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ABSTRACT 

Environmental concerns and stringent emission standards have underlined the significance of 

developing more efficient catalytic converters for exhaust gas aftertreatment. Although the 

state-of-the-art ceramic honeycomb substrate designs provide a high surface area and low 

backpressure, further emission reduction advantages can be obtained by introducing advanced 

designs. The research work presented in this thesis addresses the design and fabrication of 

advanced ceramic monolithic catalysts using Digital Light Processing (DLP) ceramic additive 

manufacturing technology. By embracing the advantage of unconstrained conceptual design 

and overcoming the limitations of traditional manufacturing capabilities, DLP shows a potential 

use as a catalyst substrate fabrication method to improve catalytic efficiency through advanced 

catalyst designs.  

Firstly, monolithic substrates based on diamond-lattice structures were proposed as an attractive 

replacement for the conventional honeycomb substrate. The comparison of the thermal-

hydraulic characteristics of the honeycomb design and the diamond lattice substrate was 

achieved by pairing numerical simulations and experimental studies. The results show an 

increase in the axial temperature distribution for diamond lattice structures and a significant 

decrease in the pressure drop (38–45%) in comparison with the benchmark honeycomb with a 

similar surface area. 

Secondly, ceramic slurry preparation processes and printing parameters were evaluated to 

manufacture lattice structures. A Design of Experiments (DoE) technique was used to generate 

an experimental plan based on all the relevant process parameters, followed by an Analysis of 

Variance (ANOVA) approach which was then used to determine the optimal processing 

window and assess the manufacturability along with dimensional accuracy of the lattice 
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structures. The ceramic slurry with the dispersant pre-treated powder showed appropriate 

rheological and photopolymerisation behaviour for manufacturing lattice structures with feature 

sizes up to 500 µm. ANOVA revealed the exposure time, the exposure power and the interaction 

effect of both had significant influence on the dimensional accuracy of lattice strut diameters.  

Thirdly, to demonstrate the potential of the additively manufactured lattice-based substrates as 

catalytic converters, they were manufactured and coated with Pt-Pd catalyst supported on γ-

Al2O3. Their light-off behaviour was tested in an exhaust gas environment. In addition, the 

effect of hydrogen presence on their performance was investigated. The light-off experiments 

showed superior catalytic activity for abatement of carbon monoxide, hydrocarbons, and 

nitrogen oxides for additively manufactured diamond-lattice catalysts, in comparison with the 

conventional honeycomb design, with a significant reduction in the light-off temperatures. The 

intricate lattice structures allowed greater exhaust gas-solid contact and more efficient 

utilisation of the given surface area. The light-off curves of all studied species in hydrogen-

enriched exhaust gas stream shifted to lower temperatures.  

Finally, a proof-of-concept was presented, where two individual substrates were integrated into 

a single, dual-substrate monolith by various interlocking systems. Based on the findings, the 

sintered parts displayed anisotropic sintering shrinkage of approximately 14% in the X-Y 

direction and 19% in the Z direction, with a sintered density of 97.88±0.01%. These novel dual-

substrate monoliths lay the foundation for a potential reduction of the complexity and expense 

of the aftertreatment system.  

The findings of this thesis are applicable to catalytic converter systems of spark and 

compression ignition engines and enrich the current research on moving towards low emissions 

vehicles. 
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CHAPTER 1 INTRODUCTION 

As the global community realises the importance of clean air, environmental standards continue 

to tighten and get more rigorous. Concerns regarding global warming, climate change and 

human health are driving the industry to seek innovative solutions to reduce air pollution. 

Internal Combustion Engines (ICEs) account for 99.8% of all transportation, making them one 

of the most significant sources of pollution in the atmosphere, especially in urban areas [1]. ICE 

exhaust gas emissions will undoubtedly continue to have a considerable influence on air quality, 

given that worldwide ICE use is expected to increase to 1.3 billion over the next decade [2]. 

Therefore, continuing to improve ICE's aftertreatment system is crucial for ensuring 

transportation sustainability.  

1.1 Background 

1.1.1 Exhaust emissions formation and their health and environmental 

implications 

Exhaust gas is emitted as a result of the combustion of fuels such as gasoline, diesel, natural 

gas, and fuel components such as ethanol or biodiesel, depending on the type of the combustion 

engine. A Spark Ignition engine (SI; gasoline engine) employs a spark plug to ignite a mixture 

of air and gasoline fuel, whereas a Compression Ignition engine (CI; diesel engine) ignites 

diesel fuel by compression to high pressure and temperature [3]. The exhaust gas typically 

contains nitrogen (N2), water (H2O), carbon dioxide (CO2) and emissions. A variety of factors, 

such as engine type, engine load, and fuel composition, influence the concentration of the 

chemical species in the exhaust gas [3]. An exemplary exhaust gas composition for the two is 
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shown in Figure 1.1 [4]. Harmful compounds depicted as emissions, form around 0.5% of the 

total exhaust gas concentration.  

Regulated emissions include Carbon Monoxide (CO), hydrocarbons (THC), Nitrogen Oxides 

(NOx), and Particulate Matter (PM). CO is a product of incomplete combustion due to local 

lack of oxygen, or excessive oxygen in the combustion chamber, the quantity emitted is 

determined by the air/fuel mixture. CO is a colourless and tasteless gas that, when inhaled, can 

bind to haemoglobin in the bloodstream and reduce its ability to carry oxygen [5]. 

Hydrocarbons are formed due to an incomplete combustion process. Hydrocarbons include 

alkanes (methane, ethane, pentane, hexane), aromatic hydrocarbons (benzene, toluene, xylene, 

polycyclic aromatic hydrocarbons) and aldehydes (formaldehyde, acetaldehyde, acrolein). 

Because of the presence of benzene and aromatic chemicals, they are toxic and can irritate the 

respiratory system and cause cancer. They also promote ozone formation [5]. NOx (NO, NO2, 

N2O2) are a result of the high-temperature reaction between nitrogen and oxygen. NOx 

emissions contribute to the formation of ozone and smog [5]. NO2 itself has the potential to 

irritate the lungs and reduce resistance to respiratory infections. PM is formed during the 

combustion process, mostly because of the incomplete combustion of hydrocarbons in fuel and 

Figure 1.1 Exemplary exhaust gas composition concentration from diesel and gasoline combustion 

%(v/v) [4] 
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lubricant oil. Diesel engines are particularly notorious for emitting considerable amounts of 

PM. PM can cause premature death, as well as asthma, lung cancer, and other cardiovascular 

conditions. Additionally, they contribute to air pollution, decreased visibility, and global 

warming [5]. 

