capillary force of the adhesive melt to result in inter-penetrating of adjacent 

ceramic layers for sintering.  LTTT which is a high temperature glass/ceramic 

composite layer could act as a glue layer for post sintering parts.  The main mechanism 

involved is co-sintering of the post fired parts and matching shrinkage stress resulted 

from the thermal expansion.   Others utilized green powder strength to prevent sagging 

resulted from the high lamination pressure.  Compensating layer makes use of 

differential shrinking stress from co-sintering to support the structure during the cooling 

stages.  The most intricate mechanism involved is associated with a sacrificial layer 

with high temperature burn-off such as a carbon sacrificial layer.  It involves competing 

kinetics between the carbon burn-off and LTCC sintering.  The control of the process 

parameters could significantly affect the quality and success of the process.  The 

process mechanism is complex, but as indicated in Table 2-1, it is the most promising 

method that could be used to retain the dimensional geometry tolerance among the 

technique reviewed.       

 

By employing sacrificial material that is able to support the structure during both 

lamination and sintering.  Carbon as the fugitive material is of particular interest as its 

burn-off mechanism is relatively simple as compared to the polymer based materials. 

Burn-off is likely to be present during the course of sintering or at least in the initial 
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stage of sintering.  In contrast, polymeric based materials will be completely 

decomposed during the debinding phase of the sintering cycle without providing the 

necessary support during sintering.  Carbon based material gasifies directly from a solid 

phase to a gas phase under an oxidizing environment and the reaction accelerates at 

high temperature. It is chemically simple and left no trace of residue if purified carbon 

is used and if the burn-off is complete. Furthermore, carbon powder is readily available 

and is supplied in various forms, such as in paste and tape system.  Carbon powder 

which is specially tailored for use as a sacrificial medium is also available, and it is 

supposed to have better burn-off characteristic. 

 

Open and embedded structures for potential microsystem applications had been 

successfully fabricated [5,7,8,11,14].  The respective fabrication techniques related to 

structuring, lamination and sintering were also well developed and implemented. 

However, detailed process characterisation with respect to carbon burn-off and LTCC 

sintering, particularly under a fully embedded condition, has not been established.  The 

possible catalytic reaction of carbon burn-off with LTCC and its effect on burn-off 

kinetic on LTCC sintering is also not reported for such an embedded condition.  The 

competing kinetics between carbon burn-off and LTCC densification has to be 

considered for the optimization of the LTCC sintering process to result in a successful 

complete burn-off with no residue. Thus, it is necessary to develop a process model for 

embedded carbon burn-off in LTCC based on physical phenomena. This model would 

allow the examination of the burn-off process and its implication in process 

optimisation.  It will provide an added avenue for the advancement of the embedded 

structure manufacturing technology in LTCC. 
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2.6 Process Modelling 

Process model is always unique to a specific process and has to be developed 

specifically. An effective and efficient approach for the development of a new process 

model is to adopt and to adapt well established and related formulations for specific 

steps or phenomena of the overall process, and to adapt and integrate these 

formulations into a model which could describe the overall process.  As mentioned in 

Section 2.5, the most promising process for an embedded structure in LTCC is using 

carbon as a fugitive layer for structuring.  In addition, the impact to the existing 

fabrication process of LTCC is very minimal, namely the requirement of having 

additional fugitive carbon structure layers.  The process flow for the embedded 

structure in LTCC could be realised as shown in Figure 2-9.   

 

Figure 2-9 LTCC process flow including embedded fugitive carbon structuring step. 
Modified from Figure 2-1 [1]. 

 

The tape casting process of LTCC in the current study is specific for the HL2000 tape 

system.  It is a self-constrained system which could provide better geometric tolerance 

than other systems. It uses proprietary wet on wet 3-layer casting technique.  Some 
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insights of this process could be found in their patent [18].  The doctor blade tape 

casting employed and the final drying will affect the homogeneity of the final powder 

distribution. The inclusion of refractory layer as the constrained layer will also have a 

significant effect in the sintering stress uniformity over the laminates.  

 

Structuring is done by using CO2 laser ablation.  Computer numerical controlled CO2 

laser allows omni-directional cutting for any required shape. It is a fast and contactless 

cutting process which uses high localized heating to decompose the polymer binder 

matrix.  Hydro-isostatic hot lamination is used to compact the collated layers under 

high pressure at temperature near the Tg of the polymer binder so as to allow 

interpenetrating of the powder particles over the interfaces.  It is similar to the 

conventional powder compaction process.  The packing of laminate will affect the 

green density of the sample and may result in non-uniform sintering stress. 

  

For embedded structure process using fugitive carbon process, the carbon fugitive layer 

will co-laminate with the LTCC layer to form parts of the monolithic structure.  The 

selection of the polymer matrix for the carbon layer has to be matched or the same 

binder system with the LTCC system is to be used so as to aid the debinding process.  

  

Debinding process involves drying and also decomposition of polymer matrix.  It has 

received extensive research for an understanding of the physics of debinding for defect 

free sintering. The ultimate goal of a debinding process is to completely drive off the 

polymer binder but retain the geometrical shape before and after sintering.  Improper 

control of a debinding process and incomplete debinding may result in severe voiding 

or even cracking during or after sintering.  
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The final process is the co-sintering of LTCC together with the fugitive carbon layer.  It 

would encounter simultaneous carbon burn-off and LTCC sintering at some stage of 

sintering.  The kinetics could be competing with the pore closure of LTCC blocking gas 

diffusion path for carbon burn-off.   

 

It will not be possible to model all the process steps involved in the LTCC embedded 

structuring fabrication, and some of the less critical or significant steps or processes 

could be ignored without much loss of accuracy.  Indeed, the most significant process is 

the focus of this study, namely the modelling of the sintering process where embedded 

fugitive carbon has to be burn-off during the sintering process.  Competing kinetics 

between carbon burn-off and LTCC sintering are expected, which will seriously affect 

the success of the forming of an embedded structure.  The various relevant models in 

the process are identified in Figure 2-10 and will be reviewed in the following sections. 

 

 

Figure 2-10 Integration of multiple process models for the LTCC embedded structure 
fabrication process using fugitive carbon.  
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2.6.1 Carbon Burn-off Model 

Carbon burn-off, either under an embedded or open environment, is essentially a solid-

gas reaction. As such, equations for solid-gas reaction are generally applicable. 

However, specific models or formulations closely related to carbon burn-off will have 

to be considered, and their appropriateness and applicability to LTCC embedded carbon 

have to be carefully evaluated.  Most of the literatures are focused on a single particle 

or grain reaction.  In principle, generalization of a single particle reaction to a 

particulate bulk of porous solid may be made [35].  Single particle reaction model could 

generally be classified into non-porous and porous solid reaction. 

 

(i) Non-porous solid reaction 

A solid is considered non-porous when it is impervious to gas diffusion.  The solid-gas 

reaction could be assumed to occur at the surface of the solid.  The common model 

based on geometry aspect is the shrinking core model developed by Yagi and Kuni 

[36]. They developed the specific basic characteristic and mass equations by including 

both the mass transfer resistance effect for the boundary film layer and the ash layer of 

a single carbon particle during combustion.  Wen [37] has further generalised the 

equations so that the model could be applied for a wider situation where both 

heterogeneous and homogenous reactions with phase change of reactants could be 

represented.  Wen has also introduced the effectiveness factor for solid-gas reaction to 

better examine the mass diffusion effect. The effectiveness factor employed for a solid-

gas reaction for the maximum obtainable reaction rate is based on the concentration and 

temperature in the bulk fluid phase; while the common effectiveness factor for a 

catalytic reaction is based on the surface concentration and temperature at the surface of 

the catalyst [38]. 
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For a compact pellet of non-porous grains, grain model or particle-pellet model 

developed by Szekely and Evans [39,40] was employed for the reduction of nickel 

oxides compact by hydrogen.  Reaction starts at the surface of each grain according to 

the shrinking unreacted core model with a sharp interface between the product layer 

and the unreacted core.  The governing diffusion equation requires the reaction rate 

expression to be established based on both the radius of the reacting grain and the 

global dimension of an idealised grain stacking structure. This presents some 

limitations in using the model practically where an idealised structure is not suitable.  

Thus, over the years, many modified grain models were developed but all are 

extensions of the structural models to cater for structure changes such as grain with 

various sizes and with changing surface area during reaction [35,41-43].  

 

(ii) Porous solid reaction 

A solid is considered porous if it consists of adequate voidage for fluid to flow freely 

within the body.  If the solid reactant is uniformly distributed, then the reaction between 

the solid and fluid phases could be considered homogeneous. Thus, the reactions could 

be represented by a homogeneous volume reaction model [37] even though the reaction 

in nature is heterogeneous.  

 

To describe the pore structure in the porous solid, Petersen [44] developed a pore model 

by assuming the pore structure as long cylindrical rods with random intersections.  The 

reaction is assumed to take place at the pore wall with a continuous enlarging pore size.  

For model formulation, an idealized network of uniform cylindrical pore structure has 

to be assumed.  The relationship between the reacting surface area and the radius of the 

pore has to be known.  The limitations are that the pore structure assumed may not have 
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a good resemblance of the physical structure, and that there is no product layer formed 

during reaction.  Pore coalescence observed in most of the porous solid reaction 

systems is also not included. 

 

Bhatia and Perlmutter [45,46], utilised Avrami’s theory [47] of growth in crystal 

aggregates, derived a random overlapping reacting surface as the basis for their random 

pore model.  The initial structural parameters of pore volume, surface area and pore 

length were identified to be adequate for the characterisation of any porous sample of 

arbitrary pore size distribution.  The formulation for the reacting surface was only 

based on the initial structural parameters for the reaction to be implemented in the grain 

model.  The structure parameters could be physically measured using available 

techniques such as mercury porosimeter for pore size distribution and gas adsorption 

for surface area.  The idealized pore structure of a uniform cylindrical pore with shape 

factor in Peterson’s model is thus avoided in the random pore model.  However, the 

measurements required are sometime quite challenging especially for carbon 

measurement with N2 gas adsorption.  One has to be aware also of the difficulties 

caused by activated diffusion [48,49].  

 

Percolation and fragmentation model considers the collapse of a porous structure at a 

certain local critical porosity [50,51].  At higher reaction rate of char gasification with a 

diffusion gradient, peripheral fragmentation could occur at very early conversion 

resulting in a faster conversion rate due to the smaller particle size from fragmentation.  

This was reported experimentally and by simulation [52,53].  The critical porosity or 

percolation threshold was determined by indirect electrical resistivity measurements 

and further confirmed by physical observations [53].  It is important as it relates to the 
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commencement of the fragmentation and affects the overall conversion. However, its 

determination is not easy and direct. 

 

In contrast to the generally well developed common nonporous gas-solid system in 

heterogeneous catalytic reaction, porous solid system involved complex inter- and 

intra-particle diffusions which are dependent on the particle stacking and pore structure.  

For a porous body consisting of an agglomeration of nonporous fine particles, non-

porous solid-gas system could still be applied with inter-particle diffusion resistance as 

the major external mass transfer resistance. 

 

Specifically for the carbon tape employed in this study, the carbon particles within the 

tape are uniformly distributed due to the nature of the tape casting method. The reacting 

interface of the carbon porous tape could be distinct or sharp if the reaction rate is high. 

It is approaching the nonporous solid reaction mechanism even if the sample is porous. 

In contrast, when the reaction rate is relatively low, the whole sample will be subjected 

to near constant gas reactant concentration, and the reaction will occur throughout the 

sample.  Under this circumstance, the carbon burn-off process could be appropriately 

modelled as a homogenous volume reaction [56].  The overall size of the carbon layer 

could be changing or remaining constant dependent on the reaction zones [54, 55].   

 

(iii) Catalytic carbon reaction 

The burn-off of carbon or carbonaceous materials under an oxidization environment 

could be catalysed by many metals or its associates such as oxides and carbonates [57].  

Any metal oxides that could be potentially reduced by carbon to its metallic state are a 

likely catalyst for carbon gasification [58]. The rate of reactivity by an alkali metal 



32 

 

carbonate such as Cs2CO3 has been reported to increase the reaction rate by a factor of 

thousand times. For metal oxides, PbO is the most active catalyst [59].  

 

Instead of accelerating the reaction rate, some metallic oxides can retard carbon burn 

off.  Some forms of aluminium phosphate has been reported to be a good inhibitor of 

graphite oxidation by a phenomenon known as active site poisoning or phosphorus 

scavenging [60]. This is in fact one of the techniques used to protect graphite from 

oxidation in a high temperature, oxidising environment.   

 

The contact interface of the catalyst for carbon burn off has a significant contribution to 

the rate of reactivity. For embedded carbon in LTCC which is a compact composite of 

different metallic oxides, the effect of catalytic reaction, although has never been 

reported or investigated, could not be assumed to be insignificant. Extensive 

mathematical analysis for such a solid-catalysed gas-solid reaction was not available 

[61].  However, a simple single pore model with consistent close contact between the 

catalyst and the carbon interface was analysed by Lee [62] using the effectiveness 

factor of Thiele modulus.  Guzman and Wolf [63] had also ascertained the need for 

uniform solid catalyst distribution for effective reaction conversion.  In general, a more 

complete and rigorous modelling along with systematic experiments are required for 

carbon burn off in LTCC.  Instead of formulating a new model of specific solid-

catalysed gas-solid reaction for LTCC, an efficient and effective approach is to 

establish a model based on the gas-solid reaction with rate parameters determined 

experimentally for LTCC catalytic effect for carbon burn off. 
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(iv) Carbon reaction rate 

Reaction rate measurements for gas-solid reactions were usually conducted with 

various techniques such as fixed/fluidized packed bed, entrained flow methods and 

thermogravimetry analyser (TGA) [64-67].  Packed bed is suitable for a wide range of 

particle sizes and is operated in either differential or integral mode for elementary 

kinetic mechanism analysis.  With plug flow or stirred reactor setup, the error could be 

greatly reduced.  To assure the kinetic data, the residue and product species could be 

monitored and analysed at the exhaust port by infrared absorption and gas 

chromatography equivalent technique.  Entrained flow reactor or drop-tube furnace 

injects a stream of particles/gas to a preheated gas flow stream or directly to the tube 

furnace. The solid sample and gases are then sampled downstream for kinetic analysis.    

 

With the advancement of thermal analytical tool, TGA is gaining popularity because of 

its ease of set up, small sample size and precise temperature control [67-70].  Advanced 

temperature control software is also available such as modulated TGA offered by TA 

Instruments.  The weight is continuous monitored throughout the course of testing at a 

relatively low pressure or vacuum environment.  The achievable resolution of the 

weight measurement is in the µg range.  With precise measurements either in 

isothermal/non-isothermal mode or a user’s defined temperature profile, reaction rate 

corresponding to the weight change can be obtained for the determination of kinetic 

parameters. TGA is also suitable for evaluating gasification processes where only 

gaseous products are generated.  However for both TGA and entrained flow methods, 

only apparent kinetic parameters will be obtained by the kinetic analysis. The actual 

temperature and the mass diffusion resistance experienced by the sample have to be 

carefully evaluated for kinetic analysis. 
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Literature reveals a wide spectrum of rate parameters determined experimentally for the 

carbonaceous materials.  The values of the parameters reported in the literature are very 

much dependent on the chemical structure of the carbon, the testing environment, the 

equipment used for the experiments and the type of computation analysis used for the 

kinetic analysis [64,71,72].  There is no established kinetic analysis specifically for the 

embedded carbon tape.  Both for ease of use, flexibility and accuracy, the commonly 

used TGA method will be suitable and adequate for the analysis of the LTCC carbon 

burn off process. 

 

In kinetic analysis, another essential aspect is the rate expression model to best describe 

the chemical reaction.  Generally, for a simple irreversible reaction, power rate model 

with a specific reaction order could be applied [64, 73].   For a large variation in 

concentration of both reactants and products over a particle, Langmuir-Hinshelwood 

model focused on the elementary processes of chemisorptions and desorptions of 

surface mechanisms could be considered [35]. This is necessary when the precise rate 

data are to be estimated if extrapolation is required for a wider operation range.  

However, the elementary processes for the reaction process have to be well understood 

and the rate equation becomes complex when multicomponent gas species are involved.  

 

2.6.2 LTCC Sintering Model 

LTCC involves liquid phase sintering (LPS) in general.  It is different from the 

traditional solid-state sintering as in LTCC a low temperature glass based system acted 

as a liquid phase for sintering [2].  This liquid phase helps to achieve densification at a 

lower temperature and at a reduced time.  The liquid phase also helps to produce a 

denser sample after sintering.  The sintering mechanism could be complicated by 
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reactive sintering and crystallization when the glass components start to react with the 

ceramic particles to develop crystallized phases.  For glass-ceramics LTCC system, 

sintering is always coupled with crystallization [74].  Furthermore, additives are 

generally included to promote infiltration and wetting of glass for a ceramic filled glass 

matrix.  

 

Conventional LPS was generally described by a three-stage model [75,76] and a pore 

filling model [77].  Three-stage model considers no grain growth in the densification. 

Pore closure is by contact flattening and final solid-state sintering.  Contact flattening is 

a mass transfer process at the contact interface between grains by either diffusion or 

interfacial reaction.   The material is transferred to the surface of the neck through a 

liquid film when the particles are fully wetted by the liquid phase to minimize the 

surface energy.  The densification continues over time with persistent reduction in pore 

size and grain shape change as long as the pores are present in the compact [78].  

However, such a sintering phenomenon was not observed in real sintering.  The 

densification rate predicted by this model is far slower than the real physical LPS 

system. At most, contact-flattening could only apply in the early stage of LPS for some 

specific systems with an initial dihedral angle of 0° between the particles and with low 

liquid phase volume.  

  

Lee and Kang [77] developed a more realistic LPS model which focuses on liquid flow 

phenomena through series of experiments and observations.  The sintering stages 

involved in the model are liquid coagulation, liquid redistribution and liquid pore 

filling.  The major difference from the classical three-stage model is the instantaneous 

pore filling driven by differential pressure at the pore and solid surface due to the 
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continuous grain growth.  However, it was very much developed based on a simple 

binary metal system.   Glass based system such as LTCC, the sintering mechanism has 

not been extensively analysed.  Most of the available literature was focused on 

development of new and novel material systems.  

  

For LTCC, two general material systems were developed, namely ceramic filled glass 

composite and crystallisable/recrystallisable glass-ceramics system with no ceramics 

filler [1].  Ewsuk [79] proposed a combination of three-stage classic and pore fill model 

with a last stage of viscous flow for ceramic particle filled glass system.  LTCC with 

crystallisable glass-ceramics should also behave as a viscous flow dominant sintering 

system.  Thus in general, LTCC is considered a LPS system with viscous flow as a 

major driving force for densification [80]. 

 

Heraus HL2000 LTCC [15], the system selected for the present study, has a unique 3-

layer structure. The top and bottom layers are a glass/ceramics LTCC system, with the 

centre layer a refractory constrained layer.  It is a reactive alkaline-silicate glass 

ceramic composite system. Borosilicate glass reacts with alumina and titania fillers as a 

modifier [81] to form a stable crystalline phase. This will result in a low dielectric 

constant and improved mechanical properties.  As the viscosity decreases during 

sintering, the glass phase starts to wet and react with the alumina fillers. At the same 

time, the glass phase infiltrates the refractory constrained ceramic layer assisted by the 

wetting agent.  With this constrained layer, this tape system is able to achieve near 

zero-shrinkage in both the X and Y directions but it suffers a high shrinkage in the 

thickness direction.  
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For LPS involving complex low temperature glass system as a flux agent with ceramic 

component, the mechanism could be complicated. To derive a theoretical model will be 

rather challenging. Alternatively, a practical approach of determining the sintering 

kinetics may be adopted.  Sintering master curve [82] was developed based on a 

combined-stage sintering model [83] for predicting the sintering density under any 

arbitrary firing profile.  Combined-stage model allows the conventional three-stage 

model to be used in sintering modelling from the beginning to the end of sintering by 

considering the scale and geometry parameters.  The master sintering curve could be 

generated along with the density data obtained from linear shrinkage measurements 

under different heating profiles and temperature-time integral with a known or 

predicted activation energy.  However this approach is applicable for a single diffusion 

mechanism of solid-state sintering.  The microstructure and the scaling parameters are 

assumed to be functions of density only. 

 

Mohanram et al [84] proposed a variant of master sintering curve based on the 

measurements of uniaxial viscosity of LTCC where viscous sintering is the dominant 

mechanism. The obtained activation energies for the commercial LTCC systems are 

comparable with those values obtained based on the sintering master curves.  However, 

a sintering viscosity model complete with contribution from the competing effects of 

crystallisation will still require a knowledge of the loading of filler particle and 

shrinkage anisotropy. 

   

Among the practical approaches, thermokinetic model using solid-state reaction models 

to describe the sintering process has been reported [85,86].  It is based on a chemical 

reaction kinetic computational analysis for a thermally stimulated process.  The rate 
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data were extracted from the dilatometry or TMA.  It is a computation method allowing 

the kinetic parameters to be obtained for subsequent predictions without having to 

delve into the details of the actual mechanism.   

 

Due to the complexity of LTCC, a practical approach using the thermokinetic model 

will be a promising approach.  It reduces the uncertainty of using a classical model that 

has to be tailored to the specific material system.  The classical model always required 

rigorous systematic experimental and mathematical analyses and formulation in order 

to cater for the various operational variables such as grain size, compaction between 

cast sheet, environments, etc.  In many situations, this approach is rather impractical to 

be realised. 

 

2.6.3 Porous Medium Model 

Representative elemental volume (REV) approach involves the integration of 

conservation equations over the REV. REV is the smallest differential volume 

providing statistically meaningful local average properties. It leads to a more rigorous 

treatment of transport problems associated with a porous medium.  The conservation 

equations have to be structured as volume average variables using various averaging 

theorems [88-90] seeking for a solution based on the definition of intrinsic phase 

volume average.  Intrinsic phase volume average is the phase variable volume integral 

function over the phase volume instead of the averaging volume.  This intrinsic phase 

volume variable corresponds better to the measured value.  Although averaging method 

provides a more rigorous solution, the closure of conservation equations for a specific 

process are always not available without much simplification with assumptions [91]. 

This is due to the complexity of the inter-pore and intra-pore fluid dynamic interaction.  
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There are also impending issues on the precise physical meaning of the volume average 

variables.  For example, the volume averaged temperature has no precise meaning in 

the thermodynamic point of view but was shown to be significant in non-isothermal 

applications [92].  It was also shown in the literature that there are deficiencies in the 

application of Darcy’s pressure for two-phase flow [93]. The difference in distance 

between the centroids of phases and the averaging volume due to pore gradient 

subjected to multiple phase flow would require a redefinition of the classical intrinsic 

phase volume average. As such, different average operator such as centroid-corrected 

phase averaging has to be employed.  