To meet stringent emission regulations and reduce the emissions from the ICE exhaust gas, 

vehicle manufacturers have had to ensure the advancement of combustion technology, engine 

design, propose novel fuels and develop high-efficiency catalytic exhaust aftertreatment 

systems [6]. 

1.1.2 An overview of catalytic exhaust emission control systems  

Elimination of the noxious emissions from exhaust gases is accomplished by application of 

catalytic converters. Catalytic converters, such as a two-way oxidation converter and a three-

way oxidation-reduction converter have been employed in the exhaust gas aftertreatment 

systems of vehicles to reduce tailpipe emissions since the 1970s [5]. The key component of a 

catalytic converter, shown in Figure 1.2 [7], is an extruded monolith substrate coated with 

catalytic substances supported on high surface oxides. The structure of the honeycomb consists 

of an array of parallel millimetre-sized straight flow-through channels that provide a large 

catalyst surface area. These channels allow exhaust gases to pass through and interact with the 

active catalyst layer adhered to the channel walls. Exhaust aftertreatment systems can include 

various catalytic converter technologies such as a catalyst for the Selective Catalytic Reduction 

of NOx with ammonia (NH3-SCR); an Ammonia Slip Catalyst (ASC) to remove the excess NH3 

by selective catalytic oxidation with oxygen to N2 and H2O [8]; Diesel Particulate Filter (DPF) 

to filter out the particulate matter, a two-way catalytic converter, Diesel Oxidation Catalyst 

(DOC), to simultaneously oxidise CO and hydrocarbons to CO2 and water [9], or a Three-Way 
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Catalyst (TWC) to oxidise CO to CO2, unburnt hydrocarbons to CO2 and water and reduce NOx 

to O2 and N2. Gasoline Direct Injection (GDI) vehicles can be equipped with a separate Gasoline 

Particulate Filter (GPF) to remove particulate matter or an integrated GPF combining filtration 

and TWC [10].  

1.1.3 Conventional monolith catalyst manufacturing methods 

Extrusion is a conventional manufacturing technology for shaping ceramic monolith 

honeycomb substrates. The material used for the commercial production of the monolithic 

substrate is cordierite (2MgO∙2Al2O3∙5SiO2), with good resistance to high-temperature changes 

and a low coefficient of thermal expansion [11]. Cordierite is not the only available construction 

material for the honeycomb substrates, but it is the most common one. Other types of ceramics, 

such as silicon carbide, mullite, alumina or zirconia oxide are available as well. The following 

fundamental phases are involved in the production of cordierite monolith substrates: (i) dry 

Figure 1.2 Schematic of a typical catalytic converter [7] 
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mixing the raw materials (kaolin, raw talc, aluminium, alumina hydroxide, silica and calcined 

talc) (ii) plasticising with water and other organic additives (wet mixing, kneading); (iii) 

extrusion of the resulting ceramic paste through suitable dies; (iv) drying to remove moisture; 

and (v) firing at 1450 °C to transform the raw materials into the cordierite monolithic substrate 

[11]. The shape, cell density and wall thickness of the honeycomb channels directly affect the 

pressure drop, mass transfer and heat transfer behaviour of catalysts.  

There is not much flexibility regarding the channel design, size and wall thickness since the 

final geometric shape of the monolith substrate depends on the available extrusion dies. Current 

manufacturing possibilities through extrusion limit the honeycomb wall thickness to a 

minimum of 0.05 mm and the cell density to a maximum of 1200 Cells Per Square Inch (CPSI) 

[12].  

1.2 Motivation 

Due to the health hazards associated with noxious tailpipe emissions, most countries have 

enacted progressively stringent emission standards for light-duty and heavy-duty combustion-

engine vehicles. These standards include Euro-VI in the European Union (EU), Tier 3 in the 

United States (US), China-5 and China-6 in China and Bharat III, IV and BS-VI in India. 

Furthermore, a projected proposal for Euro-VII exhaust gas legislation in 2021 has shifted the 

importance to even more stringent air pollutant emissions standards for combustion-engine 

vehicles with particular emphasis on urban settings [13]. The government of the United 

Kingdom is committed to decarbonising transport by 2035 and transit to transportation 

governed by Battery Electric Vehicles (BEV) [13]. However, BEVs face considerable barriers 

to unconstrained and rapid development, and they may not be able to completely replace ICEs 

for several decades since significant resources are required to provide infrastructure for 
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charging BEVs and CO2-free electricity production [13]. As previously stated, urban areas can 

face higher local emissions due to the high traffic density. This causes engines to operate in 

cold start conditions, low loads, low vehicle speed, frequent stops/starts and acceleration. In the 

first few minutes of engine operation (cold start), the honeycomb catalyst cannot heat up rapidly 

enough to reach the operating temperature sufficient for pollutant removal. Up to 80% of 

pollutant species are released into the atmosphere during this time [14]. Since the conversion 

of pollutants in catalytic converters is temperature dependent, the time between engine start-up 

and light-off temperature must be as short as possible, and the catalyst temperature must be 

kept above the light-off to ensure that emissions from vehicles remain below the air pollutant 

limits for a wide range of engine conditions [15]. The light-off temperature is defined as the 

temperature at which the conversion efficiency of pollutants is equal to 50% [14]. Under normal 

operating conditions, the flow within the honeycomb channels is laminar due to the relatively 

dense cell structure and small channel diameters, resulting in poor mass transfer coefficients. 

Furthermore, the honeycomb must have a high internal surface area to reduce emissions 

efficiently. The conventional manufacturing constraints limit any further developments in the 

honeycomb design to keep the air pollutant emissions under control in all conditions of use. 

Compliance with current and upcoming more stringent vehicle emission legislation, as a result, 

poses significant challenges.  

Monolith catalyst designs that incorporate features that interrupt laminar flow pattern and 

induce turbulence in the flow stream to boost heat and mass transfer are the most attractive 

ones. Lattice structures, such as Kelvin, cubic, octet and diamond cells have been suggested for 

various catalytic applications [16,17]. Additive Manufacturing (AM) can offer a solution to 

manufacturing limitations that have previously decelerated the progress in the advanced design 

and integration of monolith catalysts. The primary advantage of the AM techniques is that they 
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enable the direct fabrication of components with configurations that would be difficult to 

achieve using conventional manufacturing methods. Ceramic AM technologies that enable 

three-dimensional shaping of ceramics using photopolymerisation processes, such as Digital 

Light Processing (DLP) technology, have been developed throughout the years and offer 

significant promise of manufacturing components with intricate and fine features. However, 

there are still significant challenges associated with the use of ceramic photopolymerisable 

slurries for part manufacturing, therefore the AM's full potential in terms of advanced monolith 

catalyst fabrication remains unrealised. 

1.3 Research aims and objectives 

The overall aim of this research is to enhance the design of ceramic monolith catalysts for 

automotive emissions aftertreatment applications. In particular, the project is focused on 

overcoming some of the limitations of the conventional honeycomb catalysts to attain higher 

conversion efficiency and on providing a novel manufacturing route through the use of Digital 

Light Processing additive manufacturing technology. 

To meet the above aim, the following objectives will be fulfilled: 

1. Develop and validate Computational Fluid Dynamics (CFD) techniques that predict the 

fluid flow and thermal performance of the lattices and the honeycomb substrate with the 

focus on the physical behaviour of the flow within the substrates driven by the geometry 

change in Chapter 3.  

2. Utilise the developed numerical models to predict and evaluate the effect of the design 

parameters of the lattice structures on geometrical parameters, hydraulic and thermal 

properties in Chapter 3.   
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3. Study the effect of the photopolymerisable ceramic slurry preparation techniques on 

rheology and cure depth and identify the optimal printing parameters for manufacturing 

tailored lattice structures with fine feature sizes in Chapter 4. 

4. Study the effect of DLP additive manufacturing process parameters, for instance, layer 

thickness, exposure power and exposure time, on the dimensional accuracy of lattice 

structures in order to manufacture monolithic-type catalysts with lattice architectures in 

Chapter 4.  

5. Develop a catalyst coating to functionalise the sintered ceramic lattices with a catalytic 

phase in Chapter 5.  

6. Compare the light-off performance of the obtained lattice-based catalysts against a 

conventional honeycomb design under real exhaust engine conditions. Additionally, 

show potential synergetic effects of the interaction between lattice-based monolithic 

catalysts and hydrogen in Chapter 5.  

7. Propose novel hybrid monolith catalyst concepts featuring various interlocking 

mechanisms to integrate two substrates into a single one that could offer process 

intensification and complexity reduction of the aftertreatment system in Chapter 6. 

1.4 Thesis organisation 

Chapter 1 outlines the motivation behind the work. In this section, the project is introduced 

along with the aims, objectives, and structure of the thesis. 

Chapter 2 reviews the current state-of-the-art in the key research disciplines on which this thesis 

is based, such as the structure of the traditional monolith catalyst, limitations, state-of-the-art 

advanced catalyst designs and manufacturing capabilities, ceramic additive manufacturing and 

photopolymerisable ceramic slurries. 
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Chapter 3 studies the influence of the lattice design on thermal and hydraulic properties in 

comparison with the conventional honeycomb. A computational fluid dynamic model is 

developed, validated for both lattice and honeycomb design, and used to compare the 

performance between them. The performance of the honeycomb and lattice designs is evaluated 

in terms of the temperature profile, velocity and pressure drop in a non-reactive environment. 

Moreover, the impact of the principal design parameters of lattice structures on geometric 

properties, pressure drop and temperature distribution was studied using numerical simulations.  

Chapter 4 evaluates photopolymerisable ceramic slurry preparation strategies to achieve 

adequate rheology and curing parameters for use in DLP additive manufacturing. The effects 

of layer thickness, exposure power and exposure time on the dimensional accuracy of lattice 

strut diameters are studied through statistical methods with a full-factorial Design of 

Experiment (DoE) and Analysis of Variance (ANOVA). The optimal processing window was 

found by a systematic study of printing parameters. In addition, the manufacturability and 

dimensional accuracy of lattice structures with fine features of up to 500 µm were assessed. 

Chapter 5 studies the light-off behaviour of additively manufactured diamond-based lattice 

catalyst structures in comparison with the conventional 400 Cell Per Square Inch (CPSI) 

honeycomb catalyst design in a real exhaust environment. The substrates were manufactured 

by DLP technology using the optimised ceramic slurry and printing parameters from Chapter 

4. Furthermore, the substrates were catalyst-coated with the in-house developed Pt-Pd/γ-Al2O3 

catalyst coating. The effectiveness of hydrogen addition in lowering the light-off temperatures 

for carbon monoxide, hydrocarbons, nitrogen oxide and for the formation of nitrogen dioxide 

in lattice structures was studied as well.  



 

10 

 

Chapter 6 provides a proof-of-concept in which hybrid ceramic monolithic substrates are 

designed and fabricated using the DLP process. The hybrid ceramic substrates contain two 

separate components that integrate into a single substrate via interlocking system. Several 

different interlocks were designed to demonstrate the practicality of the manufacturing process.  

Chapter 7 provides a general conclusion to the thesis, presenting major findings and concluding 

remarks from each chapter, followed by future recommendations to the current work. 
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CHAPTER 2 LITERATURE REVIEW 

This chapter begins with a review of ceramic additive manufacturing techniques and 

photopolymerisable ceramic slurries. Next, it presents the overview of the structure of the 

conventional monolith catalysts, key performance characteristics, performance limitations and 

current strategies to overcome the latter. The evaluation of the current state-of-the-art in design 

and ceramic additive manufacturing of complex monolith catalysts for automotive 

aftertreatment applications is given and finally a summary of opened research questions is 

presented.  