 

Most recently, Gary and Miller [94-96] explored having a consistent macroscale model 

for a porous medium based on the thermodynamically constrained averaging theory 

approach.  This framework based on entropy inequality will have no ambiguity about 

the definition of the phase quantity at a larger scale for the system of interest.  This 

approach should be applicable in general across a continuum of different scales.  

Although it has been demonstrated mathematically, it is still in a developmental stage 

and its practical implementation is yet to be tested. 

 

A straight forward formulation is to use a continuum piece-wise approach, and with 

consideration of the effects of porosity for the reduced cross-sectional flow area and the 

tortuosity factor for the increased diffusion length due to the tortuous paths of a 

physical porous solid structure. Effective values representing the contributions from the 

different phases using the rule of mixture will be employed for properties such as 

diffusivity, thermal conductivity, and heat capacity. This similar approach has been 

demonstrated in many other investigations with reasonable good results [87].   The 
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apparent shortcomings are a loss of detailed microscopic configuration of the phase to 

phase boundaries and the quantity variations within phases.  Using this approach, the 

results obtained are very much a local average similar to the superficial phase volume 

in the REV approach. From a practical perspective, this approach is deemed to have the 

potential to provide sufficient accuracy and details. 

 

2.6.4 Multicomponent Model 

Since a carbon burn-off process is conducted in air (a gas mixture), the multicomponent 

effect has to be considered.   Maxwell-Stefan (MS) equation is commonly used when 

mass transfer involves a concentrated solution or a gas mixture with concentrations of 

species of the same order of magnitude.  At this condition, all species are expected to 

interact with each other and itself. Curtiss and Bird [97,98] have derived the MS 

equation based on entropy balance equation.  The system is assumed to be in 

thermodynamical equilibrium so that the set of equilibrium equations could be applied 

locally within the system for mathematical manipulations and simplifications.  A set of 

unique expressions were derived to express mass flux as a linear combination of 

concentration gradients that could be incorporated in the convection and diffusion 

equations.  This approach could easily be implemented numerically.  

 

When the species of the gas mixture have nearly equal binary diffusion coefficients 

such as the O2-N2-CO system applicable to the present investigation, the interactions of 

species are very minimal; the effective diffusivity approach would be appropriate [99]. 

The effective diffusivity approach which formulates the multicomponent mass diffusion 

equations with a simple binary Fick’s diffusivity, greatly reduces the mathematical 

complexity. However, this Fick’s diffusivity is referring to a pseudo binary diffusivity 
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of a species in the gas mixture.  The expression for the effective diffusivity could be 

referred to the formulation derived by Wilke [100] for the viscosity equation for a gas 

mixture.  This approach is also applicable for practical applications where one of the 

components is in large excess in a dilute mixture. 

 

2.7 Concluding Remarks  

Various LTCC embedded structuring technique was reviewed.  The most promising 

method is by employing fugitive carbon to support the structure both in lamination and 

sintering stages.  Carbon leaves virtually no residue and is the ultimate requirement for 

practical use especially in high performance electronic applications.   

 

A specific embedded carbon burn-off model in LTCC was not available. A promising 

approach is to build the process model upon the convection and diffusion equations 

with the respective models of carbon burn-off and LTCC sintering containing the 

reaction terms.  The functional variables are related by physical constitutive equations 

or empirical relationships.  After reviewing the various models, it appears to be feasible 

to have a LTCC carbon burn-off model based on a volume reaction model with a power 

rate model for carbon burn-off.  The significance of catalytic reaction in carbon burn-

off should not be ignored and has to be investigated.  While for LTCC sintering model, 

a practical approach of using thermokinetic solid-state model will be a promising 

approach. All kinetic parameters could be determined physically in a relatively simple 

manner by employing thermal analysis tools of TGA and TMA.   
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Chapter 3  

EXPERIMENTAL KINETICS ANALYSIS 

 

For the need of process modelling, the kinetic parameters for carbon burn-off and 

LTCC sintering are essential.  The kinetic parameters will be experimentally 

determined by thermal analytical tools and analysis. 

 

Carbon could exist in many forms. However, for this investigation, a commercial 

carbon black tape cast in sheet form was used as it is compatible to the LTCC tapes 

investigated. The carbon black contained in the tape is amorphous, isotropic, nano-

sized carbon near spherical grain. It is cast and blended with binder and plasticizer with 

a special mixing method for a homogeneous well dispersed carbon tape. The carbon 

black was purified by cycles of thermal treatments to ensure complete residue free after 

burn-off.  Under microscopic examination, see Figure 3-1, it appears as spherical 

conglomerates of small carbon grains.  The mean carbon particle size is approximately 

762 nm by light scattering technique (Zetasizer Nano ZS).  

  

 

Figure 3-1 Carbon tape (after debinding) at high magnification with mean particle size 
of 748 nm using light scattering technique. 

0

5

10

15

20

25

250 450 650 850 1050 1250 1450 1650

Particle Size (nm)

In
te

n
s
it

y
 (

%
)



43 

 

Carbon burn-off reaction is chemically simple. It has simple chemical equations when 

carbon reacts with O2.  However, the reaction mechanism becomes complex when it 

reacts at different temperature range as reported by Walker et al [55].  Carbon burn-off 

reaction rate changes with temperature and could be classified into three temperature 

zones.  At the low temperature zone (Zone I), the burn-off is controlled by chemical 

reactivity of the carbon. The reaction is relatively slow and the reactant gas supply is 

always sufficient. The reaction is taking place throughout the volume of the sample and 

the concentration of the reactant is relatively constant throughout the reaction process. 

The product is always CO2 when reacted with O2.  This is the ideal zone where intrinsic 

kinetic parameters of carbon burn-off should be determined.   At the high temperature 

zone (Zone III), it is surface reaction controlled. The reaction is so fast that all the 

reactions occur at the surface and all the reactants are consumed at the surface. The 

product gases in this range will be dominated by CO when carbon reacts with O2.  At 

the intermediate temperature zone (Zone II), it is the diffusion and chemical controlled 

competitive reaction. Carbon burn-off rate could also be structurally affected 

particularly by the pore structure.  The burn-off rate increases due the increase in pore 

surface area resulted from initial pore generation. The burn-off rate reduces after 

reaching the maxima by subsequent pore coalescing [45, 46]. 

 

Catalytic activities by most metals, metal oxides and salts were reported to significantly 

affect the reaction rate of carbon burn-off [64].  Some mineral oxides such as PbO, 

Cu2O, Fe2O3 are strong active catalysts, while phosphorus-containing compounds such 

as Al2O3.P2O5 appears to be inhibitors for carbon burn-off [57-60].  The reaction 

mechanisms and its interactions with the vast variety of carbon structure are complex. 
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In addition, the reaction mechanism changes with reaction temperature and is further 

complicated by mass and pore diffusions during burn-off.  

 

Indeed, an appropriate model which is sufficiently descriptive for this application of 

embedded carbon in LTCC is yet to be developed.  Before arriving at a simple, but 

sufficiently accurate model, a representative burn-off process has to be first 

characterised.  Over the years, researchers had attempted to use simple and quick 

techniques to characterise carbon combustion or burn-off process.  One recent method 

is to use thermoanalytical method, in particular the Thermogravimetric Analysis 

(TGA).   TGA had been employed for the kinetic study of carbon related materials 

especially in coal and coke [69, 101] in an effort to improve process control in carbon 

gasification and coal burning processes.  Thermogravimetric analyser allows ease of 

operation and fast results generation.  In addition, it has the added advantage that it 

requires only a minimum sample size typically in the range of mg. Accurate change of 

mass (resolution of 0.1 µg) as a function of temperature and time could be measured. 

Thus TGA is particularly useful for the analysis of mass change for thermally 

stimulated materials for studies of their evaporation, decomposition or interaction with 

a gaseous environment in a controlled manner.  In this study, TGA will be utilized to 

determine the apparent kinetic parameters for carbon burn-off.  

 

To model adequately the burn-off process of embedded carbon structure in LTCC, a 

good understanding of the LTCC sintering kinetics is also essential.  The determination 

of its kinetic parameters, such as the common known kinetics triplets i.e. model 

function, activation energy & reaction rate constant, is necessary.  LTCC sintering 

differs from the convectional solid state diffusion sintering. It involves liquid phase 
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sintering (LPS) to achieve densification at a relatively low temperature. This relatively 

low temperature sintering (achieved typically at 1073 – 1123 K) allows low loss 

conductive metals to be co-fired with the LTCC substrate.  

 

LTCC is essentially designed for high performance electronic substrate as an alternative 

to HTCC system.  One of the common metals used in LTCC is Ag which has a melting 

point of just about 1223 K.  The others are Au, Cu & Pd.  The commercially available 

LTCCs are generally glass ceramic composites consist of high temperature ceramic 

oxide such as Al2O3 and pristine or crystallized glass system to allow relatively low 

temperature firing at about 1123 K. The ceramic glass system used is specially 

formulated for high frequency requirements such as low loss dielectric, high thermal 

conductivity, and thermal expansion coefficient matching that of Si [1].  

 

The sintering mechanism for LTCC is fairly complex; it may not conform to all the 

three classic stages associated with LPS model proposed by Kingery [75].   

Furthermore, the three-stage classic model and theory could not adequately describe the 

fast densification rate associated with LPS system by contact-flattening and solid state 

sintering without grain growth.  Lee and Kang [77] developed pore filling model based 

on series of experimental observations.  It is a three stages sintering but based on the 

flow of liquid as liquid coagulation, redistribution and pore filling as the final stage of 

densification.  It is more realistic than the three-stage model as the larger pore size is 

densified by instantaneous pore filling with grain growth. 

 

Due to the LTCC high glass content of 40 - 80 vol. %, densification could possibly be 

achieved at the very initial stage when the matrix undergoing rearrangement where the 
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glass starts to flow [15,75].  The densification takes place as viscous flow sintering of 

glass as observed by Kemethmuller et at [80]. Viscous flow is the dominant driving 

force for LTCC sintering even though there is no wetting between the glass and the 

filler materials.  As such, the process is very much dependent on the viscosity of the 

glass matrix during sintering. It becomes complicated when accompanied by glass 

associated crystallisation as crystallisation increases viscosity significantly.   

 

In this study, Heraeus HL2000 LTCC system was specifically selected because of its 

unique construction.  It is a self-constrained LTCC tape system [15,114]. It offers 

almost zero shrinkage in both the X & Y directions of less than 0.2 %. It is essentially a 

3-layers LTCC tape structure produced by wet on wet special tape casting process with 

an inner high temperature ceramic constraint layer for achieving very low shrinkage for 

the top and bottom LTCC layers.  The outer top and bottom layers have a LTCC 

composition of crystalline glass ceramics composite.    

 

The sintering mechanism of Heraeus HL2000 LTCC system is as complex as most of 

the liquid phase sintering with densification occurred by viscous flow. Further 

complication is introduced by the existence of the constrained layer. During sintering, 

the glass powder coalescences and melt infiltrates within the composite matrix but wet 

over the constrained layer to achieve self-constrained zero shrinkage. To understand 

fully the kinetics of LTCC sintering, important factors for glass viscous sintering, such 

as sintering viscosity, surface tension and particle size, have to be determined. The 

interfacial mismatch stress building up during constrained sintering resulted from the 

wetting of low temperature glass between the LTCC and constrained layer [115-118] is 

also required.   
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The values of some of these sintering parameters may not be available and difficult to 

be measured experimentally and accurately.  For a simple but practical approach, 

thermal analytical method was adopted in this investigation to estimate the required 

sintering kinetic properties from a solid state first order reaction model with respect to 

the degree of shrinkage. The linear shrinkage obtained from the thermal analytical 

method is assumed to be of sufficient accuracy to describe the densification process and 

no additional densification occurred after the end of shrinkage.  

 

Among the thermal analytical methods, high temperature dilatometry has been 

commonly used not only for the quantitative evaluation of sintering kinetics but also for 

an in-depth study of sintering behaviour for mineral reaction, structural variation of raw 

materials, plasticizers and binding materials for ceramic processing [85,119]. In 

particular, dynamic dilatometry has been demonstrated for the study of densification 

behaviour of reactive bonded LTCC material [120,121]. Sintering kinetics is generally 

derived from the shrinkage curve under some heating programmes from the 

dilatometer.   

 

In this investigation, instead of using dilatometer, thermal mechanical analyser (TMA) 

was employed. TMA measures the change in length of the sample with temperature and 

time as the dilatometer.  It usually has a lower operating temperature range (< 1273 K) 

and short stroke length [122].  As the sintering temperature of the LTCC studied in this 

investigation is less than 1123 K and the sample thickness is in the range of 1 to 5 mm, 

TMA is thus well suited for sintering shrinkage evaluation for LTCC densification.  If 

the LTCC shrinkage kinetics is assumed to be fully aligned with the sintering kinetics, a 

simple TMA curve will be able to characterise the sintering kinetics.   
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3.1 Formulation of Rate Equations 

3.1.1 Carbon Burn-off Kinetics 

Carbon burnout in air could be described in a major single step irreversible chemical 

equation with two main primary products of CO2 and CO [55,102,103], 

 

�� S �05 TUV ��Q S ��Q5        (3.1) 

 

The stoichiometric coefficients could be expressed in term of F, the product ratio of 

CO/CO2, 

 

� W 5XY5XY5 , � W 1, � W 5XXY5 , � W 5XY5      (3.2) 

 

Based on Togoni’s [104] experimental investigations, F (= CO/CO2) obeys an 

exponential relationship and is dependent on the temperature and O2 gas pressure at 

which it is burning off, 

 

 F W [.\,;�6�]� �⁄ �_`        (3.3) 

 

Where, 

 . W 0.02 � bc� d �e��.5        (3.4) 

 

The possible gasification of carbon by CO2 at which the reaction rate is far slower than 

the reaction by O2 is neglected in the above equations. For the gas phase oxidation of 
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CO, which is happening mostly at the higher temperature (> 1273 K) is beyond the 

temperature range of this investigation [55,104], will also not be considered.  

 

As carbon burn-off with a net transfer of solid carbon is most conveniently be 

expressed in mass unit, the carbon reaction rate in mass concentration will be expressed 

in mass fraction instead of the usual molar concentration for most of the chemical 

reactions.  The reaction rate equation based on the reaction rate of O2 was expressed as 

a first order reaction i.e. reaction order equals to 1 [60,64], 

 

>? W >H� W ��L�+H�        (3.5) 

 

Where ��  is the reaction rate constant for carbon reaction, L�is the density of the total 

gas phase, +H�is the mass fraction of O2 

 

Indeed, researchers had attempted to determine the reaction order for carbon oxidation 

reaction. However, accurate determination has been difficult and the reaction order 

determined ranged from 0 to 1 depending on experimental conditions [64]. To 

complicate the matter, it might involve not only a single but multi-step reaction.  

Nonetheless, a first order reaction assumption has been widely used for the burn off 

reaction. From a practical application consideration, it is simple and easy to apply in 

complex multicomponent coupling system where coupling with diffusion and 

convection together with heat transfer equations is required.     

 

With the relationship of reaction rates for each component [105] written as, 
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`Tc� W `Tfg W Tfc� W Tfc�(        (3.6)  

 

The reaction rate of carbon based on concentration of O2 can be expressed as,  

 

>� W h�>H� W h���L�+H�       (3.7) 

 

And ρg could relate to the equation of state as,  

 

L� W bijiT�           (3.8) 

 

Where <�is the total gas pressure, :�is the molecular mass of the total gas phase, R is 

the universal gas constant. 

 

Employing TGA for the kinetic analysis of carbon burn-off, the observed TGA rate 

equation of mass change with time could be expressed as [73], 

 

(�k(N W Tklkm��          (3.9) 

 

Where �� is the instantaneous mass of carbon during burn-off, >� is the reaction rate of 

carbon, L�M is the bulk density of the carbon  
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Substituting equation (3.7) into equation (3.9), one obtains, 

 

(�k(N W h� �klkm L�+H��� W h���!L�+H���     (3.10) 

 

Where ��! is the apparent reaction rate constant. 

 

By assuming the apparent reaction rate constant obeying Arrhenius relationship,  

 

��! W .�!\,;`nkop         (3.11) 

 

Where .�!  is the apparent pre-exponential factor, 3�is the activation energy for the 

carbon burn-off. 

 

The apparent rate constant ��! can be determined from the average carbon mass loss rate 

obtained experimentally from the TGA curve by rearranging equation (3.10), 

 

��! W �qrkqs �tUuvtiu`gliwc���k�sxy         (3.12) 

 

One way to determine these kinetic parameters is to conduct isothermal TGA 

experiments at a set of specific isothermal temperatures.  The mass loss rate could be 

approximated by the average mass loss rate from the start to end of reaction, with the 

total mass loss registered at total carbon burn-off,  

 

�(�k(N �g?��g�� W �/Ng0 Mz�{`/77 �g���/Ng0 Mz�{`/77 N���        (3.13) 
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After determining the reaction rate constant at each isothermal temperature, and by 

taking logarithm on both sides of equation (3.11), the well known Arrhenius plot of 

ln ���!� versus 1/Tiso is obtained, 

 

ln ���!� W ln �.�!� h ~kT����        (3.14) 

 

The Arrhenius plot will appear as a straight line as described by equation (3.14) if there 

is no significant mass transfer effect from the sample [73].  The apparent kinetic 

parameters, particularly for the embedded carbon burn-off process, which is Ec and .�!  , 

could then be calculated from the values of the slope and intercept of this linear plot.  

 

Alternatively, the kinetic parameters can be obtained from multiple non-isothermal 

TGA experiments using isoconversion methods [106-111].  Variable kinetic parameters 

over the course of burn-off will be obtained instead, i.e. the activation energy and pre-

exponential factor will vary with the degree of carbon burn-off.  

 

Assuming that there is no residue left after burn-off, the degree of conversion for 

carbon burn-off can be written as, 

 

A� W �ky`�k�ky W 1 h �k�ky       (3.15) 

 

Where mc0 is the initial mass of carbon before burn-off or at t=0 

 

By taking time derivative of equation (3.15), the rate of conversion for carbon burn-off 

can be expressed as the rate of carbon mass loss, 
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��� (�k(N W h (�k(N         (3.16) 

 

By substituting equation (3.10) into equation (3.16),  

 

��� (�k(N W ���!L�+H���       (3.17) 

 

By expressing mc in term of conversion according to equation (3.15), the rate of 

conversion of carbon burn-off could be expressed as, 

 

(�k(N W ���!L�+H��1 h A��        (3.18) 

 

For experiments conducted at a constant heating rate, the instantaneous temperature 

could be expressed as, 

 

@ W @� S B�          (3.19) 

 

Where B is the constant heating rate, To is the initial temperature. 

Taking time derivative, one obtains, 

 

(�(N W B          (3.20) 

 

By employing equation (3.8), (3.11) and (3.20), equation (3.18) becomes, 

 

��g� `�k� (�k(� W �k!bijiwc�T \,;`nkop       (3.21) 
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By taking logarithms on both sides of equation (3.21), it yields a linear equation that 

allows the determination of the isoconversion kinetic parameters, 

 

�& � ��g� `�� (�k(� � W �& ��k!bijiwc�T � h ~kT�      (3.22) 

 

Plot of ln � ��g� `�k� (�k(N � vs  
 �  will provide the gradient for the activation energy and the 

intercept for .�!  after curve fitting with a straight line at each conversion level of carbon 

burn-off from multiple constant heating rates TGA experiments. 

 

It should be also noted that in the approach here, a first order reaction model for carbon 

burn-off has been assumed which allows also the determination of the pre-exponential 

factor. A unique set of kinetic parameters is expected for each conversion level, with 

the activation energy and pre-exponential factor varying with the carbon burn-off.   

 

3.1.2 LTCC Sintering Kinetics 

Using thermokinetics approach [85,86], the general sintering kinetic of LTCC could be 

expressed as a pseudo solid state reaction as, 

 

(��(N W ����A��         (3.23) 

 

where ��A�� is the reaction model function, A� is the fractional shrinkage related to 

sintering and �� is the reaction rate constant. �� can be written as :  

 

�� W .� \,; �h ~�T��         (3.24) 
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Equation (4.2) is commonly referred as the Arrhenius rate equation, where AL, EL and R 

are respectively the pre-exponential factor, the activation energy and the universal gas 

constant.  

 

A simple first order reaction model (explicit model) was adopted [85]. It is directly 

related to the shrinkage of LTCC. The number of layers of LTCC structure was 

assumed to have no bearing on the model constructed.  It is further assumed that there 

is no chemical reaction with gas species. 

 

��A�� W �1 h A��        (3.25) 

 

HL2000 [15] used for the study is fully self-constrained in both X-Y directions; the 

only shrinkage is in Z (thickness) direction.  The linear shrinkage measurement in Z 

direction could therefore be used directly as the sintering shrinkage.  The linear 

shrinkage which derived from TMA with respect to length change is normalized as the 

fractional shrinkage as,  

 

A� W �y`��y`��          (3.26) 

 

(��(� W h  ��y`��� (�(�         (3.27) 

 

where L, Lo,  and Lf are respectively the instantaneous sample length during sintering, 

initial sample length before sintering, and the sample length at completion of the 

sintering. 
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(�(� is the derivative of TMA curve with respect to temperature and it could be obtained 

from the experimental TMA curve. 

 

For experiments conducted at a constant heating rate, the instantaneous temperature 

could be expressed as, 

 

@ W @� S B�          (3.28) 

 

Where B is the constant heating rate, To is the initial temperature. 

Taking time derivative, one obtains, 

 

(�(N W B          (3.29) 

        

With equation (3.24), (3.21) & (3.29), equation (3.23) can now be re-written as, 

 

B �(��(� � W .��1 h A�� exp �h ~�T��       (3.30) 

 

Linearised by taking logarithms on both sides, 

 

�& � � `� (��(� � W ln�.�� h �~�T � � ��       (3.31) 

 

The reaction parameter may be determined from equation (3.31) with a single TMA 

curve for non-isothermal but constant heating rate experiment by plotting  �& � � `� (��(� � 

against � ��. Activation energy EL could be determined from the slope of the fitted 
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straight line i.e.  �~�T �, while ln�.�� is the value of the Y-intercept.  For better statistical 

analysis, multiple heating rate TMA curves were included for the linear regression 

analysis.  Non-isothermal approach is always more appropriate and convenient if the 

process is not highly sensitive to heating rate and the reaction mechanism remains the 

same throughout the course of reaction.  

 

However, for isothermal experiments, the rate equation could also be expressed with 

respect to time as, 

 

�& �   `� (��(N � W ln�.�� h �~�T � � ��       (3.32) 

 

Factors such as glass powder coalescences controlled by the particle size, viscosity 

and surface energy are not considered explicitly in this study.  These factors are indeed the 

important factors that will greatly affect the sintering characteristic especially LTCC 

sintering is dominated by viscous flow.  In this study, simple technique based on sintering 

shrinkage to estimate the complex sintering behaviours on the LTCC sintering has been 

employed.  In fact by measuring sintering shrinkage for viscous flow dominant process, the 

effect of viscosity and other factors mentioned in the question have now been included and 

reflected as a shrinkage parameter, which can be employed directly in the model.  