2.1 Additive manufacturing of ceramic materials 

American Testing and Materials Society defines AM or 3D printing as a technique for 

depositing, joining and solidifying materials in a layer-by-layer fashion to create three-

dimensional objects [1]. The terms 3D printing and AM will be used interchangeably 

throughout the thesis. According to the Royal Academy of Engineering, the benefits of AM 

include practical and inexpensive component manufacturing due to the elimination of tooling 

costs, reduced material waste, production flexibility, and shorter lead time [2]. Plastics and 

metals dominate the AM industry due to their favourable processing and postprocessing 

opportunities. AM of ceramic materials has undergone extensive research in recent years, 

suggesting brand-new possibilities in the creation of complex ceramic components for various 

industrial applications. The developed technologies generally fall into two categories: (i) direct 

which generates the geometrical shape and material properties of 3D structures in a single 

operation and (ii) indirect whereby components are manufactured in two or more operations, 

the first of which provides the geometrical shape and the second where desired material 
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properties are achieved [3]. The majority of the ceramic AM processes include indirect 

technologies, due to the challenges of directly processing ceramics. Recently, hybrid ceramic 

AM technique that combines the application of additive and subtractive manufacturing (3D 

printing with in-situ machining) has been developed. This approach was shown to be able to 

produce near-fully dense alumina components with significantly enhanced surface finish when 

compared to similar components manufactured without in-situ machining. The hybrid 

technique can eliminate the current restrictions of stand-alone ceramic AM technologies and 

allow a wide range of processing materials [4,5]. During a typical additive manufacturing 

process, layers of a material are built up to create a solid object [6]. The desired part is first 

designed in a computer-aided CAD software and converted into .STL file, which is a standard 

interface for additive manufacturing systems [1]. The .STL file is then converted to a G-code 

file via a slicing program where the 3D model is sliced into 2D images.  

A brief overview of the available ceramic AM methods is presented in the next section, 

followed by a more in-depth look at Digital Light Processing Technology, the principal 

experimental method used in this research. 

2.1.1 Brief overview of ceramic AM technologies 

According to the terms in the standard (ISO/ASTM 52900), AM processes can be categorised 

into seven distinct classes, including binder jetting, directed energy deposition, material 

extrusion, material jetting, powder bed fusion, sheet lamination and vat photopolymerisation 

[1]. Due to the commercial variations of the AM process methodology, another approach to 

classify the ceramic AM technologies found in the literature is according to the initial feedstock, 

which can be powder, slurry, paste, or sheets of material, as shown in Table 2.1 [7].  
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In Slurry-Based 3DP (S-3DP) and Slurry-Based SLS (S-SLS) ceramic slurry or slip is used in 

order to increase the powder packing density in the powder bed [8]. Vat photopolymerisation 

techniques are based on liquid ceramic photopolymerisable slurries where a UV laser 

(Stereolithography, SLA) or digital light projector screen (Digital Light Processing, DLP) 

solidifies thin liquid layers of slurry to fabricate ceramic green objects [14,15]. Vat 

photopolymerisation techniques can only be used with a limited range of ceramic powders. Due 

to excessive light scattering, ceramic materials with high refractive index and high coefficients 

of extinction are difficult to shape. This is especially the case with oxide ceramics that are not 

white in colour, such as grey or dark colour SiC [18]. Furthermore, processing crack-free parts 

without excessive porosity is challenging, due to the removal of the organic components 

through debinding. The process of Direct Inkjet Printing (DIP) entails the deposition of 

individual drops of ceramic suspension to build up structures. The manufactured parts exhibit 

Table 2.1 Classification of ceramic AM technologies [7]  

Ceramic additive manufacturing technologies 

Suspension Paste  Powder feedstock Sheets 

Slurry-Based 3DP (S-3DP) [8] Fused Deposition 

Modeling (FDM) [9]  

Selective Laser Melting 

(P-SLM) [10]  

Laminated 

Object 

Manufacturing 

(LOM) [11]  

 

Slurry-Based SLS (S-SLS) [8] Robocasting [12] Selective Laser 

Sintering (P-SLS) [13] 

Vat photopolymerisation 

(SLA, DLP) [14,15] 

Direct Ink Writing 

(DIW) [16] 

Powder-Based 3D 

Printing (P-3DP) [7] 

Direct Inkjet Printing (DIP) 

[17] 
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a dense microstructure with a high shape accuracy, without any additional machining [17]. 

However, major challenges are present with DIP to produce ceramics and the ink requires a low 

viscosity and low solids content. Fused Deposition Modeling (FDM) is extrusion-based layered 

manufacturing process in which semi-solid thermoplastic polymers gets deposited on a platform 

through a nozzle [9]. Robocasting and Direct Ink Writing (DIW) involve extrusion of a ceramic 

paste through a nozzle [12,16]. In Three-Dimensional Printing (P-3DP) an inkjet printing head 

sets a binding liquid onto a powder bed in the form of the cross section of the object in that 

layer [7]. In the powder-based Selective Laser Sintering (P-SLS) method the layers of the part 

are inscribed by a laser beam [13]. Selective Laser Melting (P-SLM) involves a deposited layer 

of powder on the building platform and the powder bed is sintered or molten selectively by the 

laser beam [10]. Laminated Object Manufacturing (LOM) involves building 3D components 

by lamination of sheets at low to medium temperature and pressure. Because the sheets have a 

limited thickness, the component surface is not very smooth and requires postprocessing [11]. 

Each of the aforementioned technologies differs in printing resolution and accuracy, final part 

density and quality, and manufacturing speed [19]. While SLA and DLP both show significant 

potential for complex structure manufacture, the multi-layer fabrication of ceramic parts via the 

DLP technology is the one of interest in this work.  

2.1.2 Digital Light Processing  

Charles Hull, the co-founder of 3D Systems, one of the world's first 3D printing companies, 

invented and patented SLA in 1986. The basic premise of the SLA technique includes 

photopolymerisation of a photocurable resin through irradiation with a laser beam, which 

supplies the energy necessary to trigger a curing reaction. Throughout this process, the liquid 

resin is transformed into a solid layer, yielding a highly cross-linked polymer [20]. Before 1994, 
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when Griffith et al. [20] proposed extending the SLA technique to ceramic materials, SLA was 

limited to polymeric materials. They revolutionised the SLA process by extending the resin 

curing approach to aqueous acrylamide-based alumina and silica ceramic slurries. This was the 

very first time 3D printed ceramic parts via SLA technology were presented. Digital Light 

Processing (DLP) technology for ceramic 3D printing was introduced as an updated, more 

efficient, and faster manufacturing method than SLA. The primary difference between DLP and 

SLA is the type of light source used, which influences the surface profile, the size of the lowest 

achievable feature, and the printing time. The DLP uses a projector screen with a Digital 