Furthermore, HL2000 is a self constrained LTCC system, with shrinkage dominated in the 

direction of thickness. Thus by measuring the thickness shrinkage, the sintering behaviours 

could be well characterized.  Indeed, with various advances in material development with 

additives added to improve densification, detailed modelling of sintering is difficult.  

Resorting to use phenomenological model couple with experimental results seems to be a 

viable and practical path, which is adopted in the current investigation. 
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3.2 Experimental 

Sacrificial carbon for the fabrication of embedded LTCC structure normally comes in a 

form of paste or cast tape.  Cast tape could be employed with certain advantages in that 

it is available in various standard thicknesses and is easier to handle. The drawback is 

that it requires careful cutting to the right shape and dimensions.  In contrast, carbon 

paste has to be screen printed and is generally for thin layer application as a lift-off 

sacrificial layer.  Thus, carbon tape is especially suited for large embedded cavity 

applications. To avoid large concentration gradient (reactant and product) caused by 

bulk and pore diffusion across the sample thickness, the thinnest carbon tape available 

commercially from Thickfilm Inc i.e. 0.05 mm (2 mil), was employed.  

 

Due to the size limitation of the TGA sample pan, carbon tape was punched into a ∅6 

mm disc with an average weight of about 2 – 3 mg.  The 2 mil carbon tape was then 

laminated within 2 layers of 0.127mm (5 mil) thick ∅9 mm discs made of HL2000 

LTCC tape, see Figure 3-2.  The lamination was performed using a hot hydrostatic 

laminator at a pressure of 100 kg/cm2 at 343 K for 10 min.  

 

Carbon burn-off rate was well reported to be easily accelerated or retarded by many 

inorganic compounds such as metal oxides [57-60]. They act as a catalyst or inhibitor; a 

small amount will have a significant effect.  As the composition of LTCC tape 

apparently contains metal oxides, they can have a significant effect on the reaction rate 

by just simply laminating the carbon layer with the LTCC layers. To include the LTCC 

discs for the carbon burn-off kinetic analysis is to access and to include the possible 

catalytic effect of carbon burn-off due to its intimate contact with the LTCC layers. 

This will yield more meaningful results. This is because the TGA sample prepared in 
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such a way will be representative to the actual fabrication of LTCC embedded 

structures, although it might differ from the actual size and the layer configuration of 

the structures having more layers of LTCC.   Another aspect is the off-gas analysis of 

TGA for possible evaporation of metal oxides.  LTCC contains a set of metal oxides as 

a glass system, and containing possibly low vapour temperature species. However, 

most metal oxides exist in the form of solid glass compounds.  The glass system is 

formulated and melted into solid glass before crushed into powder and mixed with 

ceramic powder and additives. During sintering, the glass melts and fuses with ceramic 

powder to form a monolithic structure, and evaporation of metal oxides in this 

condition is unlikely.  Literature has also no reported evaporation of metal oxides 

during sintering. Indeed, burn-off of carbon has been extensively reported to be the 

only product gas species of CO & CO2.  The product ratio of CO & CO2 could be 

difference as it depends on the burn-off temperature; this has already been factored in 

the rate equation.  Thus no off-analysis was conducted in this study. 

 

For TGA experiments, a single layer of LTCC is used to minimize the possible external 

mass transfer resistance which will likely shift the burn-off to a competing reaction 

zone of chemical reaction and mass diffusion. This will complicate the kinetic analysis 

for the determination of the intrinsic properties.  In addition, both LTCC and carbon 

tapes contain polymeric binder, additives and solvent. Thus, before conducting the 

TGA experiments, the sample was first debinded in a box furnace for 2 hours at 673 K 

with air preheating blower installed for sufficient air circulation under normal air 

environment. By doing so, it minimizes the interaction of the decomposition of 

polymeric blinder to the subsequent burn-off at a higher temperature, which could then 

complicate the kinetic analysis.  Although it is assumed that the thermal debinding 
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cycle will not adversely affect the subsequent burn-off carbon behaviour, it might have 

some effect on the reaction properties of carbon. As such, the debinding profile was 

selected as the same profile for debinding the LTCC samples in production.   

 

 

Figure 3-2 Embedded carbon sample configuration for TGA experiments. 

 

The experiments were conducted in a TA Instrument model Q500 thermogravimetric 

analyser (Figure 3-3).  The sample was placed in a platinum pan and first heated 

linearly at 20 K/min to the burn-off temperature of interest in an inert environment of 

N2.  After reaching the specific isothermal temperature, the sample gas was switched to 

dry pure air while holding the temperature constant until complete burn-off.  The mass 

flow of pure air was controlled at 80 ml/min throughout the burn-off cycle. The burn-

off temperatures were selected as 823 K, 848 K, 873 K, 898 K, 923 K, 948 K and 973 

K to cover the whole spectrum of the possible burn-off temperatures related to LTCC 

sintering.  However, the LTCC layers were also undergoing sintering during carbon 

burn-off. Thus care has to be taken in selecting the isothermal temperature to avoid 

seriously affecting the burn off rate caused by possible pore elimination of the LTCC 

layer.  The mass loss as a function of time was recorded, with the derivative of mass 

loss with time computed simultaneously.  The derivative was employed for the 

computation of the normalized degree of conversion of burn-off, which was used for 
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the determination of kinetic parameters.  In addition, experiments with linear heating 

rates of 1 K/min, 3 K/min, 5 K/min, 10 K/min & 20 K/min were also conducted to 

provide the necessary data for the determination of the kinetic parameters using non-

isothermal methods for isoconversion kinetic parameter analysis.   

 

For TGA experiments, it is important to have accurate mass balance especially fugitive 

carbon is embedded in the LTCC.  In order to have an accurate mass balance of the 

carbon burn-off gravitational analysis, the same configuration of blank LTCC was 

conducted as the baseline correction in identical experimental conditions.  With the 

baseline of LTCC established, the TGA curve obtained could show just the burn-off of 

carbon.  While for incomplete carbon burn-off, it was determined initially by 

comparing the total carbon burn-off weight to an average sample weight of about 30 

samples after debinding.  The carbon sample was prepared by a same set of die punch 

of ∅6 mm and the carbon was tape cast to have uniform thickness.  Therefore a set of 

sample weights of ∅6 mm carbon tape was weighted after debinding. The average 

weight obtained should be representative to check for incomplete burn-off.  

Furthermore, the sample after TGA was pried open to check for carbon residue by 

subjecting it to another TGA run.  For incomplete burn-off, the analysis of TGA with 

“pried” sample was used for calculation.  
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Figure 3-3 Schematic diagram showing the construction of TGA and the microbalance 
configuration (Extracted from TA Instrument training manual). 

 

LTCC samples for sintering kinetic analysis were prepared from the HL2000, 0.127 

mm (5 mil) thick green tape.  A sample was first cut to size of ∅9 mm disc and stacked 

accordingly to 3, 6 or 9 layer structure.  After hot hydrostatic laminated at 100 kg/m2, 

343 K, the sample was subjected to a debinding cycle at 673 K for 2 hours in a 

debinding furnace fitted with preheated air blower.  This aims to completely drive off 

any solvent and polymer binder from the green tape.  The debinded sample of 3, 6 or 9 

layer structure had a sample height of 0.4 mm, 0.76 mm or 1.2 mm respectively.  A TA 

Q400 TMA was set up with a standard expansion Quartz probe.  The construction of 

the instrument and the standard expansion probe are shown in Figure 3-4.  The sample 

was loaded and a constant loading of 0.05 N was applied to the sample to maintain 

consistent contact between the probe and the sample during testing.  HL2000 is a self-

constrained tape system with very low shrinkage at the X & Y directions. Thus 

measurements were taken at the Z-direction along which there would be shrinkages of 

more than 30 % with respect to the thickness. With this large shrinkage, any 

dimensional change would be recorded with good accuracy.  Plot of length change with 



 

temperature and time was recorded.  Thermal expansion of the sample during heating 

was compensated from the thermal expansion coefficient (CTE) determine

initial expansion of the sample.  The CTE is assumed constant during the sintering 

process. These experiments were conducted to full densification under still air 

environment at different constant heating rates of 1 K/min, 3 K/min, 5 K/min and 1

K/min. The derivative of length change with temperature was also computed.

 

Figure 3-4 Schematic diagram showing construction of TMA and probe configuration 
of a standard expansion quartz probe (Extracted from TA Instrument training manual).

 

3.3 Results and Discussion

3.3.1 Carbon Burn-off Kinetics

The average mass loss rate was determined from the isothermal TGA curves.  An 

example of isothermal TGA plots conducted at 923 K was shown in Figure 3

assuming a linear mass loss rate for the burn

curve can be determined graphically from the TGA curve, which is basically the 

average gradient measured from the starting to the end of burn

method using initial mass loss rate [73], it is much easier. This is because the 
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temperature and time was recorded.  Thermal expansion of the sample during heating 

was compensated from the thermal expansion coefficient (CTE) determine

initial expansion of the sample.  The CTE is assumed constant during the sintering 

process. These experiments were conducted to full densification under still air 

environment at different constant heating rates of 1 K/min, 3 K/min, 5 K/min and 1

K/min. The derivative of length change with temperature was also computed.

4 Schematic diagram showing construction of TMA and probe configuration 
of a standard expansion quartz probe (Extracted from TA Instrument training manual).

ts and Discussion 

off Kinetics 

The average mass loss rate was determined from the isothermal TGA curves.  An 

example of isothermal TGA plots conducted at 923 K was shown in Figure 3

assuming a linear mass loss rate for the burn-off, the estimated average mass loss rate 

be determined graphically from the TGA curve, which is basically the 

average gradient measured from the starting to the end of burn-off.  As compared to the 

method using initial mass loss rate [73], it is much easier. This is because the 

temperature and time was recorded.  Thermal expansion of the sample during heating 

was compensated from the thermal expansion coefficient (CTE) determined from the 

initial expansion of the sample.  The CTE is assumed constant during the sintering 

process. These experiments were conducted to full densification under still air 

environment at different constant heating rates of 1 K/min, 3 K/min, 5 K/min and 10 

K/min. The derivative of length change with temperature was also computed. 

 

4 Schematic diagram showing construction of TMA and probe configuration 
of a standard expansion quartz probe (Extracted from TA Instrument training manual). 

The average mass loss rate was determined from the isothermal TGA curves.  An 

example of isothermal TGA plots conducted at 923 K was shown in Figure 3-5.  By 

off, the estimated average mass loss rate 

be determined graphically from the TGA curve, which is basically the 

off.  As compared to the 

method using initial mass loss rate [73], it is much easier. This is because the 
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identification of the point of the initial mass loss rate from the derivative of a TGA 

curve is difficult especially for carbon burn-off at high temperature.  The initiation of 

burn-off is usually complex and unstable due to its inherent surface and edge defects 

resulted from the sources of the carbon. The burn-off will tend to be stable once the 

initial surface is removed.  

 

The resulted Arrhenius plot of isothermal kinetic analysis is shown in Figure 3-6.  For 

comparison, although the current focus is only on HL2000, the Arrhenius plots for a 

carbon tape, and carbon tapes embedded in other two commercial LTCCs, namely 

Dupont 951 and Ferro A6M LTCC tapes, were also determined.   The results obtained 

indicate clearly that LTCC has effects on the carbon burn-off rate as none of the 

embedded carbon followed closely the carbon tape burn-off plot.  Carbon embedded in 

HL2000 and Dupont951 shows catalytic carbon burn-off while Ferro A6M inhibits the 

carbon burn-off.  The obtained activation energies and reaction rate constants are 

contained in Table 3-1. The effect of catalytic carbon burn-off is due to the intimate 

contact of LTCC and carbon layer.  This close contact is the result of interpenetration 

of particles between the ceramics and carbon layer caused by hot lamination, a 

necessary step in LTCC fabrication.   

 

The quantitative results expressed in standard oxides from X-ray Fluorescence 

Spectrometry analysis (XRF) using Shimadzu Lab Center XRF-1800 for LTCCs are 

shown in Table 3-2. All LTCCs contain several catalysts of reported metal oxides and 

also inhibitors for effective catalytic carbon burn-off [58, 60].  The combination of 

various catalysts resulted distinct burn-off rate for each LTCC system as compared to 

the carbon tape itself.  For Dupont embedded carbon as shown in Figure 3-7, the TGA 
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curves at a constant heating rate of 10 K/min, carbon could completely burn-off at a 

lower temperature i.e. 50 K lower than the normal carbon tape. In contrast, for Ferro 

A6M tape, carbon burn-off was delayed by 55 K. 

   

Hitherto there is no report on the significance of catalytic embedded carbon burn-off 

when interacting with LTCC’s pore closure. Incomplete carbon burn-off may exist 

when pore closure is ahead of complete burn-off at higher sintering temperature ramp 

rate or for thicker LTCC layer.  Further analysis of the Arrhenius plots as shown in 

Figure 3-6 revealed that Dupont and Heraus Tapes deviate from the linear trend at 

about 898 K, indicating strong mass resistance due to the faster burn-off rate where 

carbon burn-off shift the reaction to zone II or III i.e. mass diffusion zone.  However, 

due to its retarded reaction rate, mass diffusion effect was not observed for Ferro tape 

even up to 973 K.   These thin layers of LTCC covering the carbon had not 

significantly affected the burn-off characteristics; otherwise some incomplete burn-off 

at high isothermal temperatures due to complete pore closure of LTCC would be 

observed. 
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Figure 3-5 Example of average mass loss rate curve determined graphically from TGA 
curve for isothermal run at 923 K. 

 
 
 

 

Figure 3-6 Arrhenius plots of embedded carbon with various commercial LTCC tape 
systems using isothermal kinetic analysis from 823 K to 973 K at intervals of 25 K. 

Dotted lines show trends of mass resistance effect. 
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Table 3-1 Calculated kinetic parameters from average mass loss curve. 

Material Systems Activation Energy 

(kJ/mol) 

Apparent Pre-exponential Factor, �� ���!�, (m3
/kg.s) 

Carbon Tape 

 
155 ± 4 15.4 ± 0.5 

Carbon embedded in Heraus 

HL2000 LTCC 
181 ± 7 20.0 ± 1.0 

Carbon embedded in 

Dupont 951 LTCC 
206 ± 20 24.5 ± 2.7 

Carbon embedded in Ferro 

A6M LTCC 
156 ± 4 15.0 ± 0.5 

 

 

Table 3-2 XRF analysis of LTCC systems based on standard oxides. 

LTCC Systems 

Heraus HL2000 Dupont 951 Ferro A6M 

Compounds Content (wt %) 

Al2O3 36.51 39.41 0.30 

SiO2 34.05 39.92 48.99 

CaO 10.25 4.56 49.48 

PbO - 12.34 - 

SrO 6.64 - 0.03 

BaO 4.59 - - 

TiO2 3.86 0.04 - 

K2O 3.15 1.18 0.11 

ZrO2 - - 0.69 

Cr2O3 - 0.36 - 

MgO 0.31 0.38 - 

Co2O3 0.23 0.37 - 

P2O5 0.21 - 0.16 

Na2O 0.11 1.39 0.05 

Fe2O3 0.05 0.05 0.09 

CeO2 - - 0.05 

SO3 0.04 - 0.05 
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Figure 3-7 TGA plots with normalized degree of carbon tape burn-off at linear heating 
rate of 10 K/min for various embedded carbon LTCCs. 

 

Alternatively, the variable kinetic parameters determined by isoconversion method but 

fitted with a first order reaction model for embedded carbon burn-off in HL2000 is 

shown in Figure 3-8.  The kinetic parameters were determined at a conversion interval 

of 0.025.  Activation energy varies in the range of 126 kJ/mol to 188 kJ/mol and 

gradually increases to a peak of 188 kJ/mol at 72.5 % of carbon burn-off.  The same 

trend was observed in the pre-exponential factor which spans from 16 K/s – 26 K/s.  

The implication of variable kinetic parameters is complex and not well established; 

however, with increasing trend of activation energy, it could be an indication of 

competing reactions that could possibly occur during carbon burn-off [107-111]. 
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Figure 3-8 Variation of carbon burn-off activation energy with conversion with 
constant heating rate (non-isothermal) experiments. The error bar indicates the standard 

error resulted from the regression coefficient (slope) at each conversion level. 
 

 

Figure 3-9 Variation of apparent pre-exponential factor term of carbon reaction kinetics 
with constant heating rate (non-isothermal) experiments.  The error bar indicates the 

standard error resulted from the regression coefficient (Y-intercept) at each conversion 
level. 
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3.3.2 LTCC Sintering kinetics 

The typical TMA curves obtained at various constant heating rates for HL2000 tape 9-

layer structure are shown in Figure 3-10.  The thermal expansion resulted from linear 

heating was compensated. As such, a relatively flat curve at the initial heating where 

there was no sintering taking place was observed.  The thickness effect of LTCC 

sintering may not be significant as the maximum shrinkages obtained for the different 

layer structures are almost similar, namely 23 % – 24 % at 5 °C/min and 10 °C/min 

constant heating rates.  Thus for LTCC sintering kinetic parameters, the thickness effect 

has not been included.  It is interesting to note that heating rates did have an effect on 

the observed densification.  The amount of shrinkage was larger at higher heating rate; 

this is due to early crystallisation or re-crystallization of glass components when 

sintered at low heating rate. Once the glass crystallized, the effective viscosity will 

increase significantly.  The high viscosity will slow down further densification and 

resulted low shrinkage at the end of sintering cycle [84].  Sintering of LTCC at low 

heating rate will generally produce higher void content than at high heating rate.  Figure 

3-11 shows the normalized fractional shrinkage as required by the rate equation for the 

same data contained in Figure 3-10.  All heating rates were assumed to reach full 

conversion or densification regardless of the different total linear shrinkage observed.  
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Figure 3-10 Typical TMA profile of 9-layers HL2000 at constant heating rates of 1, 3, 5 
or 10 K/min. The maximum shrinkage is tabulated in bracket beside the legends 

indicating some dependency of heating rates. 
 

 

Figure 3-11 Normalized degree of sintering curve of 9-layer HL2000 at constant 
heating rates of 1, 3, 5 or 10 K/min. 
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Using non-isothermal analysis, the kinetic parameters could be determined by using a 

single run.  The respective fitted linear plots established on 3, 6, and 9-layer LTCC 

structures with different constant heating rates are shown in Figures 3-12 to 3-15.  The 

kinetic parameters are calculated based on equation (3.31) using the gradients and y-

intercepts from the linear plots. The obtained kinetic parameters are summarized in 

Table 3-3.  The activation energy obtained in this study for Heraus HL2000 system is in 

the range of 190 kJ/mol – 302 kJ/mol.  This is comparable to the published values listed 

in Table 3-4.  Results obtained indicate that the kinetics of LTCC is not independent of 

the heating rates.  It shows trend of decreasing activation energy with increasing 

heating rates.  This poses difficulty in determining the appropriate activation energy for 

modelling the LTCC sintering process.  

 

 

Figure 3-12 Single curve analysis at 1 K/min of 3, 6, 9-layer LTCC. 
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Figure 3-13 Single curve analysis at 3 K/min of 3, 6, 9-layer LTCC. 

 

 

Figure 3-14 Single curve analysis at 5 K/min of 3, 6, 9-layer LTCC. 
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Figure 3-15 Single curve analysis at 10 K/min of 3, 6, 9-layer LTCC. 
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Table 3-3 Kinetic parameters obtained for constant heating rate using first order 
reaction model by linear curve fitting on single curve analysis for 3, 6 & 9 layers 

configuration of LTCC. 
 

 (a) 3-layer LTCC kinetic parameters 

Heating Rate  

(K/min) 

Activation Energy  

(kJ/mol) 

Pre-exponential Factor ln �.�� (1/s) 

1 203 ± 5 16.2 ± 0.7 

3 206 ± 7 16.8 ± 0.8 

5 190 ± 3 15.5 ± 0.4 

10 196 ± 7 16.1 ± 0.8 

 

 (b) 6-layer LTCC kinetic parameters 

Heating Rate  

(K/min) 

Activation Energy  

(kJ/mol) 

Pre-exponential Factor ln �.�� (1/s) 

1 247 ± 7 21.3 ± 0.8 

3 255 ± 8 22.5 ± 0.9 

5 256 ± 6 22.8 ± 0.7 

10 212 ± 5 18.1 ± 0.6 

 

 (c) 9-layer LTCC kinetic parameters 

Heating Rate  

(K/min) 

Activation Energy  

(kJ/mol) 

Pre-exponential Factor ln �.�� (1/s) 

1 302 ± 8 27.7 ± 1.0 

3 301 ± 6 27.8 ± 0.7 

5 289 ± 6 26.5 ± 0.7 

10 280 ± 5 25.6 ± 0.6 

 

Table 3-4 Published activation energies for sintering of LTCC. 

Activation Energy (kJ/mol) Material System References 

375 ± 30 Dupont 951 [84] 

450 ± 10 Ferro A6M [84] 

250 Heraus CT2000 [84] 

325 Dupont 951 [155] 

175 - 280 Ceramic filled Borosilicate glass [156] 
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To avoid biases of selecting an activation energy and pre-exponential value from a 

single heating rate, and noting that the differences between values obtained with 

different heating rates and configurations are not excessive, an average activation 

energy value obtained by a simple liner regression line from data obtained for all the 

heating rates from all the different configurations is adopted.  The result is shown in 

Figure 3-16.   

 

Figure 3-16 Kinetic analysis with first order reaction model on multiple heating rates 
for 3, 6, 9-layer LTCC. 

 

The kinetic parameters obtained is, 

 

ln �.�� W 22.3 � 0.4 K` , 3� W 253 � 3 �4 ����  

with the standard errors of the linear regression analysis on the coefficient and Y-

intercept.  
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Fitting of two linear curves to the plots is possible.  This will result in two different 

activation energies governed by two reaction steps for the LTCC sintering kinetics.  

These two reaction steps could connect in series or parallel by similar or entirely 

different reaction models.  The complexity of the analysis will increase significantly, 

and models based on two activation energies are difficult to be solved.  The 

approximation adopted by fitting only a single linear curve for a first order reaction 

model provides good approximation, especially for the initial/intermediate stage of 

sintering which accounts for the bulk of the sintering cycle.  Only at the very final stage 

of sintering (the last few experimental points) seems to have higher activation energy, 

thus a different linear plot is necessary. However, by ignoring this different linear plot 

will not introduce significant error as the final stage accounts for an insignificant 

fraction of sintering time.   