Micromirror Device (DMD) to expose the layer to the light source [21]. DMD is an 

optomechanical device that features an array of microscopic mirrors which can be individually 

tilted to “on” and “off“ positions to create an image. The mirrors represent one pixel of the 

image, and their size determines the resolution. Upon finalising the green body shaping the part 

is removed from the building platform, cleaned from any residual slurry and subjected to 

debinding and sintering process to obtain the final dense part. Even within a specific AM group, 

sub-category differences exist between specific approaches. For instance, in the DLP 

technology, in the bottom-up process the light is placed underneath the building platform, and 

in the top-down, the light is placed on top of the building platform [22]. The main advantages 

and drawbacks of the two approaches are summarised in Table 2.2. The parts manufactured by 

the bottom-up technique have more defined details with better precision, in comparison with 

the top-up approach. The challenges with the bottom-up approach include the periodic 

introduction of stresses and deformation into the part through the process of part detachment 

from vat or tape/foil [22].  
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These deformations could be detrimental for parts with fine structures and could lead to failure 

during printing or deformations during the thermal treatment so the printing parameters must 

be strictly controlled. Processing of bulk components via bottom-up technique does not lead to 

difficulties; the main limitation is related to the length/width ratio of the component. The 

reliability of the process is reduced when the length is two times the width, increasing the 

probability of obtaining an incomplete printing job. Regardless of the configuration, during the 

printing process each image layer is projected onto a layer of photosensitive slurry which 

hardens when exposed to the light source, and the process is repeated until the green body is 

formed [23]. The described steps are depicted in Figure 2.1. Upon finalising the green body 

Table 2.2 Summary of advantages and drawbacks of the DLP approaches [22] 

 Top-down Bottom-up 

Advantages No stresses are generated in the part 

No shape and dimensions 

limitations 

Less material is needed 

The final surface is smoother 

Easier to obtain complicated parts 

 

Drawbacks The vat needs to be filled with resin 

Polymerisation inhibition due to 

oxygen 

The thickness of the cured layer is 

not precise or constant 

Components with high accuracy 

and fine details are hard to obtain 

Periodic introduction of stresses and 

deformations in the component 

Vacuum is created between the cured 

layer and fresh layer for which a force is 

needed to pull the product 

The objects built are subjected to 

gravitational force 
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shaping the part is removed from the building platform, cleaned from any residual slurry and 

subjected to debinding and sintering process to obtain the final dense part. 

2.1.3 Thermal postprocessing  

The parts manufactured by DLP require thermal postprocessing to remove the resin components 

and achieve a dense part. This is the most crucial and challenging step of the manufacturing 

process, where cracks and defects can arise, compromising the mechanical properties of the 

final structure. The thermal postprocessing consists of thermal debinding and sintering (Figure 

2.2). Organic components that constitute the ceramic slurry are first eliminated through the 

process of debinding by slowly heating the part to 600 °C. Slow heating rates and appropriate 

holding temperatures are necessary to avoid delamination, cracks, deformation or collapse 

caused by thermal stress from the decomposition of the organic components [24]. The process 

Figure 2.1 Three-dimensional model is sliced into two-dimensional layers. Each of the layers 

is projected on a photosensitive formulation which polymerises upon the light exposure [23] 

Sliced 2D model 3D CAD model 

Projection of sliced images on 

photosensitive formulation 

(polymerisation) 
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varies depending on the chemical composition of the resin, solid loading of the ceramic powder 

in the slurry and the geometrical dimensions of the part [25]. Once the part is free of organic 

components, the ceramic particles are consolidated by heating the debound part to a high 

temperature through the process of sintering. As a result, the density of the part increases and 

the part exhibits volumetric shrinkage [26].  

2.1.4 Commercial DLP systems  

Throughout the years, companies around the world commercialised the ceramic DLP technique. 

These include Admatec (The Netherlands), Lithoz (Austria), Tethon 3D (The USA), and 

Prodways (France). Commercial printers along with their main characteristics and price are 

presented in Table 2.3. There are several configurations available, including vat-based systems 

in which a tank is filled with photocurable slurry. In a tape casting system, such as the one from 

Admaflex 130, a doctor blade forms a thin layer of suspension on a tape of slurry which is 

pulled across the print area in-between the layers. For this research, Admaflex 130 was chosen 

for efficient feedstock management with virtually zero material waste, and an open platform 

that allows for the development of custom ceramic slurries. An illustration of 

Debinding Sintering 

Ceramic particle 

Photopolymer network 

Figure 2.2 Steps of the thermal treatment after green body fabrication: drying, debinding and 

sintering. Adapted from [26] 
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the Admaflex 130 DLP printer based on a tape casting process with its main components is 

shown in Figure 2.3. 

Table 2.3 Commercial DLP printers 

Company Machine 

Layer 

thickness, 

µm 

X-Y 

resolution 

and pixel 

size 

Printing area, 

mm 
Price, £ Configuration 

Admatec 

 

Admaflex 

130 

Admaflex 

300 

10-200 

1920 x 1080 

2560 x 1600 

(35 μm-62.5 

μm) 

up to 

260x220x500 

 

90-110k 
Tape casting 

system  

Prodways 
ProMaker 

V6000 
25-150 

1920x1080 

(32 μm) 
120x500x150 320k 

Vat-based 

system  

Lithoz 

Cerafab 

7500 

Cerafab 

8500 

10-100 

1920x1080 

(40 μm) 

1920x1060 

(60 μm) 

76x43x200 

115x64x200 

210-

260k 

Vat-based 

system  

Tethon 3D Bison 1000 25-100 
1920 x 1080 

(57 μm) 
110x60x138 13k 

Vat-based 

system  



 

21 

 

2.2 Photopolymerisable ceramic slurries 

2.2.1 Fundamental components of the ceramic slurry 

Fundamental components of the ceramic slurry include organic resin, ceramic powder, and 

photoinitiator (Figure 2.4). A typical organic resin is composed of monomers, oligomers, 

prepolymers, dilutants, and various additives (inhibitors and UV absorbers). Dilutants serve as 

viscosity and refractive index modifiers. Inhibitors and UV absorbers can be added to control 

the scattering and cure depth [27]. The number of functional groups (mono-, di-, tri-, tetra-) of 

the monomer affects the property of the cured structures. Curing of monofunctional monomers 

results in entangled linear polymers. On the other hand, curing multifunctional monomers 

generates cross-linked polymer networks resulting in a mechanically tough cured body [14].  