  

3.3.3 Validation of Kinetic Models 

(a) Carbon Burn-off Kinetic Model 

To validate the assumed kinetic model with obtained kinetic parameters for kinetic 

analyses,  equation (3.18) was integrated with respect to t, and solved by imposing 

initial conditions of AG W 0, t = 0, to obtain, 

 

ln�1 h AG� W h��L�+H�.�!e` ������ �      (3.33) 

 

Chemical reaction controlled condition will be assumed with uniform temperature and 

concentration of reactant throughout the sample volume.  The concentration of O2 will 

be taken as the free stream air i.e. mass fraction of 0.21 for O2 at one atmospheric 

pressure. By substituting the values of Ec and ���!  from Table 3-1 or Figure 3-8 & 3-9 
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and a firing profile, the carbon burn-off curve could be reproduced by solving the 

value, αc. 

 

(i)  Kinetic analysis using average mass loss 

As an example, the burn-off curves were reproduced at one of the experimental heating 

rates of 10 K/min based on the kinetic parameters obtained by using average mass loss 

from Table 3-1. The burn-off plots together with the experimental normalized TGA 

curves are shown in Figure 3-17.  As compared to the various LTCC embedded 

carbons, the calculated carbon burn-off curves do not represent well the measured 

values and the burn-off path is also not modelled well. The difference, if compared to 

the burn-off time at complete burn-off is in the range of 98 s – 354 s. 

 

 

Figure 3-17 Model validation of carbon burn-off at linear heating rate of 10 K/min 
temperature profile with kinetic parameters obtained from average mass loss rate from 

HL2000, Dupont 951 & Ferro A6M LTCC. 
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(ii) Kinetic analysis using isoconversion model  

Instead of using the values obtained from the average mass loss rate, the values from 

the isoconversion first order reaction model were used for HL2000 only (Figure 3-8 & 

3-9).  Since the measured burn-off rates at the start and end of burn-off were reported to 

be very unstable [112, 113], thus only the kinetic parameters obtained from burn-off 

conversion at 0.1 to 0.9 were employed.  The large uncertainties in the measured 

reactivity at both ends of burn-off are mainly due to the devolatisation of polymeric 

residue from the carbon tape at low conversion and when mass approaches zero at 

complete burn-off at high conversion.  Instead, for conversion values less than 0.1 and 

greater than 0.9, the same values of kinetic parameters as at 0.1 and 0.9 burn-off 

respectively were employed as good approximations, see Figure 3-18.  The same 

assumption and modification were applied to the pre-exponential plot used in the 

subsequent model validation. 

   

These parameters were employed on some complex burn-off profiles such as a long 

isothermal step as in Figure 3-19 and a multi-step firing profile consisting of multiple 

isothermal steps as in Figure 3-20. Excellent agreements were obtained with only some 

deviations. These deviations from the measured burn-off curve for the single isothermal 

step (Figure 3-19) and multi-step profile (Figure 3-20) are compiled in Table 3-5. The 

kinetic parameters obtained by the isoconversional first order model could provide a 

better estimation of carbon burn-off. These deviations are well acceptable for the 

parameters to be employed in the diffusion and thermal equations for subsequent 

modelling of carbon burn-off in the LTCC porous media.  
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Figure 3-18 Isoconversion variable kinetic activation energy plots used for modelling.  
Same modification was applied to pre-exponential factors. 

 
 
 

Figure 3-19 Model validations between kinetic parameters obtained from average mass 
loss and isoconversion variable kinetic parameters at isothermal step of 923 K for 30 

min at constant heating rate at 10 K/min on HL2000. 
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Figure 3-20 Model validations between kinetic parameters obtained from average mass 
loss and isoconversion variable kinetic parameters at multiple step burn-off profile 

between 873 – 973 K with constant heating rate of 10 K/min. 
 
 

Table 3-5 Model validation results between kinetic parameter calculated from average 
mass loss and isoconversional variable kinetic parameters analyses. 

 

 
Time to reach complete carbon conversion (s) 

Temperature Profile 
Measured 

(average) 
Average mass loss Isoconversional 

Single isothermal step 

(Figure 3-19) 
3938 4469 (+13.5 %) 4091 (+3.9 %) 

Multi-steps 

(Figure 3-20) 
4168 4469 (+7.2 %) 4297 (+3.1 %) 

 

(b) LTCC Sintering Kinetic Model 

If the activation energy and pre-exponential factor values obtained from the simple 

linear regression on the multiple heating rates were substituted back to equation (3.30), 

the sintering curves at different heating rates could then be predicted by integrating 

equation (3.30) with respect to t and imposing initial condition of A� W 0, t = 0.  The 

deviation of the experimental data with the predicted curves can also provide an 
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assessment of the accuracy and appropriateness of using a single average value of 

activation energy and pre-exponential factor. 

 

Equation (3.30) after integrating, becomes 

 

ln�1 h A�� W h�4.8 ¡ 10¢ exp h 5£6���T� � �      (3.34) 

 

The sintering curves i.e. A� predicted with respect to time using equation (3.34) at 1 

K/min, 3 K/min, 5 K/min and 10 K/min, are plotted and compared with the 

experimental results.  The comparisons are shown respectively in Figures 3-21 to 3-24.  

For all cases, the predicted sintering curves fall within the experimental curves. 

However, trend of having larger deviation particularly at the initial stage of sintering 

was observed at the heating rates of 5 K/min (Figure 3-23) and 10 K/min (Figure 3-24).  

Though it is a concern, but for our study and in practical LTCC sintering process, the 

heating rate hardly exceeds 10 K/min., and that these larger deviations are not 

excessive, and acceptable. Therefore, it is reasonable to utilize the simple single step 

first order reaction model for this LTCC sintering process.  This analysis also indicates 

that a single value of activation energy and pre-exponential factor could adequately 

describe the LTCC sintering process.   



 

Figure 3-21 Comparison of experimental and predicted TMA curves at 1 K/min 

 

Figure 3-22 Comparison of experimental and predicted TMA 
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21 Comparison of experimental and predicted TMA curves at 1 K/min 
constant heating rate. 

22 Comparison of experimental and predicted TMA curves at 3 K/min 
constant heating rate. 

 

21 Comparison of experimental and predicted TMA curves at 1 K/min 

 

curves at 3 K/min 



 

Figure 3-23 Comparison of experimental and predicted TMA curves at 5 K/min 

Figure 3-24 Comparison of experimental and predicted TMA curves at 10 K/min 
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23 Comparison of experimental and predicted TMA curves at 5 K/min 
constant heating rate. 

 

24 Comparison of experimental and predicted TMA curves at 10 K/min 
constant heating rate. 

 

23 Comparison of experimental and predicted TMA curves at 5 K/min 

 

24 Comparison of experimental and predicted TMA curves at 10 K/min 



85 

 

3.4 Concluding Remarks 

LTCC embedded carbon kinetic analysis of catalytic effect induced by the inorganic 

metal oxides contained in LTCC was shown to be significantly affecting the carbon 

burn-off rate. Among the tested LTCCs, Dupont 951 is a strong catalyst followed by 

HL2000, while Ferro A6M inhibits the carbon burn-off.   The catalytic or retarded 

effect of carbon burn-off was revealed by the TGA experiments; it was further 

confirmed in the kinetic analysis using isothermal TGA with average mass loss rate by 

comparing carbon tape burn-off with and without LTCC.  The Arrhenius plots of 

embedded carbon with catalytic or retarded burn-off always appear above or below 

respectively the carbon tape’s plots. Kinetic parameters for embedded carbon in LTCC 

were determined using both isothermal and non-isothermal kinetic analyses.  

Isoconversion method fitted with a first order reaction model was shown to be a better 

estimation method for embedded carbon burn-off with the ability to model quite closely 

the burn-off path.  

 

The kinetic parameters for HL2000 sintering were determined based on first order 

reaction model for solid state reaction.  Simple linear regression over multiple heating 

rates was used to avoid the ambiguity on the reaction rate parameters resulted from the 

single non-isothermal analysis. This simple model predicted the sintering curve 

reasonably well within the experimental range investigated from 1 K/min to 10 K/min.  

A single value of activation energy and pre-exponential factor could appropriately be 

used for the sintering of LTCC despite of the complex sintering mechanisms of viscous 

flow. In addition, this mathematically simple model could be integrated easily into the 

process model, the subject of investigation in Chapter 4. 
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Chapter 4 

PROCESS MODELING AND SIMULATION OF EMBEDDED 

CARBON BURN-OFF IN LTCC 

 

For a successful fabrication of embedded structure in a multi-layer LTCC ceramic, 

other than the structure formation and lamination processes, the most crucial process is 

the sintering process.  The fugitive carbon which is embedded in the multi-layer LTCC 

has to burn-off while sintering of the ceramics is in progress.  The inherent pore 

elimination during the sintering of LTCC reduces both the reactive gas supply and 

carbon burn-off escaping paths.  For process optimisation of LTCC embedded structure 

manufacturing using carbon fugitive technique, a realistic model which takes into 

consideration the effects of mass transport phenomena for both reactive and product 

gases associated with the chemical reaction of carbon burn-off is necessary. Chemical 

reaction involves multi-species system of homogeneous gas and heterogeneous solid-

gas reactions, and mass transportation system with multi-gas transport through the 

porous medium have to be considered.  The porosity effect of LTCC with the evolution 

of microstructure during sintering, core shrinkage with severe structure change of 

carbon particles, concentration gradient of reactive species through the LTCC layer and 

the deformation of the un-supported LTCC layer over the embedded cavity as a result 

of the viscous flow of softening glass phase, are some of the major physical phenomena 

observed and to be considered in the model.  The understanding of the process could 

lead to the optimisation of the fabrication process for improved dimensional stability 

and defect minimisation in an embedded structure of a multilayer composite ceramic 

substrate. This could form the foundation for the scaling up of variable sizes of 
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structures and the understanding of the contributing effects of other structural 

parameters such as LTCC porosity, and the partial pressure of the oxidising gas.  

 

4.1 Physical Phenomena of Embedded Carbon Burn-off 

For embedded structure fabrication of LTCC, especially for fully embedded structure, 

sacrificial carbon has to be burn-off if it was employed as a sacrificial insert for the 

system.  Sample will undergo debinding at first and subsequently sintering of LTCC.  

Carbon burn-off will proceed during the course of sintering. 

   

When a multilayer composite ceramic substrate such as LTCC containing embedded 

structure filled with carbon material is heated, the following events with reference to 

Figure 4-1 could occur [1,2,64]: 

o Decomposition of polymeric binder and additives of the tape system caused by 

heat or oxidation i.e. debinding. 

o Diffusion of mass including reactant (O2), product (CO, CO2) and inert (N2) 

gases and heat across the boundary layer surrounding the embedded carbon 

sample. 

o Diffusion of mass and heat through the porous structure of LTCC layers. 

o Diffusion of mass and heat through the porous structure of carbon layer. 

o Heterogeneous reaction of gases (O2 and CO2) with carbon within the carbon 

layer. 

o Homogeneous reaction of gases (CO and O2) within the sample.  

o Heat generation or consumption by the carbon-gases chemical reactions. 

o Sintering of LTCC by liquid phase viscous flow. 

o Progressive pore elimination of the LTCC layers due to glass-phase sintering. 
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In addition, some physical structure changes may be expected:  

o Progressive volume shrinkage of the embedded structure due to the 

densification of LTCC.   

o Progressive deformation (sagging) of the LTCC layers over the unsupported 

embedded structure due to glass-phase softening.   

 

 
 

Figure 4-1 Phenomenological interpretation of embedded carbon burn-off process for 
embedded cavity in multi-layer LTCC during the sintering process. a) Debinding of 

LTCC embedded carbon, b) instant of LTCC sintering and carbon burn-off with 
diffusion of both reactant and product gases, c) complete sintering and burn-off. 
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4.2 Theoretical Model  

The process of embedded structure using carbon burn-off is indeed complicated. The 

effect of green compact (lamination), mass diffusion of reacting and product species, 

gaseous reactions of the species, products of the carbon burn-off of complete or 

incomplete burn-off, etc all have an effect on the final embedded structures.  However, 

by at large the key parameters are associated with mass transport with combined effect 

of reaction processes from both the LTCC sintering and carbon burn-off.  The 

phenomenological model of carbon burn-off in embedded LTCC is described in detail 

in Section 4.1 with a schematic diagram shown in Figure 4-1.  The two major process 

mechanisms are indeed the carbon burn-off and LTCC sintering.  They are all 

kinetically connected and could be considered as chemical reaction processes where 

kinetic parameters are important.  TGA and TMA, employed in the current 

investigation, as described in Chapter 3, are well known techniques for determining 

experimentally the kinetic parameters.  TGA & TMA methodologies provide “overall” 

apparent kinetic parameters of the thermal activated process without having to delve 

into the reaction steps.  The model though is simple, but the mass transport equations 

coupling with various mass transport parameters such as porosity evolution during 

sintering, multi gas species diffusion, energy balance of chemical and heat reaction, 

make it comprehensive enough to produce comparable and validated results. 

 

Based on the physical phenomena depicted in Figure 4-1, a non-isothermal time 

dependent multi-component mass transfer system was proposed.  The mass transfer 

model consisted of a set of species mass balance equations coupling with carbon burn-

off, together with a LTCC sintering model.  Energy balance equation was employed for 

the non-isothermal behaviour of LTCC firing profile and the exothermic reaction of 
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carbon burn-off. The possibility of a higher burn-off temperature than the firing 

temperature is thus considered.  Due to the net transfer of carbon, Darcy equation was 

utilised for the possible internal pressure build-up of carbon burn-off. 

 

This study focuses on the process modelling of the embedded carbon burn-off. As such, 

polymeric vaporization or related debinding phenomena were not modelled. The 

modelling assumes that the sample has fully debinded prior to the commencement of 

sintering and that the debinding process has no significant effect on carbon burn-off. To 

simplify the model without a loss of generality, volume shrinkages of cavity and LTCC 

during sintering were not considered although there will be about 10 – 30 % of linear 

shrinkage during sintering. This exclusion will not cause significant inaccuracy as this 

dimensional changes will only have an effects on the escape path of the gases and the 

reaction volume of carbon burn-off, which are only second order effects. 

   

4.2.1 Mass Conservation of Species 

The general mass continuity for species i for a chemically reacting multicomponent gas 

system in mass units could be expressed as [98, 123],   

 

¤�¥l��¤N S ¦ · &� W >�         (4.1) 

 

Where D is the porosity of the porous medium, ρi and >� are mass concentration of 

species and mass rate of generation due to chemical reaction respectively of species i, ni 

is the total mass flux. 
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Equation (4.1) is applicable for a medium with continuous properties.  However, for 

LTCC, its carbon layers are porous after debinding. Thus, the variables have to be 

interpreted as average quantities over the smallest volume surrounding the point in 

interest which is considered sufficiently large for macroscopic continuum properties for 

a porous medium.  The volume should contain many pores and solid matrix elements. 

As the pore sizes are small for a computational element size, this assumption is 

satisfied. 

 

The source term, >� represents the net formation rate of species i, per unit volume by a 

homogeneous chemical reaction.  It is different from the heterogeneous reaction that is 

normally perceived for a carbon burn-off process, i.e. the reaction occurs at the carbon-

gas interface, particularly for a single particle analysis.  However, in this analysis, 

carbon tape was used and modelled. It is a layer cast with uniformly distributed fine 

carbon particles (< 1 µm) and is highly porous (porosity = 0.55) after debinding. As 

such, as burn-off proceeds at a relatively low temperature (< 1123 K), reaction takes 

place not just at the surface but also at the pore walls throughout the carbon layer.  The 

reactant concentration gradient is expected to be low. Under these circumstances, the 

reaction may be well approximated as homogeneous [124,125].  Furthermore, accurate 

determination of the reacting surface area for a heterogeneous reaction is difficult even 

though there exists mathematical model for the computation of pore surface area based 

on the initial structure parameters [45].  
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The total mass flux ni relative to fixed coordinates, includes both diffusive and 

convective flux attributed to bulk flow [126] may be written as, 

 

&� W L�*�          (4.2) 

 

Where vi is the species velocity. 

 

The introduction of a reference velocity, i.e. mass average velocity, v, is a convenient 

tool. It is necessary especially when the diffusion equation is to be coupled with the 

momentum and energy equations where the linear mass momentum is always expressed 

in mass average velocity. The relationship between the velocities and mass flux can be 

written as, 

 

&� W L��*� h * S *)        (4.3) 

 

&� W L�* S L��*� h *)       (4.4) 

 

where L��*� h *) is a diffusion flux relative to the mass average velocity. Using Fick’s 

effective diffusivity or pseudobinary approach for the multicomponent system [99], this 

diffusion flux �� may be expressed as,  

 

�� W L��*� h *� W hL����¨+�       (4.5) 

 

Where L� is the density of mixture or total gas phase, ��� is the effective diffusivity for 

multicomponent diffusion, and wi is the mass fraction of species, i. 
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Substitute equations (4.4) & (4.5) into (4.1), 

 

¤�¥l��¤N S ¦ · �L�*� W ©¨ · L����¨+�ª S >�      (4.6) 

 

For the terms on the left hand side of equation (4.6), by expanding the differential 

operators by the appropriate differential relation and noting that L� W L�+�, 
 

¤�¥l��¤N S ¦ · �L�*� W ¤�¥l��¤N S �¨L� · *� S L��¨ · *�      

 

W ¤�¥liw��¤N S ©¨L�+� · *ª S L�+��¨ · *�  
 

W ¥li¤�w��¤N S w�¤�¥li�¤N S ©L�¨+� · *ª S ©+�¨L� · *ª S L�+��¨ · *�   (4.7) 

 

With the following expanded mass continuity equation for the total gas phase, 

 

¤�¥li�¤N W hL��¦ · *� h ©¦L� · *ª S >�      (4.8) 

 

where the total mass rate of generation of all species is, 

 

>� W ∑ >�¬�           (4.9) 
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Equation (4.7) becomes,  

 

¤�¥l��¤N S ¦ · �L�*�  
 

W ¥li¤�w��¤N S ©L�¨+� · *ª S +�>� W L� �¥¤�w��¤N S * · ¨+�� S +�>�   (4.10) 

 

Finally, equation (4.10) replaces the left right side of equation (4.6), 

 

L� �¥¤�w��¤N S * · ¨+�� S +�>� W �¨ · L��R\¨+R�S>R     (4.11) 

 

Rearranging equation (4.11), 

 

L� �¥¤�w��¤N S * · ¨+�� W ©¨ · L����¨+�ª S �>� h+�>@�    (4.12) 

 

Equation (4.12) is the equivalent form of species mass conservation equation expressed 

fully in mass fraction with reaction term due to the net transfer of carbon.  Using mass 

fraction as the driving force for mass diffusion is convenient as it will not vary with 

temperature and composition particularly in non-isothermal condition which is common 

in practice [99]. 

 

4.2.2 Mass Balance of Carbon 

The rate of conversion of carbon burn-off derived from the kinetic analysis of carbon 

burn-off in Chapter 3 was utilized.  The mass balance was expressed in term of O2 

concentration and mass of carbon as, 
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(�k(N W ���!L�+H��1 h A��        (4.13) 

 

where, 

 

��! W .�!\,;`nkop         (4.14) 

 

The kinetic parameters determined experimentally by TGA kinetic analysis were 

employed for modelling.  

 

4.2.3 Momentum Equation 

By considering bulk flow only due to internal pressure build-up by carbon burn-off 

reaction, the bulk flow velocity or Darcy velocity could be estimated by Darcy equation 

if laminar flow is expected, 

 

* W h ­® ¨;� S L��         (4.15) 

 

Together with the total gas phase mass continuity equation and neglecting gravity effect 

from the gas phase, a mathematical model for the porous media flow with pressure 

gradient as the major driving force may be written [98, 127], 

 

¤�¥li�¤N W �¦ · L� ­® ¨;�� S >@        (4.16) 

 

where J is the dynamics viscosity of the fluid medium passing through the porous 

medium. I is the gas permeability of the solid and could be estimated by Poiseuille 
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flow relationship [128]. By assuming the same permeability for all the gas species and 

cylindrical pore, the gas permeability I may be written as, 

 

I W ¥(�65           (4.17) 

 

Where d is the diameter of the solid pore size. 

 

4.2.4 Energy Balance Equation 

In addition to the mass continuity equations, the energy equation taking into 

consideration the possible heat reaction affecting the reaction temperatures especially 

for the exothermic reaction process has to be included. Transient heat transfer equation 

applied to a solid will be used but with effective thermal properties (�	� and ��) 

considered for the porous media as an equivalent mixture of solid and gases. 

 

By neglecting the effect due to radiation, and any mechanical energy heat source, heat 

balance equation including heat generation due to the chemical reaction of carbon burn-

off may be written as,   

 

�	� ¤�¤N S ¦ · �h��¨@� W = h �	�* · ¨@      (4.18) 

 

and       

 

= W ∆���>*�          (4.19) 
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Where �	� and ke are the effective heat capacity and effective thermal conductivity 

respectively of the porous medium,  ∆��and >* are respectively the heat of reaction 

and the reaction mass rate of the chemical reaction. 

 

4.2.5 Carbon Reaction Rate Model 

Four chemical reactions could occur during carbon burnout in an air environment 

[129]: 

 

Heterogeneous reaction: � S Q5 V �Q5   (I)  

Heterogeneous reaction: 2� S Q5 V 2�Q   (II) 

Heterogeneous reaction: � S �Q5 V 2�Q   (III) 

Homogeneous reaction:  2�Q S Q5 V 2�Q5   (IV) 

 

However, a simple irreversible chemical equation to represent the main carbon burn-off 

process as described in Chapter 3 on the kinetic parameters of carbon burn-off would 

be sufficient to capture the overall effect and is adopted here.  Thus, the overall 

reactions will be described by a combined reaction consisting of reactions (I) and (II), 

 

�� S �05 TUV ��Q S ��Q5        (4.20) 

 

The possible gasification of carbon by CO2 has a reaction rate far slower than the 

reaction by O2 [55] and thus it was neglected. In addition, the possible homogeneous 

CO and O2 reaction within the porous media is expected to be small as the applied 

sintering temperature was not high.  As a whole, a homogenous reaction can be 

assumed as the reaction was taking place at a relatively low temperature with a low 
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ramp rate.  The reaction regime was near chemical reactivity controlled and the effect 

of heterogeneity at the carbon surface was not significant.  

 

Using the same approach as the carbon burn-off kinetic analysis in Chapter 3, the 

product ratio of CO/CO2 is factored in for mass balancing at various temperatures. The 

stoichiometric coefficients are defined in term of CO/CO2 product ratio [103,104,130] 

as, 

 

� W 5XY5XY5 , � W 1, � W 5XXY5 , � W 5XY5      (4.21) 

 

and 

 

GHGH� W F W [. \,;�6�]� �⁄ �_`        (4.22) 

 

where . W 0.02 � bc� d �e��.5        (4.23) 

 

First order reaction model was used for the burn-off reaction as it is a simple and 

widely used model with sufficient accuracy. It is a practical model for complex multi-

components coupling system where coupling with diffusion and convection together 

with heat transfer equations are required. Carbon burn-off with a net transfer of solid 

carbon is most conveniently expressed in mass unit.  The reaction rate in mass 

concentration was formulated with respect to mass fraction instead of the usual molar 

concentration. As such, the reaction rate based on the concentration of O2 may be 

written as, 
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>G W h���L�+Q2         (4.24) 

 

>H� W h��L�+Q2         (4.25) 

 

>GH W ���L�+Q2         (4.26) 

 

>GH� W ���L�+Q2         (4.27) 

 

where �� is the reaction rate constant which was defined previously in Chapter 3. It 

could be determined experimentally from the TGA kinetic analysis 

 

4.2.6 LTCC Sintering Rate Model 

As the carbon was embedded as a structure in LTCC, the carbon burn-off will be 

greatly affected by the sintering of the LTCC.  Sintering causes pore closure of LTCC 

and in turn increases the mass transport resistance for both reactants and products.  

Thus a relevant sintering model which could reasonably represent the LTCC sintering 

is necessary. The sintering kinetic of LTCC could be expressed as a pseudo solid state 

reaction. The reaction model function may be considered as a solid-state first order 

reaction, relating to the normalised fraction of linear shrinkage, A� as,  

 

(��(N W ���1 h A��         (4.28) 

 

where kL is the rate function which is commonly referred as the Arrhenius rate 

equation, and could be written as: 
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�� W .� \,; �h ~�T��         (4.29) 

 

where AL is the pre-exponential factor, EL is the activation energy, and R is the 

universal gas constant.  

 

The kinetic parameters of LTCC were determined experimental by TMA kinetic 

analysis as described in Chapter 4. 

 

4.2.7 Other Constitutive Equations 

There are other relationships involved in the formulation and useful in solving the 

multi-component diffusion problem. These relationships are provided in this section. 

 

(i) Total gas phase density may be written as a function of temperature and pressure, 

 

L� W 	i�ji�T�           (4.30) 

 

Where ;� is the total gas pressure in the system, and :� is the molecular weight of the 

gas mixture. 

 

(ii) Summation of mass fraction for all gases: 

 

∑ +�{�± W 1          (4.31) 
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(iii) Molar fraction of species: 

 

,� W w�jij�           (4.32) 

 

Where :� is the molecular weight of gas species i 

 

(iv) Summation of molar fraction for all gases: 

 

∑ ,�{�± W 1          (4.33) 

 

(v) Ideal gas equation of state for partial gas pressure of species: 

 

;� W ,�;�          (4.34) 

 

4.3 Transport Coefficients and Material Properties Estimation 

4.3.1 Effective Diffusion Coefficients ( ²³́ ) 

By assuming that diffusion takes place in the transition regime of molecular and 

Knudsen diffusion, the molecular-wall interaction and molecular-molecular interaction 

are both important. Thus, gas diffusivity could be expressed by the Bosanquet formula 

[132] as, 

 

��� W  
µ ¶·� ru Y ¶·� ¸u ¹         (4.35) 
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where �� ��   and �� ��  represent the effective diffusivity of species due to molecular and 

Knudsen diffusion respectively. 

 

4.3.2 Effective Molecular Diffusion Coefficients ( ²³ º´ ) 

For simple gas molecules, such as O2, CO, CO2 and N2, the ordinary binary diffusivity 

could be predicted by Fuller’s equation [132, 133] based on hard sphere model and the 

principle of additive atomic diffusion volume as,  

��,- W �3.2034\`»�
¼
½ �¶.¾e
	i!¿À�¶"YÀÁ¶"Â

�Ã
Ä�  j� S  jÁ��.£     (4.36) 

 

For flow in the porous medium, the ordinary binary diffusivity has to be modified to 

reflect the effect of flow due to the tortuous path of the porous medium.  One of the 

simple relations to relate the structure parameters of porosity (D) and tortuosity (O) for 

the porous medium is, 

 

��,-� W ¥Å��,-          (4.37) 

 

Since multispecies are involved in the process modelling, the binary diffusivity could 

be extended to estimate the equivalent binary diffusivity by appropriate averaging the 

interaction of the various species in the multicomponent gas mixture [99,87,100]. It can 

be expressed as, 

 

�� �� W � `d��∑ ÆÁ·�,ÁuÇÁx¶,ÁÈ�          (4.38) 
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Equation (4.38) is thus the effective molecular diffusion coefficients to be used in 

equation (4.35).  

 

4.3.3 Effective Knudsen Diffusion Coefficients ( ²³ É´ ) 

For Knudsen flow in a porous medium, diffusivity based on gas kinetic theory after 

considering the porous medium can be expressed as [35], 

 

�� �� W �Ê6� ! �&0 ! �»T�Ëj���.£        (4.39) 

 

where kn0 is a characteristic parameter of the solid depending largely on pore 

geometry. 

 

For a solid composed of uniform spherical grain, such as the carbon tape employed for 

this investigation, it is more realistically modelled as an aggregate of spherical 

particles. The characteristic parameter could be expressed as [35],  

 

�&0 W  ��¶�ÌÍ ��{q!ÎÏ�©�i�ª� YÐÌ��        (4.40) 

 

and the number of solid grains per unit volume of porous solid &(  can be calculated, 

 

&( W 6� `¥�ÊË�i"           (4.41) 

 

The grain size, rg, could be estimated physically by various techniques such as light 

scattering.  
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While for LTCC, it will be more appropriate to assume long cylindrical pore of uniform 

pore diameter, dL, the Knudsen characteristic parameter may be expressed as, 

 

�&0 W ¥Å �(�Ê �          (4.42) 

 

The pore size could be measured and estimated by mercury porosimeter. 

 

For tortuosity, without the need for diffusivity measurement, an expression derived 

from mercury porosimetry for any pore size distribution with a simple cylindrical pore 

with pore shape factor close to unity was employed [130, 134], 

 

O W 2.23 h 1.13D         (4.43) 

 

4.3.4 LTCC Porosity 

Pore elimination for conventional heat treated sintering is complex.  There is added 

complexity in LTCC sintering due to its liquid phase viscous flow sintering coupling 

with reactive sintering.  The estimation of the porosity changes with respect to LTCC 

sintering is important as it will greatly affect the diffusion paths of reactants and 

products through the LTCC layer during carbon burn-off.  There are possible kinetic 

competing effects of LTCC sintering on the carbon burn-off as the pore close-up and 

reducing the diffusion of reacting gas to the external environment. In-situ measurement 

of porosity of LTCC during high temperature sintering is difficult. As such, a physical 

model based on a combined TGA and TMA analyses were derived.  
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All the estimations were obtained based on data of the TGA and TMA curves obtained 

at a constant heating rate of 20 K/min for a 12-layer LTCC with 0.15 mm embedded 

carbon TGA sample and a 9-layer LTCC TMA sample. Based on the observation of 

TGA analysis, burn-off terminated at about 87% of total expected burn-off (Figure 4-

2).  This could be taken as the instance of pore closure preventing complete carbon 

burn-off.  The porosity should reduce to zero for the burn-off to terminate prematurely 

i.e. the supply of reactant was shut off.  With the TMA curve running at the same 

conditions as the TGA, the instant of pore closure corresponds to about 35% of the 

expected total linear shrinkage (Figure 4-2).  This is an interesting phenomenon 

showing early pore closure well ahead of full shrinkage that deviates from the usual 

postulation of the conventional solid state sintering.  The wetted interfaces between 

particles may block the paths of the gaseous reactant while allowing further shrinkage. 

It may only happen where liquid phase sintering of viscous flow is involved. 

 

With this unique phenomenon and complex mechanism, an observation based porosity 

model was derived for the LTCC sintering as in Figure 4-3.  An instant reduction of 

porosity was assumed at the initiation phase of sintering due to instant pore filling 

initiated by glass flow promoted by wetting additives commonly present in most of the 

LTCC system.  This is a reasonable assumption due to the usual high content (>30 % 

wt.) of glass component in LTCC system. As such, instant pore elimination even before 

the shrinkage of system has stabilized [2] will be expected. Subsequently, it was 

followed by slow and gradual pore elimination and finally reached pore closure (near 

zero porosity) at about 35% of the total shrinkage. Shrinkage continued until full 

sintering was reached. 
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Figure 4-2 Combined TGA and TMA curves for determination of pore closure point at 

constant heating rate of 20 K/min. 
 
 

 
Figure 4-3 Porosity model with respect to degree of LTCC shrinkage. 
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4.3.5 Effective Thermal Properties, �ÑÒ́, É´� 
The heat capacity for gas permeated porous solid matrix is normally expressed as an 

effective heat capacity contributed both from the volume fraction of solid and gases and 

is expressed as [103,131]. 

 

�	� W �1 h D�L��	� S D∑ ���	�¬�±        (4.45) 

 

Where L� and �	� are respectively the bulk density and heat capacity of the solid phase,  

Ci and �	�  are respectively the molar concentration and heat capacity of gas species, i. 

 

The effective thermal conductivity for an equivalent solid could be expressed as [131], 

 

�� W �1 h D�5�� S D5��        (4.46) 

 

Where ��is the thermal conductivity of the solid phase, and ��is the thermal 

conductivity of  the gas mixture. 

 

Method of estimating the thermal conductivity of a gas mixture is analogous to the 

method of determining the viscosity of a gas mixture [98,100].  The following semi-

empirical equations were adopted in this investigation, which are appropriate and 

satisfactory for non-polar gases at low density [87]. 

 

�� W ∑ d���∑ dÁÓ�,ÁÔÁx¶
¬�±         (4.47) 
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where: 

 

ΦÖ,× W Ø YµÙ�ÙÁ¹
¶��ÚÁÚ��

¶ÛÜ
�

Ý»µ YÚ�ÚÁ¹Þ
¶�         (4.48) 

 

Where ��is the thermal conductivity of gas species i, ,� , ,- respectively are the molar 

fraction of species i and j, :� , :- are respectively the molecular weight of gas species i 

and j, and J�, J- respectively are the viscosity of gas species i and j. 

 

The required individual viscosity, heat capacity and thermal conductivity of gas species 

could be obtained from the temperature dependency relationship from DIPPR®801 

Database [136].   

 

For carbon, the equivalent temperature dependent heat capacity relationship of graphite 

from Perry’s handbook was employed. The thermal conductivity was obtained from 

published value for the synthetic chars using photophoretic force [137].  

 

4.3.6 Heat of Reaction, �∆ßà) 
Heat of reaction could be important when a large amount of heat is released or absorbed 

during the reaction.  Carbon oxidation is a temperature dependent process; the rate of 

reaction, the products produced and the mechanics of reaction change with the reacting 

temperature; in some cases significant heat could be liberated.  Thus, to include the heat 

of reaction in the proposed model, the heat of reaction at the reacting temperature has to 

be formulated.    
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Considering an open system with minimal flow, the change of enthalpy at constant 

pressure is applicable and the kinetic energies could be neglected.  The reaction map for 

the reaction equations is shown in Figure 4-4.  By applying the law of thermodynamics, 

an enthalpy balance equation, namely the sum of enthalpy changes at the cooling of 

reactants (∆� ), heating of products (∆�6), and the heat of formation �∆�5�, at the 

reaction temperature T may be written as,    

 

∆�� W ∆� S ∆�5 S ∆�6       (4.49) 

 

with the specific heats: 

 

∆� W ©���	_�_�@� h ���	_�_�@ª S ©���	_H�_�@� h ���	_H�_�@ª   (4.50) 

 

∆�5 W ©���7_GH_�S���7_GH�_�ª h ©��7�7_�_� S ���7_H�_�ª   (4.51) 

 

∆�6 W ©���	_GH_�@ h ���	_GH_�@�ª S ©���	_GH�_�@ h ���	_GH�_�@�ª  (4.52) 

 

Where ��, ��, ��, �� are the stoichiometric coefficients related to the chemical reactions 

at the reference conditions,  �� , �� , �� , �� are the stoichiometric coefficients related to 

the chemical reaction at the reacting conditions,  �7_�_� are the heat of formation of 

reactants or products i at reference conditions,  �	_�_� are the molar specific heats of 

reactant or product i at reference conditions, and �	_�_� are the molar specific heats of 

reactants or products i at reacting conditions.  
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Since the heat of formation are available for most of the compounds only at standard 

conditions i.e. 25°C and 1 atm, reaction map is utilised to determine the standard heat 

of formation at the reacting conditions of interest from the standard condition.  The heat 

of formation (enthalpy of formations) at standard conditions are available at a number 

of handbooks such as DIPPR® database sponsored by AIChE. The formulation of heat 

of reaction as shown in Figure 4-4 could be found in most of the chemical engineering 

text books [105,138]. 

 

 

Figure 4-4 Reaction map of carbon oxidation utilised for current investigations. 
 

4.4 Model Validations 

For validation, the formulated governing equations of mass transfer for multicomponent 

system on embedded carbon LTCC structure were applied to a simple embedded 

carbon disc structure in LTCC of HL2000 system. It can be represented by an 

axisymmetric 2D model. Various configurations of this LTCC embedded structure in 

different combination of LTCC layers (2-layer, 6-layer and 12-layer configurations) 

and carbon thickness (0.05 mm, 0.15 mm and 0.25 mm) were modelled both 



111 

 

numerically and experimentally.  A typical 0.15 mm thick carbon tape embedded 

within a 6-layer LTCC structure with sample dimensions indicated is shown in Figure 

4-5. Axisymmetric modelling is sufficient as uniform and axisymmetric heating was 

applied from the surrounding; thus axisymmetric (i.e. in the θ direction) carbon burn-

off will be expected. This allows much simplification in modelling.   

 

The fabrication of the disc sample is relatively easy and it had the same dimensions as 

the TGA sample used in the carbon burn-off kinetic analysis. As such, the validation of 

the model could be carried out using the same TGA setup.  The TGA experiment 

allows not only the capturing of the carbon burn-off behaviour, but at the same time the 

obtained results could be co-related to other variables such as internal pressure built-up, 

the effect of LTCC thickness and the carbon thickness.  The effect of including the bulk 

flow driven by the pressure gradient produced by a non-equimolar chemical reaction 

could potentially be assessed from the model.  The competing kinetics of carbon burn-

off and LTCC sintering can also to be identified and deduced.   In this carbon burn-off 

system, the burn-off environment will be in air and N2 is the only major inert gas.  The 

main reactant gas is oxygen.  The ultimate aim of this study is to establish a model for 

the advancement of the understanding of fugitive carbon for embedded structure.  This 

will provide the foundation for the evaluation of the LTCC sintering process. 

 

 

Figure 4-5 Schematic drawing of a simple embedded carbon LTCC disc structure with 
indicated dimension for a 6-layer LTCC structure. 
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4.4.1 Assumptions 

Not all physical phenomena could be included in the model. It will be appropriate to 

examine here some of the major assumptions utilised: 

o Carbon burn-off occurs in dry air environment with O2 as the only reactant and 

N2 as the only inert gas.  CO2 and CO are the primary products from the burn-

off process. 

o LTCC sintering is considered a non-reactive system with no chemical reaction 

involved. 

o No external mass and heat transfer resistance will be imposed on the external 

surface boundary layer. This is because the free steam is not still and the 

temperature of interest is not high enough to result in significant effect of heat 

and mass resistance.  This implies that mass and heat are freely carried away 

from the external surface. 

o External surface boundaries are kept at constant concentration of gaseous 

species and expressed in term of mass fraction. 

o Surface temperature follows closely the firing profile, and is not affected by any 

effect of heat transfer. 

o No other structural change except porosity for both carbon and LTCC. 

o No shape or size change of carbon layer is experienced due to possible 

percolation and fragmentation effect of carbon burn-off.  

o No volume shrinkage of LTCC. Although the total shrinkage in LTCC sintering 

is in the range of 10 % – 30 %, it is most likely that burn-off is completed 

before any significant shrinkage. 

o Carbon and LTCC layers are completely debinded and formed a rigid 

monolithic porous medium. 
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o The debinding process is not considered in the model.  

 

4.4.2 Governing Equations 

The system was initially assumed in the atmospheric air environment with no bulk or 

diffusive flow of gaseous species with a total gas pressure of 100 kPa (the standard 

atmospheric pressure).  The initial mass fractions of the gaseous species were similar to 

that in the atmospheric air.  The initial temperature was set at room temperature (298K) 

but subsequently followed the desired burn-off temperature profile.  

 

A 2D axisymmetry mass transport model coupling with multicomponent chemical 

reactions with two distinct computation domains (Carbon and LTCC) was attempted. 

The computation domains as shown in Figure 4-6 were modelled as a porous medium. 

The surfaces were assumed as permeable walls. The gradient of the mass fractions of 

the gaseous species and the total gas pressure are all dependent on the diffusivity of the 

porous medium as well as the carbon burn-off rate. 

 

The expected reactant concentration gradients in the sample during the sintering 

process are indicated in Figure 4-7.  At low temperature (i.e. the initial sintering stage), 

burn-off is likely to be chemical reactivity controlled; the reactant profile will be 

following “a-A”, and the concentration could be assumed as constant throughout the 

sample volume due to a low burn-off rate.  This is the time where the intrinsic kinetic 

parameters are determined for carbon burn-off as there is no significant external mass 

transfer resistance taking place.  While the sample is heated up, the burn-off rate 

increases; the reactant profile will subsequently shift to profile “a-B”, “b-C”, “c-D” and 

eventually “d”.  Profile “d” is an extreme case when the carbon burn-off is so fast that 
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virtually all the reactant is consumed at the carbon surface and the whole reaction 

appears as a surface reaction. The decreasing profile in the LTCC layer could also be 

due to the effect of sintering when pore closure is competing with the carbon burn-off.  

The LTCC layer in Figure 4-7 could be simply treated as a thick boundary layer with 

varying external mass transfer resistance due to the pore closure effect. 

 

 

 

Figure 4-6 Axisymmetry 2D model for a simple embedded air cavity LTCC structure 
with separate computation domains of carbon and LTCC.  Constant gas concentrations 

at atmospheric pressure were imposed at all boundaries as boundary conditions. 
 
 

 

 

Figure 4-7 Reactant concentration profiles during the course of LTCC sintering.  
  

 



115 

 

The governing equations formulated in Section 4.2 were applied specifically to the 

carbon embedded LTCC sample. With the stated assumptions in Section 4.4.1, the 

following equations will be adequate to provide a complete solution for the model.   

 

In both carbon and LTCC regions:  

Mass balance for oxygen: 

 

L� �¥¤�wc��¤N S * · ¨+H�� W ©¨ · L��H�� ¨+H�ª S ©>H� h +H�>�ª   (4.53) 

 

Mass balance for carbon dioxide: 

 

L� �¥¤�wfc��¤N S * · ¨+GH�� W ©¨ · L��GH�� ¨+GH�ª S ©>GH� h +GH�>�ª  (4.54) 

 

Mass balance for carbon monoxide: 

 

L� �¥¤�wfc�¤N S * · ¨+GH� W ©¨ · L��GH� ¨+GHª S �>GH h +GH>��   (4.55) 

 

Mass balance for nitrogen: 

        

+¬� W 1 h +H� h +GH� h +GH       (4.56) 

 

Momentum balance for total gas phase: 

 

¤�¥li�¤N W �¦ · L� ­® ¨;�� S >�       (4.57) 



116 

 

Energy balance for total gas phase: 

 

�	� ¤�¤N S ¦ · �h��¨@� W ∆���>?� h �	�* · ¨@     (4.58) 

 

In carbon region only, 

Rate of carbon burn-off: 

 

(�k(N W �L�.�!\,;`nkop+H��1 h A��       (4.59) 

 

In LTCC region only. 

Rate of sintering:  

 

(��(N W ���1 h A��         (4.60) 

 

Other constitutive equations: 

 

L� W 	i�ji�T�           (4.61) 

 

Molar fraction of species: 

 

,� W w�jij�           (4.62) 
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Summation of molar fraction for all gases: 

 

∑ ,�¬�± W 1          (4.63) 

 

Ideal gas equation of state for partial gas pressure of species: 

 

;� W ,�;�          (4.64) 

 

Equations (4.53) to (4.60) are strongly coupled with the physical properties such as 

diffusivity, porosity, gas density and kinetic parameters functions of the carbon burn-

off and LTCC sintering. The expressions for estimating the related physical properties 

were contained in Section 4.3.  Together with the initial and boundary conditions, the 

variables required to solve for the model are +H� , +GH� , +GH, +¬� , ;�, A� , A� , and T. The 

input to the model is the firing profile.  This is the only process parameter in the LTCC 

sintering process that could be easily and practically adjusted and controlled.  

 

4.4.3 Initial and Boundary Conditions 

Constant mass concentration of gas species was imposed at the external surface without 

considering mass resistance over a stagnant film layer. Estimated from flow simulation, 

the superficial flow velocity past the sample was about 0.03 m/s when the air flow rate 

was set at 80 ml/min in the TGA environment. At this velocity the stagnant film layer is 

relatively thin. With a relatively low LTCC sintering temperature (i.e. below 1123 K) 

and a constant excess supply of air at the external surface, the effect of external mass 

resistance is not significant. The assumption that the stream is free to atmosphere gas 

pressure of 1 atm was appropriate.  In addition, no heat transfer resistance was 
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imposed; the surface temperature at the external surface was set to follow closely to the 

firing profile.  

 

Boundary conditions: 

At r  = 0, axisymmetry conditions applied, 

 

¤�¤� W ¤w�¤� W 0           (4.65) 

 

At all surface boundaries,  

+H� W 0.232  

+GH� W 0  

+GH W 0  

;� W 1 ���  

@ W �R)R&� ;)��R�\ �@, ��  
 

At the interface between the LTCC and carbon layers, continuity of flux must be 

satisfied thus, 

For mass conservation: 

 

á&�â� W á&�âG          (4.66) 

 

Where, 

&� W L��+�* h ���¨+��       (4.67) 
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For energy conservation: 

 

áãâ� W áãâG          (4.68) 

 

Where, 

ã W �	�*@ h ��¨@        (4.69) 

 

For Darcy’s momentum equation: 

 

[L�*_� W [L�*_G          (4.70) 

 

Where, 

* W ­® ¨;�          (4.71) 

 

Finally, the initial conditions (at t = 0) were given as, 

 

For LTCC region, 

+H� W 0.232  

+GH� W 0  

+GH W 0  

;� W 1 ���  

@ W 323 ä  

A� W 0  
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For carbon region, 

+H� W 0.232  

+GH� W 0  

+GH W 0  

;� W 1 ���  

@ W 323 ä  

AG W 0  

 

4.4.4 Material Properties and Kinetic Parameters 

The carbon and LTCC material properties required for modelling were mostly 

measured physically with the appropriate instruments. Other properties not measured in 

this investigation were obtained from literature, datasheets and handbooks. The list of 

material properties employed in the modelling is contained in Table 4-1. 

 

The values of kinetic parameters for the carbon burn-off were obtained by TGA kinetic 

analysis; see Chapter 3. The kinetic parameters for carbon burn-off with variable 

activation energy and pre-exponential factor with conversion were input into the 

computation in tabulated functions with interval of 0.1 degree level of carbon burn-off. 