Green 

part 

Pump 
Building 

platform 

Slurry 

layer Foil 

Reservoi

r 

DLP light 

source 

Wiper  

Figure 2.3 Schematic representation of a commercial tape casting DLP printer 
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Photoinitiator transforms the photolytic energy into reactive species (free radicals, cations or 

anions) that target the functional groups of monomers and oligomers [28]. Acrylates and 

methacrylates are used in free-radical photopolymerisation [27]. Commonly employed 

acrylates include 1,6-hexanediol diacrylate (HDDA) [18,29,30], tripropylene glycol diacrylate 

(TPGDA) [31] or polyethylene glycol diacrylate (PEGDA) [32].  

Free-radical polymerisation occurs in three steps: initiation, propagation and termination. In the 

initial step, the formed radicals (Equation 2.1) attack the monomers/oligomers which form 

reactive polymer chains (Equation 2.2).  

𝐼 + ℎ𝜈 → 2𝑅 • Equation 2.1 

Figure 2.4 Main components of the ceramic slurry 
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𝑅 • +𝑀 → 𝑅𝑀 • Equation 2.2 

 

During propagation, the polymer chains start crosslinking (Equation 2.3).  

 

𝑅𝑀𝑛 • +𝑀 → 𝑅𝑀𝑛+1 • Equation 2.3 

 

The termination step is the final stage of free-radical polymerisation, where reactive polymer 

chains combine (Equation 2.4), disproportionate (Equation 2.5) and form a nonreactive polymer 

molecule (Equation 2.6) [28]. 

 

𝑅𝑀𝑛 • +𝑅𝑀𝑝 •→ 𝑅𝑀𝑛+𝑝𝑅  Equation 2.4 

𝑅𝑀𝑛 • +𝑅𝑀𝑝 •→ 𝑅𝑀𝑛 +  𝑅𝑀𝑝  Equation 2.5 

𝑅𝑀𝑛 • +𝑍 → 𝑅𝑀𝑛𝑍  Equation 2.6 

 

The function of the dispersant is to facilitate the dispersion of hydrophilic ceramic particles in 

the hydrophobic resin. The type and amount of the dispersant should be carefully selected for 

each organic resin and powder system, and this is usually done based on the method of trial and 

error [33]. Li et al. [33] demonstrated that there is an optimum point of dispersant concentration 

that results in the lowest viscosity; when the dispersant concentration exceeds the optimum 

dose, the free dispersant molecules between the particles cause bridging flocculation, which 

ultimately increases the viscosity. The dispersion of the ceramic particles into a 

photopolymerisable resin can be achieved by either directly incorporating the as-received 
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ceramic powder [34–37], or by pre-treating the surface of the ceramic particles with a dispersant 

beforehand [32,38]. There is no clear indication of the optimal way of preparation and there is 

a lack of evidence of how various preparation techniques influence the photopolymerisation 

behaviour or rheology. 

2.2.2 Rheological behaviour of ceramic slurries 

For a ceramic slurry to be considered as “printable”, tuning of the rheology is critical. The 

rheology of the ceramic slurry affects the green part quality and resolution [39]. Achievement 

of a minimum of 40 vol% of ceramic particles in the slurry is advantageous and desired to 

enhance the green strength and to decrease the sintering shrinkage of the manufactured parts 

[29]. For parts with fine geometries, low-viscosity slurries are preferred to avoid high forces 

during the detachment of the cured layer. Schwarzer et al. [40] printed various lattice geometries 

with features of 0.50 mm with slurries of various viscosities and solid fractions (42-49 vol%). 

They reported that a low viscosity slurry was needed to produce final components of high 

resolution and high-quality. It is possible (although challenging) to obtain parts with ceramic 

slurries containing a low solid fraction of ceramic powder. Shuai et al. [41] manufactured lattice 

structures from Al2O3 with a strut diameter of 0.17 mm with relatively low solid loading of the 

ceramic particles (52 wt%). To obtain crack-free parts, they had to ensure strict control of the 

debinding and sintering processes. Similarly, Guo et al. [42] manufactured lattice structures 

with a strut diameter of 0.20 mm from TiO2 slurry with ceramic loading of 30 wt%. Their parts 

exhibited over 50% shrinkage after debinding and sintering due to the low solid loading of the 

ceramic material.  
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The rheological behaviour of the ceramic slurry is strongly affected by the ceramic powder 

(particle size, particle distribution, particle shape and volumetric loading), dispersant, and the 

organic components of the resin [39]. To achieve homogeneous recoating and prevent 

sedimentation of the ceramic particles, the desired behaviour of the ceramic slurries for slurry 

polymerisation techniques in the range of the recoating system shear rates is non-Newtonian 

behaviour characterised by shear thinning (Figure 2.5) [39]. In shear thinning slurries, viscosity 

decreases with increasing shear rate where the particles are rearranged from the equilibrium 

and become more organised in the flow.  

The opposite happens when the slurry shear thickens. It is typically observed in suspensions 

where the ceramic powder is not effectively dispersed in the resin, or when the loading of the 

particles is very high. In this case, hydro clusters and jamming occur and cause an increase in 

Figure 2.5 Comparison of viscosity curves: shear thinning and shear thickening liquids 
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the viscosity [43]. Shear thickening behaviour characterised by a rise in viscosity with 

increasing shear rate should be avoided in the working shear rate range of the printer.  

It is necessary to adapt the viscosity of the ceramic slurry to the range suitable for the specific 

photopolymer-based printer. The low viscosity of 3 Pa·s at the shear rate of 10 s−1 is commonly 

considered a rough criterion in tailoring ceramic suspensions for vat-based printers [48]. 

Nowadays, improvements in coating systems allow ceramic slurries of much higher viscosity. 

For instance, Admaflex 130 is specifically designed to print slurries with a broad viscosity 

range, where a tape casting method with rotating foil is used to spread a fresh slurry layer. The 

recommended rheology of the suspension for Admaflex technology is a shear thinning 

behaviour with a dynamic viscosity below 10 Pa·s for shear rates from 10 to 300 s−1 [43].   

2.2.3 Cure depth, scattering and printing accuracy  

Cure depth (Cd) defines the maximum thickness of the solidified layer at which polymerisation 

occurs in the building direction (Figure 2.6). The cure depth can be related to attenuation of 

light, applied energy dose (E) and critical energy dose (Ec) by Jacobs’s equation derived from 

Beer-Lambert law of absorption (Equation 2.7) [20]: 

 

Cd = Dpln (
E

Ec
)   Equation 2.7 

 

Dp is the slurry penetration depth, essentially describing how sensitive the suspension is to light. 

Higher Dp results in a more sensitive suspension and a greater cure depth. The constants Dp and 

Ec are dependent on the slurry composition, initiator concentration, and inhibitor concentration.  



 

27 

 

The transition from a liquid to a solid phase occurs only when the light exposure exceeds the 

critical value. The cure depth is associated with the ceramic particle size, volume fraction, light 

exposure power, and the materials' refraction index [20]. The working curve of a specific slurry 

can be determined by plotting the effect of E on Cd as shown in Figure 2.7. The calculation of 

the constants Dp and Ec are then accomplished by finding the best fit of a logarithmic function 

to the data, where the gradient of the function is equivalent to Dp and the point at which the 

function is equal to zero is Ec. 

The scattering effect is another factor to consider in the photopolymerisation of ceramic 

suspensions. When the ceramic powder is combined with resin, it causes light scattering, which 

reduces light penetration in the Z direction (cure depth) and initiates reactions in the X and Y 

directions, resulting in a broadening of part dimensions [36]. This effect is related to the 

disparity in refractive indices, Δn, of the suspending monomer resin solution and the ceramic 

particles. The higher the value of Δn, the more light is dispersed to the sides and less energy is 

propagated into the building direction [44].  

Ceramic slurry  

hν 

Cure depth (Cd) 

Polymerised region 

Figure 2.6 Schematic illustration of cure depth 

Building direction 

(Z) 
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Higher cure depth can be achieved by using a photocurable resin with a refractive index as close 

to that of the ceramic powder as possible. The broadening behaviour may be approximated with 

a quasi-Beer-Lambert relationship between the excess cure width (𝐶𝑤) and the energy dose: 

 

𝐶𝑤 = 𝐷𝑤ln (
𝐸

𝐸𝑤
) Equation 2.8 

 

Broadening parameters Dw (width sensitivity) and Ew (critical energy dose) are affected by the 

scattering of the light, the absorption and the critical energy dose of the resin [45].  

 

 

Figure 2.7 Example of a working curve of a ceramic slurry  
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Broadening depth (𝐵𝑑) can then be calculated by: 

  

𝐵𝑑 = 𝐷𝑝ln (
𝐸𝑤

𝐸𝑐
) Equation 2.9 

 

Broadening depth is the maximum cure depth that may be obtained before curing in width in  

X and Y directions starts. To achieve components with high accuracy, the composition should 

ideally be tuned for maximum broadening depth [46]. Investigation of the accuracy in 

manufacturing processes generally includes bulk constructions, walls, holes or two-dimensional 

(2D) squares [47,48]. Rudraraju [46] studied the accuracy of 2D squares when exposed to DLP 

irradiation. The accuracy of 2D squares smaller than 0.80 mm was found to increase with the 

increase of the feature size. Similarly, Mitteramskogler et al. [36] evaluated the influence of 

exposed area of 2D squares when varying exposure time with constant light intensity. Their 

results showed a decrease in accuracy with the increase of exposure time and exposed area. 

Conti et al. [48] investigated energy dose and layer height-related accuracy for simple 3D parts, 

such as holes, gaps, and walls. They reported divergence from the designed dimensions for 

holes up to 0.50 mm. No trend was found for deviation of gap width and wall thickness.  

Since the DLP technology for manufacturing ceramic materials is relatively new, tailoring the 

rheology and the photopolymerisation behaviour of ceramic suspensions and a systematic study 

on the influence of the printing parameters on the broadening behaviour and printing accuracy 

are necessary to understand how to achieve innovative monolith catalysts with fine features. 
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2.3 The structure of the monolith catalyst  

Monolith catalyst is the key part of the catalytic converter, with its inert monolith substrate that 

can be ceramic or metallic, secondary support (washcoat) and catalytically active component(s) 

(Figure 2.8). The physical design and chemical features of the catalyst can have an impact on 

its low-temperature activity [49]. Modification of the physical design includes varying the 

dimensions, channel design, channel diameter, wall thickness or material. On the other hand, 

chemical properties include washcoat composition variation, changing the active component 

concentration in the washcoat along the catalyst length (axial gradients/zone coating), or 

depositing numerous washcoats sequentially on the monolith forming layers (radial 

gradients/layers) [50]. In this thesis, the emphasis is placed on the physical design of the 

monolith catalyst. For an easier understanding of the terms used throughout the thesis, the 

individual components of the monolith catalyst will be discussed in the next three sections.  

  

Washcoat Active sites 

Substrate wall Monolith catalyst 

Figure 2.8 Schematic representation of the individual components of a monolith catalyst 
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2.3.1 Monolith substrate 

The primary purpose of the substrate is to provide a large physical surface for the application 

of a catalytically active washcoat. Perhaps the most attractive application of the monolith is in 

the automotive industry, where the monolithic reactors (honeycombs) are crucial for emissions 

abatement in the aftertreatment systems. Early substrates employed in the aftertreatment 

systems were pellets in a canister or a packed bed arrangement. Honeycomb substrates were 

designed as an alternative to fixed bed pelleted substrates to overcome their high backpressure 

and low mechanical strength [51]. They feature a high density of parallel channels divided by 

thin walls that allow gases to pass through and interact with the active catalyst that is adhered 

to the channel walls. The shape and size of the channels, cell density and wall thickness should 

be carefully chosen to suit the requirements of the process and are vastly dependent on the 

manufacturing abilities of the extrusion process. The available geometric shapes of the extruded 

honeycomb channels are circular, square, triangular, or hexagonal [52–54]. The square channel 

extruded honeycomb design is the most common one for the exhaust aftertreatment systems. In 

the automotive exhaust aftertreatment, the substrate must cope with a wide range of operating 

conditions, hence the choice of the base material and structure is of high importance [55]. The 

base material of the substrate must be compatible with the washcoat to prevent detachment of 

the active material from the channel walls in harsh exhaust gas conditions. More flexibility in 

the channel design with higher cell density and lower wall thickness can be achieved by 

employing metallic substrates manufactured by corrugation of thin metal sheets [55]. The 

common materials used for the production of metallic monoliths include nickel, FeCr alloy 

containing aluminium, 304 Austenitic stainless steel, and aluminium foams [52]. Although 

metallic substrates have higher mechanical resistance and thermal conductivity than ceramic 

ones, adherence of the catalytic coating is more challenging due to the differences in thermal 
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expansions between metallic substrates and washcoat. Furthermore, metallic substrate can melt 

at temperatures over 1300 °C [56]. 