Values between input data were obtained by interpolation using piecewise cubic 

function, except at both ends of the data where linear extrapolation was employed, see 

Figures 4-8 and 4-9 respectively for activation energy and apparent pre-exponential 

factor of carbon burn-off.  Due to instability of burn-off observed at the initial and near 

to completion stages of the burn-off, rate parameter values were assumed constant at 

both end of the burn-off cycle.  
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Table 4-1 Material and kinetic properties for modelling. 
 

Material properties Values Remarks 

LTCC (HL2000) after debinding   

Initial porosity 0.5564 Measured by mercury porosimeter 

Mean pore size in diameter 0.2016 µm Measured by mercury porosimeter 

Initial density 1346  kg/m
3
 Measured by helium gas pycnometer 

Fired density 2900  kg/m
3
 HL2000 Design Guidelines [139]  

Activation energy ( sintering) 252.54 kJ/mol TMA kinetic analysis (See Chapter 3) 

Pre-exponential factor (sintering) 4.8 x 10
9
 1/s TMA kinetic analysis (See Chapter 3) 

Thermal conductivity 3 W/m K HL2000 Design Guidelines [139] 

Heat capacity 1060 J/kg K Use Mullite at 298 K [132] 

Carbon Tape after debinding   

Initial porosity 0.5453 Measured by mercury porosimeter 

Mean pore size in diameter 0.0676 µm Measured by mercury porosimeter 

Mean grain size in diameter 0.7676 µm Measured by light scattering 

True density 1947.7 kg/m
3
 Measured by helium gas pycnometer 

Activation energy (burn-off) See Figure 4-8 TGA kinetic analysis (See Chapter 3) 

Pre-exponential factor (burn-off) See Figure 4-9 TGA kinetic analysis (See Chapter 3) 

Thermal conductivity 
Empirical 

expression 
Appendix  A 

Heat capacity 
Empirical 

expression 
Appendix A 

Gas Species (O2, CO, CO2, N2)    

Thermal conductivity 
Empirical 

expression 
Appendix  A 

Heat capacity 
Empirical 

expression 
Appendix  A 

Viscosity 
Empirical 

expression 
Appendix  A 
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Figure 4-8 Apparent carbon burn-off activation energy vs. conversion for carbon burn-

off model. 

 
 

 
Figure 4-9 Apparent pre-exponential factor vs. conversion for carbon burn-off model. 
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The porosity of carbon during burn-off could be estimated from the initial porosity and 

the degree of burn-off where complete burn-off with no solid residue is expected 

[102,131], 

 

DG W DG� S A��1 h DG��        (4.72) 

 

Where DG� is the initial porosity of carbon before burn-off. 

 

The bulk density for carbon during burn-off is expressed in term of the true density of 

carbon as, 

 

LGM W LGN�1 h DG�         (4.73) 

 

Where LGN is the true density of carbon. 

 

For LTCC, the model for porosity changes during sintering as described in Section 

4.3.4, Figure 4-3 is used. The LTCC density during sintering is assumed to change 

linearly with the degree of shrinkage as shown in Figure 4-10. 
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Figure 4-10 Linear estimation of density change of LTCC during sintering. 

 

4.4.5 Numerical Method 

The model was coded in COMSOL Multiphysics® (version 3.5) which is a commercial 

FEM software specifically designed for multiphysics modelling.  Chemical engineering 

module which includes mass transfer and flow in porous medium was employed in 

conjunction with the classic PDE module for the burn-off and sintering models. All 

equations were coded with transient analysis type and were solved with the time-

dependent solver. The numerical model was tested for mesh and time step sensitivity 

using coarse and fine meshes with different time step intervals.  The meshing and time 

steps were optimised by the burn-off curve (time to reach 0.99 conversion).  Automatic 

mesh generation with triangular elements having a denser mesh for the thin carbon 

layer was employed. Approximately 4000 elements were employed for all sample 

configurations, with a time step of 10 s, 15 s or 20 s for 20 K/min, 10 K/min or 5 K/min 

firing profile respectively. A typical 6-layer LTCC / 0.15 mm carbon embedded 2D 

meshing is shown in Figure 4-21.   
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COMSOL provides only standard mass transfer governing equations in molar 

concentration quantity for a general formulation of chemical reaction engineering.   

However, to handle all the formulated equations in this investigation, the coefficients 

were replaced with the appropriate coefficient expressions, in particular the diffusivity, 

velocity and reaction source term.  With this modification, the model could be solved 

by the COMSOL solver. 

 

For the carbon region, equations to be solved are species mass conservation equations 

(equations 4.53-4.55), momentum equation (equation 4.57), energy balance equation 

(equation 4.58), carbon burn-off equation (equation 4.59), equation of state (equation 

4.61), and the summation of mass fraction (equation 4.56).  

 

For the LTCC region, the equations are species mass conservation equations (equations 

4.53-4.55), momentum equation (equation 4.57), energy balance equation (equation 

4.58), LTCC sintering equation (equation 4.60), equation of state (equation 4.61), and 

the summation of mass fraction (equation 4.56). 

 

All equations in both regions are solved simultaneously with the initial and boundary 

conditions for +H� , +GH� , +GH , +¬� , ;�, A� , A� ,  and T. 

 

4.4.6 Experimental 

The same experimental setup was used as in carbon burn-off kinetic analysis in Chapter 

3.  The only difference was the sample configuration.  These experimental runs were 

mainly used for model validation.  The different structure configurations are shown in 

Figure 4-11.  For easy reference, as shown in Figure 4-11, the sample structures were 
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named as (a) 2-layer LTCC structure, (b) 6-layer LTCC structure, and (c) 12-layer 

LTCC structure.  For this model validation, the thickness of embedded carbon used was 

restricted to 0.05 mm (2 mil), 0.15 mm (6 mil) and 0.25mm (10 mil).  The LTCC 

system was based on HL2000 LTCC system, with each tape having a nominal thickness 

of 0.125 mm. 

 

To extensively test the model, experiments were conducted with variations of LTCC 

layer thickness and carbon layer thickness.  Repeated runs were also conducted (2 to 3 

runs). The details are as follows: 

o 6-layer LTCC structure embedded with 0.05mm, 0.15 mm or 0.25 mm carbon 

tape under a constant heating rate LTCC firing profile of 5 K/min, 10 K/min or 

20 K/min. 

o 0.15mm carbon embedded in LTCC layers of 2, 6, or 12 layers under constant 

heating rate LTCC firing profile of 5 K/min, 10 K/min, or 20 K/min. 

 

The LTCC firing profile could be found in Figure 4-12. The carbon burn-off and burn-

off rate obtained were compared with the results predicted by the model. 

 

 

Figure 4-11 Sample configurations for model validation experiments.  
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Figure 4-12 TGA experimental temperature profile (similar to actual LTCC firing 

profile).  
 

4.4.7 Comparisons of Experimental and Modelled Burn-off Curves 

A relatively easier way to validate the model is to use the experimental TGA results, 

but based on the burn-off conversion curve with respect to time or temperature.  Other 

data that could be derived from the TGA curve is the derivative of carbon burn-off 

relative to time or temperature i.e. rate of carbon burn-off.  For modelling, burn-off 

conversion expressed as an overall carbon conversion over the area of the geometry 

was used to compare with the experimentally measured results. 

 

The overall carbon conversion or degree of carbon burn-off could be expressed as, 

 

áA�âg?� W å�k (��kå(��k          (4.74) 

 

Where .)� is the area of geometry of the carbon layer. 
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The rate of carbon burn-off can be expressed as, 

 

(�á�kâtUu�(N  �) (�á�kâtUu�(�          (4.75) 

 

The rate of burn-off could be evaluated graphically by differentiating the áA�âg?� curve 

with time or temperature. 

 

Similarly, the sintering curve was determined from the model as, 

 

áA�âg?� W å�� (���å(���          (4.76) 

 

Where .)� is the area of LTCC layers. 

 

Various cases of sample configuration and firing profile as detailed in the experimental 

section were modelled and compared to the measured TGA results.  Figures 4-13 to 4-

15 show the effect of carbon thickness affecting the carbon burn-off while Figures 4-16 

to 4-18 reveal the effect of LTCC layer. 

 

(i) Effect of carbon layers 

Three different thicknesses (0.05 mm, 0.15 mm, 0.25 mm) of carbon layer embedded in 

a 6-layer structure LTCC were employed to investigate the effect of carbon layer 

thickness in embedded carbon burn-off.  The result of TGA experimental burn-off 

curves compared with the modelled results of similar burn-off curves are shown in 

Figures 4-13 to 4-15. 
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TGA measured burn-off curves at 5 K/min, 10 K/min, and 20 K/min all demonstrated 

slower burn-off for 0.25mm thick embedded carbon. The burn-off curves of 0.25 mm 

thick carbon layer at all heating rates seemed to have a distinct separation from the 0.05 

mm and 0.15 mm results.  The burn-off of 0.05mm and 0.15 mm thick carbon layer 

revealed little effect on the carbon thickness, no distinct burn-off curves was observed 

between the two thicknesses at all heating rates. The data for both thicknesses were 

overlapping with relatively large data scattering.  

 

The predicted burn-off curves observed the same trend as the experimental TGA 

curves, namely thinner carbon burns faster than the thicker carbon.  The predicted burn-

off curves were systematically shifted with the carbon thickness due to the mass 

diffusion resistance of reactant induced by the carbon thickness.  The predicted and 

experimental burn-off curves of 0.25 mm thick carbon layer do not agree well at 5 

K/min and 10 K/min; the modelling results have faster initial burn-off than the 

experimental results. However, good agreements between experimental and predicted 

results were obtained at the higher heating rate of 20 K/min. 

 

The distinct slow burn-off observed experimentally from the 0.25 mm thick carbon 

layer is likely caused by the effect of surface catalytic reaction between the LTCC and 

carbon layer.  Carbon burns off by the initial surface catalytic reaction but will slow 

down with the gradually separation of the initial intimate contact of the LTCC.  This 

“break-off” will slow down the total carbon burn-off. This was observed when a 

relatively thick carbon layer was used as an embedded layer (demonstrated by all the 

0.25 mm thick carbon burn-off curves in Figures 4-13 to 4-15).  In contrast, for thin 

carbon layer, the “break-off” was not as obvious because the initial catalytic burn-off 
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had already consumed a major portion of the carbon layer.  Thus, a distinct slow down 

in burn-off was not observed (demonstrated by all 0.05 and 0.15 mm thick carbon burn-

off curves in Figures 4-13 to 4-15).  For a high heating rate, this “break-off” effect may 

not as obvious even for thick carbon layer as the reaction rate after “break-off” was still 

near to the initial catalytic reaction rate. For example, as shown in Figure 4-15, the 0.25 

mm predicted burn-off curve agrees well with the experimental curve when the model 

was based on the simple catalytic reaction rate.  This unique burn-off phenomenon was 

not considered in this model and thus the modelling results do not agree well with 

experimental results for 0.25 mm thick carbon layer at low heating rates.  However, it 

should be noted here that for most practical applications, thin carbon layer was used 

and thus the “break-off” effect will not significant. 

 
 

Figure 4-13 Effect of carbon tape layer at 5 K/min LTCC firing profile. 
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Figure 4-14 Effect of carbon tape layer at 10 K/min LTCC firing profile. 

 

Figure 4-15 Effect of carbon tape layer at 20 K/min LTCC firing profile. 
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(ii) Effect of LTCC layers 

The modelling results obtained from the 0.15 mm embedded carbon in 2, 6 and 12 layer 

structure LTCC are shown in Figures 4-16 to 4-18 for a constant heating rate profile of 

5 K/min, 10 K/min or 20 K/min respectively.  As LTCC pore closure has a strong effect 

on gas diffusivity, having an experimental based phenomenological LTCC porosity 

model is essential as a theoretical model specifically for LTCC sintering is hard to 

come by due to the complexity of glass/ceramics system of LTCC.  The experimental 

porosity model in this investigation was tested as a whole by comparing the carbon 

burn-off through the various LTCC layers structures. 

   

The effect of LTCC layers on carbon burn-off was reasonably well modelled for 2, 6, 

and 12 layers structures.  At high burn-off rate, i.e. at a heating rate of 20 K/min, for a 

12-layer LTCC structure, both model predictions and experimental results showed 

obvious incomplete burn-off phenomenon, see Figure 4-18.  Only about 90% carbon 

burn-off was achieved.  This indicates that carbon burn-off had terminated due to an 

insufficient supply of O2 caused by LTCC sintering. This resulted from the competing 

kinetics of carbon burn-off and LTCC sintering which caused the undesired incomplete 

burn-off of embedded carbon.  

 

In a practical application, such an incomplete carbon burn-off at this operating 

condition is usually not possible due to equipment limitation of having a high heating 

rate of 20 K/min. In addition, such a high ramp rate is undesirable as it could create 

large thermal gradient over the sample.  Interfacial stresses initiated between layers 

could be severe.   A lower heating rate of 10 K/min is generally acceptable and adopted 

by production lines. However, even at this lower heating rate, for thick LTCC layers 
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and thicker carbon layer, delay carbon burn-off could still probably occur due to the 

large diffusion resistance. This phenomenon is demonstrated in the numerical 

predictions of an 18-layer LTCC/0.25 mm embedded carbon structure in Figure 4-19. 

The dotted line indicates that there is incomplete carbon burn-off at about 94%.  

Figure 4-16 Effect of LTCC layer at 5 K/min LTCC firing profile. 
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Figure 4-17 Effect of LTCC layer at 10 K/min LTCC firing profile. 

 

 

 
Figure 4-18 Effect of LTCC layer at 20 K/min LTCC firing profile. 
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Figure 4-19 Effect of competing kinetics of carbon burn-off and LTCC sintering at 10 

K/min for an 18-layer LTCC embedded structure. 
 

 

Besides the above qualitative comparison between the modelled and measured results 

based on the burn-off curve for the effect of carbon and LTCC layers, the results 

obtained in term of sintering time to reach 99 % of carbon burn-off are listed in Table 

4-2.  The average deviation was taken from three experimental runs and arithmetically 

compared to the measured readings.  The average deviation is expressed as, 

 

.*\. �\*R��R�& æ  áNçxy.ÍÍâr�quèèuq`áNçxy.ÍÍârut�évuqáNçxy.ÍÍârut�évuq  , 100%    (4.77) 

 

The deviations for the various runs with different configurations were less than 5 %, a 

rather good result for employing a simple first order reaction model for both carbon 

burn-off and LTCC sintering. 
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Table 4-2 Comparison between predicted and measured burn-off curves for time to 
reach 99% of carbon burn-off. 

 

Embedded carbon configuration 

Modelling Results 

(Time to reach 

99% carbon burn-

off), (s) 

TGA Results  

(Time to reach 

99% carbon burn-

off), (s) 

Average 

deviation based 

on equation 

(4.77), (%) 

Constant heating rate profile : 5 K/min   

2-Layer LTCC/0.15 mm Carbon 7520 7504 0.2 

6-Layer LTCC/0.05 mm Carbon 7480 7329 2.1 

6-Layer LTCC/0.15 mm Carbon 7480 7416 0.9 

6-Layer LTCC/0.25 mm Carbon 7565 7751 -2.4 

12-Layer LTCC/0.15 mm Carbon 7565 7559 0.1 

    

Constant heating rate profile : 10 K/min   

2-Layer LTCC/0.15 mm Carbon 3913 3980 -1.7 

6-Layer LTCC/0.05 mm Carbon 3915 3850 1.7 

6-Layer LTCC/0.15 mm Carbon 3960 3886 1.9 

6-Layer LTCC/0.25 mm Carbon 4050 4135 -2.0 

12-Layer LTCC/0.15 mm Carbon 4050 4034 0.4 

    

Constant heating rate profile : 20 K/min   

2-Layer LTCC/0.15 mm Carbon 2047 2135 -4.1 

6-Layer LTCC/0.05 mm Carbon 2075 2027 2.4 

6-Layer LTCC/0.15 mm Carbon 2150 2143 0.4 

6-Layer LTCC/0.25 mm Carbon 2250 2265 -0.6 

12-Layer LTCC/0.15 mm Carbon* 2200 2177 1.1 

Note: *incomplete burn-off, Time to reach 85% burn-off was taken instead. 

 

(iii) Effect of firing profiles 

The model was also validated on an arbitrary multi-step firing profile consisted of 

isothermal hold steps.  The burn-off curve obtained from the model along with the 

measured TGA curve is shown in Figure 4-20.  The modelling burn-off curve agrees 

well with the experimental measured curve, with the same trend of burn-off 

characteristics. As such, the model developed provides the possibility to model the 

carbon burn-off at various users’ defined firing profile. This is a useful tool especially 

for optimisation of LTCC sintering profile.  
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Figure 4-20 Carbon burn-off curve at arbitrary multi-step LTCC firing profile. 
 

(iv) Total gas pressure 

One of the important sintering parameters is the total gas pressure in the carbon layer.  

This internal pressure build-up in the system, if excessive, will cause severe swelling or 

cracking of the embedded structure.  For analysis, the internal pressure was taken from 

the model results at the centre point in the carbon layer where the maximum pressure 

was occurring during the course of burn-off.  The location of the centre point is shown 

as Point 1 in Figure 4-21.  This pressure value could not be measured experimentally, 

and thus modelling had to be relied upon.  

  

Based on the typical heating rate of 10 K/min, the pressure build-up in the carbon 

embedded cavity for different LTCC and carbon layers were compared, see Figure 4-

22.  Generally, build up pressure increased with LTCC layers and with carbon layers. 

The maximum pressure could reach 1.81 x 105 Pa. This is a sufficiently high pressure to 
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cause distortion of the LTCC layer when it was in its softening stage.  Internal pressure 

also increased with an increase in heating rate as shown in Figure 4-23. 

   

At Point 1 for the 6-layer LTCC structure, the plotted pressure build-up curves were 

observed to have the same trend as the burn-off curves under various heating rates, see 

Figure 4-24.  The maximum peaks occurred almost at the same times indicating the 

close relationship as in equation (4.59).  This indicates that for fugitive carbon used as 

embedded inserts, if the rate of burn-off could be lower, the burn-off pressure build up 

would be reduced. This will lead to a reduction of the risk of sample swelling.  

However, some pressure build-up may be essential to support the structure during 

sintering (glass softening) phase.  The total gas pressure in the carbon layer could be 

used to optimise the LTCC process especially the firing profile for sintering without 

multiple physical testings of the sample in the furnace.  Rate of burn-off could be 

reduced by using a low burn-off temperature or at a low heating rate.  However, low 

temperature burn-off will result in much longer sintering time, which is not desirable 

from a production perspective.  Furthermore, it may result in poor fired properties due 

to coarse grain growth and premature glass crystallisation. 
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Figure 4-21 FEM mesh of sample configuration of 6-layer LTCC / 0.15 mm carbon 
embedded structure. Point 1 indicated is at the centre of the embedded carbon layer. 

(Note: half model shown as model symmetrical about centreline) 
 
 

Figure 4-22 Pressure at point 1 with various LTCC layers and carbon layer thickness at 
10 K/min constant heating profile. 
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Figure 4-23 Pressure at point 1 of 6-layer LTCC / 0.15 mm carbon embedded structure 
with various heating rate firing profiles. 

 

 

 
Figure 4-24 Plots of burn-off rate and pressure build up during the course of reaction 

for 6-layer LTCC / 0.15 mm carbon embedded structure. 
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(v) Reactant (O2) concentration profile 

O2 concentration was a function of the location and the burn-off conversion. Instants of 

O2 concentration profile along the centre line of the carbon layer at conversion levels of 

0.05, 0.25, 0.50, 0.75, and 0.95 are shown in Figure 4-25 for a 12-layer/0.15 mm carbon 

structure. The location of the centre plane of the carbon layer is shown as Line 1, see 

Figure 4-21.  Burn-off began with a constant concentration of O2. At low level of 

conversion (áA�âg?� W 0.05), the concentration was almost constant throughout the 

sample due to low initial burn-off rate.  As burn-off proceeded, at higher conversion, 

the consumption of O2 gradually increased and eventually reached the maximum rate of 

burn-off at about 0.75 conversion level.  When approaching complete burn-off 

(áA�âg?� W 0.95), the O2 concentration began to decrease and finally returned back to 

its initial concentration at complete burn-off.  Due to the nature of porous structure and 

also the pore closure effect of LTCC sintering, the LTCC layer behaved like a mass 

diffusion resistance layer with large concentration gradient in the LTCC layer. 

 

Under the situation of competing kinetic, i.e. in the experimental run of 12-layer/0.15 

mm carbon at 20 K/min, incomplete carbon burn-off was observed.  The O2 

concentration profiles for such a situation are shown in Figure 4-26.  At áA�âg?� W
0.88, where carbon burn-off was terminated, O2 dropped to zero at the carbon/LTCC 

interface.  This is due to the high mass diffusion resistance of O2 caused by the 

sintering of the LTCC layer. 

 

The concentration profile modelled matched well with the expected profile as depicted 

in Figure 4-7.  
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Figure 4-25 Mass concentration of reactant O2 expressed in mass fraction along Line 1 
during the course of burn-off (12-layer LTCC / 0.15 mm carbon embedded structure at 

10 K/min). 
 
 

Figure 4-26 Mass concentration of reactant O2 expressed in mass fraction along Line 1 
during the course of burn-off (12-layer LTCC / 0.25 mm carbon embedded structure at 

20 K/min) showing incomplete carbon burn-off at 0.88 conversion. 
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(vi) Species concentration profiles  

For a better understanding of the concentration profiles of reactant and product gases 

during the course of burn-off, the gaseous concentrations are depicted in Figure 4-27 

along with the carbon burn-off curve at Point 1, the centre point of the carbon layer.  

The consumption of O2 was associated with the generation of CO2 and CO in 

accordance with the product gas ratio as indicated in our earlier formulation, see 

equation (3.3) in Chapter 3, Section 3.1.  The total gas phase concentration was 

balanced by the abundant quantity of N2.  The total gas phase mass fraction must 

always equal to unity. 

Figure 4-27 Mass concentration profiles of gas species at Point 1 expressed in mass 
fraction at centre of carbon layer during burn-off (12-layer LTCC / 0.15 mm carbon 

embedded structure). 
 

(vii) Temperature profile 

Temperature profile within the carbon layer at maximum carbon burn-off rate was 

obtained at Line 1 from the model for a 12-layer LTCC/0.15 mm carbon at 10 K/min 

heating rate, see Figure 4-28. The maximum temperature variation within the sample 
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was about 0.5 K.  The slight increase in temperature of about 0.5 K above the firing 

profile temperature is not significant from a carbon burn-off perspective. However, this 

reveals the capability of the model in capturing the exothermic reaction effect of 

heating up the sample.  

Figure 4-28 Temperature distribution along Line 1 for 12-layer LTCC/0.15 mm carbon 
at 10 K/min indicating maximum temperature deviation of 0.5 K at maximum burn-off 

rate. 
 

(viii) Convective mass flux effect 

Bulk flow for the system was governed by Darcy’s pressure driven flow for porous 

medium.  In all cases, mass transfer by diffusion was about an order higher than the 

mass transfer contributed by bulk flow.  The maximum mass flux by bulk flow 

occurred at the maximum burn-off rate.  The various mass flux components of O2 at 

Point 1 of carbon tape are shown in Figure 4-29, indicating that the contribution by 

bulk flow of O2 is very minimal.  Thus, for model simplification, the effect of bulk flow 

may not be necessary be considered in the model.  
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Figure 4-29 Mass flux profiles of O2 at Point 1 of 12-layer LTCC/0.15 mm carbon at 10 
K/min heating rate, indicating little contribution of mass flux from bulk flow 

(convective mass flux). 
 

4.5 Concluding Remarks 

Governing equations based on mass and heat transfer for multicomponent mixture was 

formulated together with the essential constitutive equations required for the modelling.  

Physical properties were determined experimentally or from empirical expressions 

which could be obtained from literature and handbooks. Those material properties not 

readily available were estimated from available data of similar materials. 

  

The equations formulated will be employed for the simulation of carbon burn-off in 

embedded LTCC structures.  It will be solved numerically for the embedded carbon 

burn-off process investigation and optimisation.  
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A process based 2D axisymmetrical model on the fabrication of simple cavity structure 

in LTCC using fugitive carbon was developed. Various embedded LTCC structure 

configurations with different combination of the number of carbon and LTCC layers 

were modelled and validated experimentally. Though the model predicted faster initial 

burn-off for thick carbon layer (0.25mm) at 5 K/min and 10 K/min heating rates, the 

difference between the burn-off curves at near burn-off completion (áAGâg?� W 0.99) 

were less than 5%.  This presents sufficient accuracy for having the developed model 

for the simulation of carbon burn-off and LTCC sintering. 

 

Other modelling results such as total gas pressure, reactant profile and temperature 

profile, which could not be validated experimentally, were also presented.  These 

results provide a better understanding of the process and could be utilised for process 

optimisation or improvement.  

 

In Chapter 5, this established model will be employed to demonstrate its potential in the 

optimisation of the LTCC sintering process to minimise cavity distortion (swelling or 

sagging) for a much larger sample dimensions which resemble some physical 

dimensions of devices for both RF electronics and MEMS applications.  
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Chapter 5 

IMPLMENTATION OF PROCESS MODEL 

 

Structural distortions such as cavity swelling and sagging were known to be the issue 

when dealing with large embedded structure.  The internal pressure build-up due to 

carbon reaction and the gravitation effect of the suspended structure at the glass 

softening stage are closely related to the structure deformation [9].  Methods were 

developed by controlling of O2/N2 ratio in the sintering environment [28] or changing 

the carbon particle size in the carbon layer [146] in an effort to control the carbon burn-

off rate during sintering.  However, it will require additional gas control facility or 

source of carbon particles which may require reformulation of carbon paste or tape.  

 

As such, the model developed in Chapter 4 is further validated in this chapter, in 

particular its capability for modelling typical practical geometries with large embedded 

structures,  such as those contained in some of the applications in the areas of sensors, 

RF, microfluidic, microreactors and MEMS devices [8,140,141,142,143,144,145]. The 

LTCC sintering profile is to be optimised for the burn-off of carbon embedded in such a 

large embedded cavity. 

 

As discussed in Chapter 4, total gas pressure was strongly coupled with heating rate.  

By applying low heating rate in the sintering profile, the pressure built-up can be 

lowered during carbon burn-off and at the same time delay the crystallisation of the 

LTCC.  This will allow complete or near complete burn-off before the onset of 

softening of the LTCC system. In addition, carbon burn-off could be improved further 

by incorporating multiple isothermal steps. The advantage of using multiple-step firing 
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profile as compared to other methods is its ease of implementation.  It can be achieved 

easily by re-programming the sintering furnace.  

 

In this chapter, the developed process model for optimising the firing profile for an 

embedded cavity structure using multi-step firing profile will be demonstrated.  

 

5.1 Experimental 

The simple embedded cavity of ∅8 mm in the earlier experiment in Chapter 4 was 

scaled up to ∅32 mm. The construction of the sample is shown in Figure 5-1; it is a 

simple ∅32 mm circular cavity with a height of about 0.15 mm.  This represents 

sufficient equivalent volume of space for housing multiple high performance RF, 

MEMS or microfluidic modules.   

 

The fabrication of the samples was achieved with LTCC production equipment.  The 

sample was built up primarily with self-constrained HL2000 tape. In addition, two 

other commercial tape systems, Dupont 951 and Ferro A6 LTCC tapes, were also 

employed for comparison. The LTCC tape was cut to size by CO2 laser. Carbon tape of 

0.15 mm (6 mil) thickness acted as the fugitive layer.  The layers were stacked, aligned, 

pre-bonded and laminated.  The sample was heated at 1 K/min constant heating rate 

from room temperature and debinded at 673 K for 2 hours.  Preheating air blower 

integrated with the sintering furnace was used for better debinding.  After debinding, 

the sample was subjected to the firing profile suggested by the developed process 

model. Temperature of the furnace was calibrated and controlled within 5 K.  The 

temperature near the sample (5 mm above the sample top surface) was measured to be 

20 K - 30 K higher than the furnace temperature settings depending on the range of 
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temperature used.  As such, the sintering profile of the model was referred to this 

measured sample temperature, and compensated accordingly for programming the 

sintering furnace temperature.  

 

 

Figure 5-1 Sample construction before sintering. 

 

5.2 Modelling 

A 2D axisymmetric model was employed. The computation domain is shown in Figure 

5-2.  Instead of a TGA chamber, a full scale sintering furnace was employed here. Both 

the initial and boundary conditions were set exactly the same as the earlier model 

described in Chapter 4, Section 4.4.3. However, as the working space is now much 

larger than the TGA chamber, the boundary conditions might have to be appropriately 

adjusted for validation of the model. An attempt was made to optimise the firing profile 

to achieve the lowest internal pressure build-up in the cavity in the shortest processing 

time and within the operating specifications of the sintering furnace (maximum ramp 

rate is 10 K/min).  For the purpose of process optimization, results achieved are 

targeted for comparisons.  
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Figure 5-2 Computation domains for embedded structure with boundary conditions. 

 

5.3 Optimisation of LTCC Sintering Profile 

Optimisation was to be achieved by only adjusting the firing profile to achieve a fully 

embedded cavity with minimum sagging or swelling, and complete burn-off for the 

embedded carbon layer.  The total gas phase generated during the carbon reaction and 

the LTCC sintering at the onset of pore closure due to viscous flow of glass 

components are considered by the process model for estimating the cavity deformation. 

  

For optimisation, LTCC sintering is deliberately retarded for carbon burn-off to be 

completed just before the onset of glass flow to reduce cavity swelling due to the gas 

build-up pressure. However, it is important to maintain a certain level of gas pressure to 

prevent structure sagging due to gravitation effect of the suspended structure.   Profiles 

selected have to take into consideration also sintering time required to minimise the 

production cycle.  With the LTCC sintering curve, the relationship of pressure build-up 

is estimated at the centre point of the carbon layer where maximum pressure build-up 

occurred. This allows the determination of the pressure at the onset of glass softening 

point. The profile which produces the least pressure value at the onset point will be 



 

selected.  Simultaneously, the carbon burn

complete carbon burn-off.   

 

Pressure build-up could be lowered by reducing the burn

isothermal dwells will also delay LTCC sintering such that carbon burn

proceed smoothly. This will avoid premature complete sintering of LTCC, and thus the 

elimination of gaseous escape route before complete carbon burn

analysis of carbon burn

for multi-step profiling will be appropriate. Since constant heating rates within 5 K/min 

to 10 K/min are always recommended as standard LTCC sintering profiles, 

5-3, profile optimisation employing the multiple step burn

on this basis through the developed process model.

 

Figure 5-3 Recommended firing profiles for LTCC sintering.
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selected.  Simultaneously, the carbon burn-off curve is employed for the estimation of 

off.    

up could be lowered by reducing the burn-off rate. Mu

isothermal dwells will also delay LTCC sintering such that carbon burn

proceed smoothly. This will avoid premature complete sintering of LTCC, and thus the 

elimination of gaseous escape route before complete carbon burn-

analysis of carbon burn-off rate, the operating temperature range of 823 K to 1048 K 

step profiling will be appropriate. Since constant heating rates within 5 K/min 

to 10 K/min are always recommended as standard LTCC sintering profiles, 

3, profile optimisation employing the multiple step burn-off strategy will be explored 

on this basis through the developed process model. 

3 Recommended firing profiles for LTCC sintering.

 

off curve is employed for the estimation of 

off rate. Multiple steps of 

isothermal dwells will also delay LTCC sintering such that carbon burn-off could 

proceed smoothly. This will avoid premature complete sintering of LTCC, and thus the 

-off.  Based on the 

off rate, the operating temperature range of 823 K to 1048 K 

step profiling will be appropriate. Since constant heating rates within 5 K/min 

to 10 K/min are always recommended as standard LTCC sintering profiles, see Figure 

off strategy will be explored 

 

3 Recommended firing profiles for LTCC sintering. 
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The multiple steps firing profile related parameters are shown in Figure 5-4. A simple 

parametric study was generated as in Table 5-1.  Carbon burn-off temperature was 

targeted at 898 K, 923 K, and 948 K, based on the TGA analysis.  Due to HL2000 

catalytic carbon burn-off at 898 K, a complete burn-off could be expected below 45 

min, an accepted production rate. Below 898 K, burn-off could take much longer.  

Various constant heating rates of 2.5 K/min to a maximum heating rate of 10 K/min 

were used to heat up the sample from 673 K to the burn-off temperature with different 

soak times. The process model developed was utilised for the sintering zone. 

 

Figure 5-4 Firing profile parameters to be optimised for LTCC sintering. 
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Table 5-1 Firing profile parameters for optimisation modelling.  

  Step 1 Step 2 Step 3 Step 4 

Run 

No. 

R1 

(K/min) T1 (K) 

t1 

(min) 

R2 

(K/min) T2 (K) 

t2 

(min) 

R3 

(K/min) T3 (K) 

t3 

(min) 

R4 

(K/min) T4 (K) 

t4 

(min) 

1 5 1123 15                   

2 10 1123 15                   

3 10 923 15 10 1123 15             

4 10 923 30 10 1123 15             

5 10 948 15 10 1123 15             

6 10 848 0 2.5 923 15 10 1123 15       

7 10 873 0 2.5 923 15 10 1123 15       

8 10 898 15 5 923 15 10 1123 15       

9 10 923 15 10 948 5 10 1123 15       

10 10 898 5 10 923 10 10 948 5 10 1123 15 

 

5.4 Results and Discussion 

5.4.1 Burn-off Curves 

The firing parameters selected as listed in Table 5-1 for the optimisation of firing 

profile for the embedded cavity structure were modelled using the developed process 

model.  The results obtained for the carbon burn-off curves under fully embedded 

LTCC conditions are shown in Figure 5-5. All firing profiles shown in Figure 5-5 

achieved complete burn-off. Thus the cavities fabricated should be free of carbon 

residue.   
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Figure 5-5 Embedded carbon burn-off curves obtained from the process modelling for 
the optimisation of firing profile runs. 

 

5.4.2 Total Gas Pressure 

The total gas pressure in the carbon layer was determined at the centre of the carbon 

layer (similar position as Point 1 of Figure 4-21 in Chapter 4) where the maximum 

pressure was occurring, along with the overall average degree of sintering of LTCC.   

The pressure plots for all the 10 runs are shown in Figure 5-6.  In addition, the pressure 

values were estimated at the onset of softening of LTCC i.e. when LTCC becomes 

soften and swells with minimum pressure build-up in the cavity.  The onset point was 

estimated at 2% of degree of LTCC sintering.  The values of the total gas pressure are 

listed in Table 5-2.   

 

Pressure build-up during the sintering process at Run 2 (10 K/min) was relative high at 

the onset of glass softening of 1.65 MPa. This pressure build-up in the embedded cavity 

could be reduced by having a multi-step firing profile typically from the range of 873 K 

– 923 K. For example, the multi-step sintering profile of Run 6 reduced the maximum 
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pressure build-up by as much as 38 % as compared to Run 2, see Figure 5-6.  The 

combination of isothermal steps shown from the modelling calculation could suppress 

the pressure build-up, delay LTCC sintering, and result in lower pressure (near 

atmospheric pressure) before the onset of the glass softening. These would result in 

much less deformation to the cavity when competing kinetics of carbon burn-off and 

LTCC sintering occurred.   

 

Figure 5-6 Modelling result plots of total gas pressure with degree of LTCC sintering. 
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Table 5-2 Modelling results based on total gas pressure in carbon layer at estimated 
onset point of substantial glass flow (pore closure).  Run number with asterisk indicates 

selected optimised firing profile for actual sample testing. 
 

Run No. Total gas pressure at áìíâîï´ = 0.02, (Pa) 

1 1.50 X 10
5
 

2 1.65 X 10
5
 

3 1.29 X 10
5
 

4 1.29 X 10
5
 

5 1.55 X 10
5
 

6* 1.02 X 10
5
 

7 1.05 X 10
5
 

8* 1.03 X 10
5
 

9 1.29 X 10
5
 

10 1.18 X 10
5
 

 

The two profiles with the lowest pressure values were selected for the actual sample 

runs, namely Runs 6 and 8.  In addition to the sample fired at the 2 optimised firing 

profiles (Runs 6 and 8), samples fired at the standard profiles 5 K/min and 10 K/min 

were used for comparison.  As shown in Figures 5-7 and 5-8, these samples (fired at 5 

K/min and 10 K/min) had swelled cavity with cracks developed at the outer edge of the 

embedded cavity.   Sample fired at 10 K/min showed severe cracking as shown in 

Figure 5-7. At 5 K/min, the cracks were only observed after cross-sectioning.  This 

shows that a high heating rate could increase cavity swelling.  

 

The quality of cavity formations was assessed by cross-sectioning.  The cavity height of 

the cavity was measured across the diameter.  The sample cross-sectioning images of 

the 5 K/min (Run 1), Run 6 and Run 8 are shown in Figures 5-8, 5-9 and 5-10 

respectively.  No cracks were observed on samples of Runs 6 and 8.   

 



 

The result of the cavity measurements for maximum

cavity diameter of 32 mm by cross

Measurements were done on 3 samples each for Run 6 & Run 8. Sample fired at 10 

K/min was excluded from measurement as it had obvious cracks. Samples

K/min (Run 1) were employed as a reference for the optimised firing profiles.  Using 

the 5 K/min standard profile, for a 32 mm diameter fully embedded cavity using 0.15 

mm carbon tape, the average maximum cavity height variation was 2 mm. In co

with the multi-step firing profile (Run 6), an average maximum cavity height variation 

of 75 ± 41 µm was obtained, a significant improvement. 

 

Figure 5-7 HL2000 embedded carbon sample after sintering at 10 K/min showing 
obvious cracks at edges 
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The result of the cavity measurements for maximum cavity height variation over the 

cavity diameter of 32 mm by cross-sectioning was compiled in Figure 5

Measurements were done on 3 samples each for Run 6 & Run 8. Sample fired at 10 

K/min was excluded from measurement as it had obvious cracks. Samples

K/min (Run 1) were employed as a reference for the optimised firing profiles.  Using 

the 5 K/min standard profile, for a 32 mm diameter fully embedded cavity using 0.15 

mm carbon tape, the average maximum cavity height variation was 2 mm. In co

step firing profile (Run 6), an average maximum cavity height variation 

m was obtained, a significant improvement.  

7 HL2000 embedded carbon sample after sintering at 10 K/min showing 
obvious cracks at edges of embedded cavity.  No cross-sectioning was done as the 

defect is obvious. 
 
 
 
 
 
 

 

cavity height variation over the 

sectioning was compiled in Figure 5-11. 

Measurements were done on 3 samples each for Run 6 & Run 8. Sample fired at 10 

K/min was excluded from measurement as it had obvious cracks. Samples fired at 5 

K/min (Run 1) were employed as a reference for the optimised firing profiles.  Using 

the 5 K/min standard profile, for a 32 mm diameter fully embedded cavity using 0.15 

mm carbon tape, the average maximum cavity height variation was 2 mm. In contrast, 

step firing profile (Run 6), an average maximum cavity height variation 

 

7 HL2000 embedded carbon sample after sintering at 10 K/min showing 
sectioning was done as the 
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Figure 5-8 Sample cross-sectioning view of HL2000 embedded carbon sample after 
sintering at standard Run 1 (5 K/min) firing profile – (a) overall stitched images, (b) 
close-up left corner view, (c) close-up centre view, (d) close-up right corner view. 

 

 

   

Figure 5-9 Sample cross-sectioning view of HL2000 embedded carbon sample after 
sintering at optimised firing profile of Run 6 – (a) overall stitched images, (b) close-up 

left corner view, (c) close-up centre view, (d) close-up right corner view. 

 

 

   

Figure 5-10 Sample cross-sectioning view of HL2000 embedded carbon sample after 
sintering at optimised firing profile of Run 8 – (a) overall stitched images, (b) close-up 

left corner view, (c) close-up centre view, (d) close-up right corner view. 

(a) 

(a) 

(b) (d) (c) 

(b) (d) (c) 

(a) 

(b) (d) (c) 

Cracks Cracks 
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Figure 5-11 Cavity measurements of maximum variation of cavity height along cavity 

width of 32 mm.  
 

5.4.3 Fracture Surface of Fired Samples 

To assure the quality of the fired samples using the optimised firing profile with 

multiple steps of isothermal holds and slow ramp rates, the fired samples from Run 6 

together with the standard profile 5 K/min were fractured and examined under 

Scanning Electron Microscope (SEM) at high magnifications.   The SEM micrographs 

are shown in Figures 5-12 and 5-13.  No “staircase” liked fractured surface was 

observed for both samples indicating that the layers were well laminated and inter-

fused after sintering as one monolithic body.  The LTCC layers for both samples were 

fully sintered and shown clean normal brittle fracture (glass liked fracture) with tiny 

voids of size in micro range populated evenly in the LTCC layers. A higher void 

density at the interface between the LTCC and constrained layer was observed.  The 

interfacial voiding was always observed when dissimilar layers (LTCC and refractory 

constrained layers) were integrated. The fracture surfaces for both samples at 5 K/min 
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and multi-step profile (Run 6) show no significant micro-structurally difference.  Thus, 

the optimised firing profile with multiple isothermal hold and ramp was not 

significantly affecting the sintering property of the LTCC structure.   

 

Furthermore, the optimised sintering profile (Run 6) achieved less distorted samples 

with no loss in sintering time.  The total sintering time, as shown in Figure 5-14, 

excluding the debinding and cooling cycles, is quite comparable with the recommended 

standard sintering at a constant heating rate of 5 K/min.  

 

 

  

Figure 5-12 Fired at standard 5 K/min profile, fracture surface of fired HL2000 carbon 
embedded structured sample taken by SEM micrographs showing a) unique layered self 

constrained layer structure, b) LTCC layer and c) constrained refractory layers. 
 
 

 

(b) (c) 

(a) 
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Figure 5-13 Fired at optimised Run No 6 firing profile, fracture surface of fired 
HL2000 carbon embedded structured sample taken by SEM micrographs showing a) 

unique layered self constrained layer structure, b) LTCC layer and c) constrained 
refractory layers. 

(b) (c) 

(a) 
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Figure 5-14 Optimised sintering profile excluding debinding cycle and cooling cycles 
of Run 6 with multi-step isothermal dwell and slow ramp rate. 

 

5.4.4 Other LTCC Materials 

The same approach was applied to other common commercial LTCC systems such as 

Dupont 951 and Ferro A6M.  The sample configuration remains the same as that for 

HL2000. However, as the LTCC tape systems of Dupont 951 and Ferro A6M are not 

self constrained, these samples after sintering will experience shrinkage of 8 – 20 % in 

all directions.  The cavity dimension is expected to shrink to approximately ∅26 mm 

after sintering due to the inherent shrinkage property.   

 

The samples tested on Dupont showed minimal swelling or sagging of cavity which is 

comparable to HL2000, see Figure 5-15.  For Ferro A6M, as it retarded the carbon 

burn-off by almost 20 %, it requires a much longer hold time that may not be 

favourable for sintering.  The fired samples for Ferro A6M are shown in Figure 5-16, 

and the results obtained are not encouraging.  Indeed, to achieve Ferro embedded 
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structure, one may have to consider combining Ferro A6M with other LTCC system 

that could catalyse the carbon burn-off, for example Dupont 951.  By integrating a layer 

of Dupont 951 over the embedded carbon layer, the result of using multiple step 

sintering profile is significantly improved, with the fired sample having minimum 

deformation as shown in Figure 5-17.  However, both LTCC systems have to be 

matched with respect to the sintering shrinkage to avoid severe cracking or distortion 

due to differential sintering stress. 

  

 

Figure 5-15 Dupont 951 embedded samples sintered at a) standard firing profile 10 
K/min, b) standard firing profile at 5 K/min, c) multi-step firing profile. 

 

 

Figure 5-16 Ferro A6M embedded samples sintered at a) standard firing profile 10 
K/min, b) standard firing profile at 5 K/min, c) multi-step firing profile. 
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Figure 5-17 Embedded sample of composite layer of Ferro A6M/Dupont 951 firing at 
multi-step profile. 

 

5.5 Concluding Remarks 

The process model developed was successfully applied for the optimisation of sintering 

profile for a fully embedded cavity structure using fugitive carbon layer.  On HL2000 

LTCC system, with the assistance of process modelling, multi-step firing profile with 

steps of isothermal dwells and slow ramp rate steps was demonstrated to reduce 

pressure build-up.  Physical samples demonstrated that minimum cavity swelling and 

sagging can be achieved. A relatively flat fully embedded cavity with an average 

maximum cavity height variation of just 75 ± 41 µm over a span of 32 mm is possible.  

The same optimisation approach could also be applied to other LTCC embedded 

systems such as Dupont and Ferro with comparable results.   
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Chapter 6  

CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions  

Every process model is unique to its specific process requirements.  In this 

investigation, a model was proposed, formulated and implemented for the modelling of 

embedded carbon burn-off in LTCC for embedded structure fabrication. This was 

achieved by implementing mass transport equations to two computation domains of 

carbon and LTCC layers coupled with carbon burn-off and sintering reaction models.   

 

The process based 2D axisymmetry model on a fabrication of a simple cavity structure 

in LTCC using fugitive carbon was successfully developed and first validated 

experimentally in TGA environment.  Though the model predicted faster initial burn-

off for a thick carbon layer at low heating rates, the differences between the predicted 

and experimentally observed burn-off curves at near burn-off completion (áAGâg?� W
0.99) were less than 5%.  This is a notable achievement as it paves the way for the 

optimisation of processing conditions for carbon burn-off and LTCC sintering through 

simulation. 

  

Solid catalysed reaction was revealed in embedded carbon burn off in LTCC which 

hitherto has not been reported.  The carbon kinetic analysis conducted showed carbon 

burn-off rate was significantly affected by the intimate contact of inorganic metal 

oxides contained in LTCC.  Among the tested LTCCs, Dupont 951 is a strong catalyst 

followed by HL2000, while Ferro A6M inhibits the carbon burn-off.  Isoconversion 

method fitted with a first order reaction model for variable activation energy and pre-
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exponential factor was shown to be a good estimation method with sufficient accuracy 

for embedded carbon burn-off kinetic analysis.   

 

The kinetic parameters for HL2000 sintering were determined based on solid-state first 

order reaction model.  A single value activation energy and pre-exponential factor 

determined by linear regression over multiple heating rates from different LTCC 

configurations proved to be appropriate for the sintering of different layer 

configurations of LTCC in spite of the complex sintering mechanisms which involve 

viscous flow. This adopted method also avoids the ambiguity on the reaction rate 

parameters resulted from the single non-isothermal analysis at different constant 

heating rates. In addition, this mathematically simple model could be easily integrated 

into the process model. 

 

The process model developed, which was first validated in laboratory scale (TGA 

environment), was subsequently demonstrated to be equally applicable for the 

optimisation of sintering profile for a fully embedded cavity structure using fugitive 

carbon layer in production scale.  Using a furnace, a large embedded cavity was 

fabricated using HL2000 LTCC system with fugitive carbon. With the assistance of 

process modelling, multi-step firing profile with steps of isothermal dwells and slow 

ramp rate steps was demonstrated to reduce pressure build-up and thus resulted 

minimal swelling and sagging of the cavity. A near free distortion fully embedded 

cavity with average maximum cavity height variation of just 75 ± 41 µm over a span of 

32 mm was achieved.  The same optimisation approach was also demonstrated on other 

LTCC embedded systems such as Dupont and Ferro with comparable results.   
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The successful development of the process model will greatly reduce the time required 

on process trials for process troubleshooting, improvement and also for new products 

introduction.  The process model will provide a better understanding of the competing 

effects of various processing parameters in the fabrication of LTCC embedded 

structures.  It could be used as a reference model for process improvement and 

optimisation. The approach and model developed could well be extended to other 

processes involving the burn off of embedded fugitive components.  

 

6.2 Future Work  

A simple carbon burn-off could be complex when embedded in different LTCC 

systems.  The carbon burn-off could be catalysed or inhibited.  The mechanism of 

carbon burn-off could be further complicated when the carbon surface has intimate 

contact with the LTCC.  In this study, a simple homogeneous volume reaction was 

considered for burn-off which could be appropriate when the carbon layer is relatively 

thin.  Though the catalytic reaction is occurring at the surface, it is of sufficient 

accuracy to assume that the reaction is uniformly throughout the whole carbon layer for 

a thin carbon layer.  When the carbon layer becomes thicker, the reaction mechanism 

may be different as the interaction of surface catalytic reaction at LTCC/carbon 

interface and non-catalytic carbon reaction will be dominant as the reaction proceeds 

into the depth of the layer.  A more thorough understanding of the solid catalysed 

carbon burn-off mechanism with possible internal oxidation by close contact of metal 

oxides is necessary. An improved model could be anticipated which could capture the 

expected deceased reactivity profile away from the surface of the carbon layer.  The 

“break-off” point as mentioned in Chapter 4 has to be physically determined and 

theoretically modelled.  A shrinking grain model of reducing external size with reaction 
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may be applicable.  A mixture of homogeneous volume reaction model and 

heterogeneous shrinking grain reaction model will be more realistic to describe the 

carbon burn-off if a thick carbon layer is involved.   

 

LTCC pore or porosity model was presently estimated from the combined TGA and 

TMA curves.  For better estimation, more rigorous and systematic approach could be 

employed. Detailed microstructure and pore measurement for pore evolution during the 

course of sintering in different sintering environment could be performed.  The 

challenges are to measure the pore change during the sintering especially at the instant 

of the onset of glass flow for viscous sintering.   A good estimation translates to a better 

and more accurate model for LTCC sintering. This will be an added advantage for 

predicting the interesting competing kinetics of carbon burn-off and pore closure during 

LTCC sintering.  This will provide a more accurate prediction for any incomplete burn-

off or when the application required tailored amount of carbon burn-off or carbon 

residue to be trapped.  LTCC thickness effect could also be included in the present 

model, for the effect on the porosity and pore formation. 

 

To extend the scope of the applicability of the model, a stress/strain model could be 

included for the prediction of the deformation of the cavity structure i.e. 

sagging/swelling of the cavity structure.  This will be particularly useful for the 

prediction of the probability of cracking of the structure as observed in Figure 5-8 in 

Chapter 5. To achieve this, other physical in-situ measurements of material mechanical 

properties essential for deformation predictions such as Young modules at various 

degree of LTCC sintering will be required.  
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LTCC sintering shrinkage is known to be large. For example, self-constrained tape 

HL2000 has a Z-axis shrinkage of more than 30 %.  The cavity volume containing 

fugitive carbon is the burn-off reaction volume, which shrinks progressively during 

sintering.  This effect is considered second order and has not been considered in the 

present study. However, for a large embedded cavity, the shrinking reaction volume 

may have some effect in the pressure build-up in the cavity.  Shrinkage of LTCC 

interacting with carbon burn-off could induce structural change. This could be an 

interesting area of research to investigate if it could be exploited for controlling the 

deformation of the cavity formed. 

 

Last but not least, the model could be extended from axisymmetric modelling to full 3D 

modelling for complex 3D structures.    
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APPENDIX A 

Constants, Empirical Coefficients and Expressions for the Estimation 

of Physical Properties 

 
  
 (i) Molar Diffusion Volume 

 

Species Molar Diffusion Volume (m3/mol) Remarks 

O2 16.6 x 10-6 Perry’s Chemical 
Engineering Handbook 
[132] 

CO2 26.9 x 10-6 

CO 18.9 x 10-6 

N2 17.9 x 10-6 

 

(ii) Empirical coefficients and expressions for temperature-dependent vapour viscosity 

of gas species 

J� W ��ð YG ��  , (Pa s) 

Species Coefficients Remarks 

A B C 

O2 1.1010x10-6 0.5634 96.3 DIPPR®801Database [136] 

CO2 2.1480x10-6 0.4600 290 

CO 1.1127x10-6 0.5338 94.7 

N2 6.5592x10-7 0.6081 54.714 

 

(iii) Empirical coefficients and expressions for temperature-dependent Ideal Gas heat 

capacity of gas species 

�	� W . S ñ ò G ��óÖôõ©G �� ªö5 S � ò ~ ��÷øóõ©~ �� ªö5,� 1��/0 %�  

Species (i) Coefficients Remarks 

A B C D E 

O2 2.9103x104 1.0040x104 2.5265x103 9.3560x103 1.1538x103 DIPPR®801
Database 

[136] 
CO2 2.9370x104 3.4540x104 1.4280x103 2.6400x104 5.8800x102 

CO 2.9108x104 8.7730x103 3.0851x103 8.4553x103 1.5382x103 

N2 2.9105x104 8.6149x103 1.7016x103 1.0347x102 9.0979x102 
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(iv) Empirical coefficients and expressions for temperature-dependent vapour thermal 

conductivity of gas species  

�� W ��ð YG �� Yù ���  , � $� %� 

Species (i) Coefficients Remarks 

A B C D 

O2 4.4994x10-4 0.7456 56.699  DIPPR®801
Database 

[136] 
CO2 3.69 -0.3838 964 1.8600x106 

CO 5.9882x10-4 0.6863 57.130 501.92 

N2 3.3143x10-4 0.7722 16.323 373.72 
 

 

(v) Empirical coefficients and expressions for temperature-dependent specific heat 

capacity of carbon (graphite) 

�	 W . S ñ@ h G�� , � 1�/0 %� 

Solid Coefficients Remarks 

A B C 

C 
(graphite) 

11.1838 1.0950X10-2 4.8911x105 Perry’s 
Chemical 

Engineering 
Handbook 

[132] 

 

(vi) Empirical coefficients and expressions for temperature-dependent heat conductivity 

of synthetic char (Spherocarb) 

�� W . S ñ@ , � $� %� 

Solid Coefficients Remarks 

A B 

C (Synthetic 
Char) 

0.06 0.0011 Zhang et al, 
1997 [137] 
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APPENDIX B 

Measurement of Open Pore Size and Porosity by Mercury 

Porosimetry 

 

Mercury porosimetry can be employed for pore size analysis in various fields such as 

chemical, pharmaceutical, paper, textile, petroleum and powder industries [B1-B4].  It 

relies on the physical phenomenon that a non-wetting liquid such as mercury will not 

penetrate into a relatively small pore without the application of sufficient pressure.  

 

The relationship between the pore size and the applied pressure of the non-wetting 

liquid penetration for cylindrical pore geometry could be described by Washburn 

equation as, 

 

θγ cos
4

P
D −=        (B.1) 

 

where D is the open pore diameter (µm), P the pressure applied to force mercury into 

the pores (MPa) , γ  the surface tension of mercury (N/m), and θ the contact angle 

between the mercury and the samples. 

 

Mercury porosimetry which operates on the basis of the Washburn equation could 

provide analysis of mesopore to macropore, i.e. pore size ranging from about 1.8 nm to 

200 µm.   Its practical range is limited by the instrument pressure range.  Thus, for 

micropore (less than 2 nm) size analysis, gas adsorption techniques may have to be 
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employed instead.  The measurement obtained from a mercury porosimeter is highly 

dependent on the accuracy of the values of the contact angle employed in the Washburn 

equation.  The typical range of contact angle for most of the surfaces is 112° to 142°.  

However, contact angle of 130° is frequently used if the actual wetting angle value is 

not available.  Surface tension of the mercury varies with impurity; a widely used value 

is 0.480 N/m.   

 

The open pore porosity measured by the mercury porosimetry is defined as the ratio of 

the pore volume over the apparent sample volume (bulk volume).  The pore volume is 

determined directly by the total mercury intrusion volume and the bulk volume is 

obtained by the low-pressure intrusion (filling cycle) data at 3.45 kPa intrusion 

pressure. 

 

Open pore porosity = 
�/Ng0 ����z�ú �{N�z��/{ ?/0z��ûz0� ?/0z�� /7 �g�	0�     (B.2) 

 

For open pore size, the average pore size can be expressed as, 

 

Average open pore diameter = 
Ê!�/Ng0 ü{N�z��/{ ý/0z���/Ng0 b/�� ���g    (B.3) 

 

Other physical parameters for mass transport in porous media analysis such as 

permeability, tortuosity and tortuosity factor [B1, B5-B6] could also be derived from 

the mercury porosimetry measurement. 
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Experimental Setup 

Mercury porosimeter, Micromeritics AutoPore IV 9500, was used to measure the initial 

open pore size and porosity for both the carbon and LTCC tape before sintering but 

after debinding.  The LTCC green sheets (150 mm x 150 mm) were first laminated 

under hydrostatic hot laminator at 100 kg/cm2 and 348 K for 10 minutes into a 6-layer 

structure.  The sample preparation for carbon tape was very much the same as the 

LTCC, but a single 0.25 mm (10 mil) tape was used.  Both samples were cut into about 

8 mm x 8 mm square for ensuring the consistency of geometrical shape and size. To 

determine the initial open pore size and porosity, samples were heated at 1 K/min to 

773 K and soaked for 120 minutes for debinding.    

 

Three measurements were repeated for each LTCC and carbon tape.  The measurement 

steps strictly followed the recommended operating procedure by the instrument supplier 

[B7].  The detailed procedure of operation was lengthy and thus only the important 

aspects for measurement are described in the following sections. 

 

i) Calibration of equipment 

Major components such as pump, valves and transducers are periodically (yearly) 

calibrated and maintained by the Service Engineer. 

 

ii) Blank and Sample Compression Corrections for Baseline Errors 

For data accuracy and consistency, compression correction is to be conducted.  Specific 

build-in formulae based on large number of blank runs from the accumulated data 

provided by the instrument supplier could be used for data correction. For validation, 

additional few blank runs would be useful. For the current investigation, blank run 
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correction adopted has the same penetrometer and parameters to be used in the 

measurement.  The blank run reveals baseline error resulted by the compressibility and 

thermal effects of the mercury and penetrometer due to the high compression pressure 

of up to 60,000 psi.  The blank run file or baseline file could then be stored and used for 

the correction of the actual run. 

 

iii) Critical measurement parameters:  

- Penetrometer: 3 ml type 

o Penetrometer Constant : 11.007 µl/pF 

o Stem Volume : 0.4120 ml 

o Penetrometer Volume : 3.6691 ml 

o Penetrometer weight: 61.8726 g 

- Evaluation pressure : 50 µmHg 

- Evaluation Time : 5 mins 

- Mercury filling pressure : 0.5 psi 

- Equilibration Time : 10 s 

- Intrusion pressure : 0.1 - 60,000 psi 

- Data recording : Intrusion/Extrusion volume and pressure 

 

The typical intrusion and extrusion for an unfired LTCC tape is shown in Figure B-1. 
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Figure B-1Typical mercury intrusion and extrusion curves for the 6-layer LTCC (after 
debinding). 
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Appendix C 

Calibration of Thermal Gravitational Analyser (TGA) 

 

TGA was used extensively for the determining of carbon burn-off kinetic parameters as 

reported in Chapter 3, Section 3.2.  The TGA equipment employed, (TA instrument 

Q500) has an isothermal temperature accuracy and precision of ± 1 °C and ± 0.1 °C 

respectively, and weighting precision of ± 0.1 % and sensitivity of 0.1 µg.  Though the 

instrument was fully calibrated during the installation at site, regular recalibration of 

temperature and weight are necessary to ensure that the data obtained are within the 

instrument accuracy and resolution.  The TGA which was used for the analysis is 

recalibrated quarterly for temperature and weight. 

 

Temperature Calibration 

The temperature calibration technique recommended by TA instruments, which is 

based on ASTM standard E1582, is employed.  The temperature calibration is based on 

the Curie point of paramagnetic metals. In this technique, a magnetic transition 

standard such as Nickel is heated in an Alumina sample pan. A magnet is placed 

outside the TGA furnace so that it is just below the sample pan as shown in Figure C-1. 

As the Nickel goes through its Curie transition temperature or Curie point, it loses its 

magnetism and causes a reduction in attraction to the magnet.  In the TGA, it appears as 

a weight loss. The onset of the weight loss is known as the Curie point. Its value is used 

as the calibration offset as compared with the material's known Curie point temperature.  

List of materials which are listed in the ASTM standard is shown in Table C-1.   
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Figure C-1 Temperature calibration of TGA using Curie temperature of magnetic 
transition standard by placing a permanent magnetic under the sample pan [C2]. 

 

Table 1 List of standard magnetic transition materials for TGA temperature calibration 
[C1] 

 
 

One or two magnetic transition standards encompass the experimental range are to be 

chosen. Use of multiple points of calibration will be required for best accurate results.  

The recent calibration check on the instrument is shown in Figure C-2.  The Curie point 

measured is lower by 4 °C from the stated Curie point in the ASTM.  There will be 

some deviation from the Curie point based on the purity and structure of the standards 

used.  Thus the standard metals provided have to be tested and certified by authorised 

laboratory for the exact Curie point to be followed.  

Permanent magnet 
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Figure C-2 TGA plot of most recent temperature calibration check before actual testing 
of Ni Curie point. 

 

Weight Calibration 

TA Q500 TGA’s thermobalance works on a null-balance principle based on light 

intensity on a photo-detector system.  The weight balance construction is shown in 

Figure C-3.   At “zero” or “null” position, equal amounts of light received on the 2 

photodiodes.  If the balance arm moves out of the null position, an unequal amount of 

light intensity detected by the photodiodes causes a current applied to the meter 

movement to return the balance arm back to the zero position.  The amount of current 

applied to the meter movement is proportional to the weight loss or gain resulted from 

the experiment.  This amount of current has to be calibrated to relate to the weight 

scale. Since TGA is heavily based on weight change, weight calibration on TGA was 

performed quite regularly or at least once a month for normal operation usage. 

 

Q500 has two weight ranges (200 mg & 1000 mg) to be calibrated.  The range to be 

used is based on the sample weight to be tested.  On screen instruction is useful when 
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the weight calibration routine is activated.   However, the important points to be noted 

are summarized as follows, 

- Both the sample pan (experiment pan) must be of the same type and size as the 

tare pan  

- Use 100 mg class 1 standard weight for 200 mg range calibration 

- Use 1000 mg class 1 standard weight for 1000 mg range calibration 

- Run TGA weight calibration routinely 

- Follow screen instructions to tare and mass calibrate using two calibration 

weights 

- The calibrated weight information is automatically saved by the instrument.  

 

Figure C-3 Schematic drawing of TA instrument thermobalance mechanism using 
optical photodiode. 

 

Calibration Check  

Calcium Oxalate Monohydrate (CaC2O4•H2O) is a useful industrial compound used to 

make oxalic acid, organic oxalates, and glazes. It has good storage stability which does 

not adsorb humidity in normal laboratory storage condition.  Its 3 distinct steps of 
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decomposition under heating in inert condition make it a good reference material for 

functionality check of a thermobalance. 

 

The calibration check of Calcium Oxalate monohydrate was conducted regularly in the 

laboratory. The recent calibration check is shown in Figure C-4.  The first mass loss 

corresponds to loss of water of hydration (CaC2O4•H2O → CaC2O4 + H2O). The 

second mass loss corresponds to decomposition of dehydrated calcium oxalate to 

calcium carbonate and carbon monoxide (CaC2O4 → CaCO3 + CO). The last mass 

loss is due to the decomposition of calcium carbonate to calcium oxide and carbon 

dioxide (CaCO3 → CaO + CO2).  The mass loss at each step of decomposition was 

determined and compared to the theoretical values.  The ceramic yield of CaO 

determined as residue is 38.2% which is near to the theoretical value of 38.4%.  

 

Figure C-4 Calibration check on Calcium Oxalate (sample mass = 15.84mg) with 
Nitrogen purging. 
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Baseline Correction 

For best results, baseline correction for all experiments were conducted on the same 

empty sample pan at identical experimental parameters i.e. Air/Nitrogen flow rate, and 

heating programmed profile. With embedded carbon LTCC sample, correction was also 

performed with LTCC sample of the same layer configuration but without the 

embedded carbon layer. This is to further reduce or eliminate the possible polymer 

residue effect after debinding, which could affect the actual carbon burn-off kinetics.   
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Appendix D  

Calibration of Thermomechanical Analyser (TMA) 

 

TMA was used extensively for the determining of LTCC sintering kinetic parameters as 

reported in Chapter 3, Section 3.2.  The TMA equipment employed is TA instruments 

Q400 TMA.  The basic construction of the Q400 TMA is shown in Figure D-1.  It has 

an isothermal temperature precision of ± 1 °C, a length change precision of ± 0.1 % and 

sensitivity of 15 nm, with a force resolution of 0.001 N.  Though the instrument was 

fully calibrated during the installation at site, regular temperature and length change 

recalibration are necessary to ensure that the data recorded is within the instrument 

accuracy and resolution.  The following calibrations are necessary for the proper setup 

of TMA for accurate measurements. 

 

 

Figure D-1 Construction of TA Instruments, Q400 TMA [D1]. 
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Probe Calibration  

TMA equips with different probes which are shown in Figure D-2.  Probe calibration is 

paramount for any probe change before any experiment.  In fact, the instrument will not 

start if a probe change without probe calibration was detected.  This procedure is used 

to calibrate the Linear Variable Differential Transducer (LVDT) for zero length of the 

probe's compliance and adjust force calibration factor to compensate for the mass of 

various probe types.  

 

Figure D-2 Various standard probes available for the TMA [D1]. 

 

Force Calibration 

Force calibration is necessary as TMA apply load on the specimen during the 

experiment. The load applied on the specimen could be in the range of 0.001 N to 2 N.  

Force calibration was done using three different mass values (0, 50, and 100 g) with 

any standard probes available. In the current investigation, the standard expansion 

probe for the LTCC sintering kinetics analysis was used for the calibration. The first 

calibration point is 0 g.  Standard weights other than the recommended weights are also 

possible depending on the specific requirement in the experiments. For example, a 10 g 
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standard weight for force calibration will be appropriate if only low force will be used 

in subsequent experiments.  

 

Temperature Calibration  

Temperature calibration is based on ASTM E1363 [D2]. A temperature standard such 

as Indium is heated through its melting point. The recorded melting point of this 

standard is compared to the known melting point of the standard reference materials.  

The difference of the melting points is used for temperature calibration.   

 

Multiple point temperature calibration was used in the current investigation. Two 

standard materials were selected from the list of standard materials recommended by 

ASTM E1363, see Table D-1.  Indium and Aluminium were used for the calibration 

which covers the temperature range of the current investigation.  The calibration TMA 

curve of Indium is shown in Figure D-3.   This calibration should be performed when 

the sample thermocouple is changed and/or when the temperature range of interest is 

changed.  To protect the stage from amalgamation with the metal, a thin quartz is 

placed between the stage and the metal standard. 
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Table D-1 recommended metal standard for TMA tempertaure calibration [D1]. 

 

 

 

Figure D-3 Temperature calibration using melting point of Indium. 

 

Cell Constant Calibration 

Length change calibration in TMA was done by conducting a Coefficient of Thermal 

Expansion (CTE) measurement on a known standard material.  This calibration 

procedure is referring as cell constant calibration. The test method of measuring CTE of 

a solid material was based on ASTM E2113 [D3] and ASTM 831[D4].  The calibration 

specimen used for this calibration is a reference Aluminium and the calibration TMA 

curve is shown in Figure D-4. The cell constant is calculated by dividing the actual 

CTE of the standard by the measured CTE. The cell constant calculated is then stored 

in the instrument control software as cell constant calibration factor. 
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Figure D-4 CTE measurement of a 8 mm Aluminium standard. 

 

Baseline Corrections 

The TMA experiment for LTCC sample was conducted by placing 2 thin quartz discs 

between the stage and probe to prevent them from possible fusing together at high 

temperature.  Thus, for best results, baseline corrections for all experiments were 

conducted on the same thin quartz discs (without LTCC sample) at the identical 

experimental parameters to eliminate possible effect from the length change resulted 

from the thin quartz at high temperature.   

 

References 

D1. TA instruments Inc, TMA Q400 User’s Manual. 

D2. ASTM E1363, “Standard test method for temperature calibration of 

thermomechanical analyzer”, American Society of Testing and Materials, 2008. 

D3. ASTM E2113, “Standard test method for length change calibration of 

thermomechanical analyzer”, American Society of Testing and Materials, 2009. 



206 

 

D4. ASTM E831, “Standard test method for linear thermal expansion of solid materials 

by thermomechanical analysis” American Society of Testing and Materials, 2012. 

 
 
 

 

 

 
 

 

 