Ceramic foams are another class of monolith substrates offering enhanced mass transfer due to 

improved gas-solid contact. Ceramic foams are mostly manufactured by replication technique 

where a polymer foam is used as a template, or by direct foaming where gas is dispersed in the 

form of bubbles into a ceramic slurry resulting in a randomised foam structure [57].  

2.3.2 Washcoat  

Uncoated monolith substrate is chemically inert and must be functionalised with a catalyst 

before use in the aftertreatment. Direct application of the catalyst onto the substrate would not 

result in a highly efficient catalytic converter since the inherent specific surface area of the 

substrate is low [58]. Washcoat increases the specific surface area, provides a foundation for 

dispersion of the noble metals and improves the catalyst adhesion [52]. The most common 

compounds for washcoats are high surface area oxides, such as γ-alumina, silica, zeolites, TiO2, 

vanadium, SnO2. Composite oxide materials (i.e. CeO2‐ZrO2‐La2O3‐ PrO2‐Al2O3) [59] or mixed 

oxides (Al2O3/CeO2/ZrO2) that improve thermal stability and reduce the light-off temperature 

can be employed as well [60]. By far the most widely used inorganic carrier of catalysts is high 

surface area (80-250 m2g-1) gamma-alumina (γ-Al2O3), generated by dehydration of aluminium 

hydroxides and oxide hydroxides precursors at temperatures from 500 °C to 800 °C [61]. The 

methods that are regularly employed for the application of high surface area washcoats to the 

inert substrates are sol-gel, slurry coating or colloidal coating. The coated structural support is 

then subjected to heat treatments after the washcoat deposition procedure to consolidate the 

washcoated layer. Care must be taken by controlling the concentration of slurry, calcination 

time and temperature to achieve a well-adhered washcoat layer with a layer thickness of 1-100 
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µm [52,61]. For instance, if the substrate is washcoated with γ-Al2O3, it is critical to keep the 

calcination temperature below 750 °C to avoid phase transition to low surface area Al2O3 phase 

and ensure that the washcoat layer has roughly the same specific surface area as the original γ-

Al2O3 [61].  

2.3.3 Catalytic layer 

While a washcoat provides a high surface area for chemical reactions, a catalyst is a substance 

dispersed over the washcoat, that lowers the activation energy of a chemical reaction and thus 

increases the rate of reaction. For automotive catalysts, Platinum Group Metals (PGMs) have 

been identified as the most effective class of active components for both oxidation and reduction 

reactions. Novel PGM-free or reduced PGM coatings have been researched over the years to 

reduce costs, but are not frequently utilised [62,63]. Platinum (Pt), palladium (Pd) and rhodium 

(Rh) are the most common PGM coatings for the aftertreatment catalysts. Pt and Pd are used 

for oxidation reactions in TWC while Rh is necessary for the reduction component of the TWC 

[64]. For the DOC, Pt, Pd or bimetallic combination of Pt-Pd are suitable for oxidation reactions 

[65]. The use of a bimetallic Pt-Pd for DOC is attractive as they provide superior activity for 

CO and hydrocarbon oxidation, and oxidise NO at a lower temperature due to the synergetic 

effect of the formation of a Pd-Pt alloy [66]. Furthermore, bimetallic catalysts are more resistant 

to thermal degradation of the catalyst, as well as sulphur and lead poisoning [67]. Catalytic 

activation of the washcoat support can be performed before washcoating or after washcoating 

has been applied to the substrate by methods such as incipient wetness impregnation, dry 

impregnation or selective electrostatic adsorption [61,68]. For this, aqueous solutions of soluble 

compounds or complexes of the platinum group metals are used, such as palladium nitrate, 

tetraamine palladium nitrate, platinum chloride, tetraamine platinum acetate, and platinum 

nitrate among others [69]. Alternatively, for extruded ceramic monolith catalysts, PGM 
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compounds can be combined with the ceramic paste and extruded in a single part. In that case, 

the active phase is located both on the external wall and within the walls of the monolith [61,70]. 

Typically, the loading of noble metals for aftertreatment catalysts vary from 30 to 120 g/ft3 

[65,71]. The prepared catalysts are characterised by standard characterisation methods. These 

include: N2-physisorption according to the Brunauer-Emmett-Teller (BET) method for 

evaluating the catalyst specific surface area, X-ray Diffraction (XRD) to determine the 

structural properties of the catalytic materials before and after the catalyst impregnation, 

Scanning Electron Microscopy (SEM)/ Energy-Dispersive X-ray Spectroscopy (EDX or EDS) 

to give information on the morphology of materials and Transmission Electron Microscope 

(TEM) to determine the size and shape of the catalytic particles [64,72]. 

Since the available extrusion dies control the final geometric shape of the monolith substrate, 

there is minimal flexibility in terms of advancement in the channel design to promote the 

catalytic activity if relying on conventional manufacturing methods. Choice of the washcoat 

and catalytic formulation is important to promote the desired reactions and allow for high 

reactivity at low temperatures. Based on the reviewed literature, a bimetallic 

platinum/palladium catalyst dispersed over high surface gamma-alumina oxide was chosen for 

the research work presented in this thesis.  
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2.4 Performance of the conventional monolith catalyst  

2.4.1 Thermal performance  

Monolithic substrates must be designed in such a way that they can provide a large surface area 

for catalytic reactions, low backpressure, and rapid light-off. It is crucial to obtain satisfactory 

catalyst performance as quickly as possible at the lowest feasible temperature to rapidly 

increase the temperature of the catalyst to effectively reduce emissions [49].  

The temperature within the honeycomb catalyst depends on various parameters; convection 

from the exhaust gas to the solid, radial conduction through channel walls, heat loss to the 

surroundings and heat generated by the exothermic reactions (only when the reactions occur) 

[73]. In the first minutes of the engine operation, the exhaust gas passes through the honeycomb 

channels with a relatively low flow rate and exhaust gas temperature, heating the catalyst 

relatively slowly. Incomplete combustion during these conditions over the honeycomb catalyst 

results in significantly high emissions [74]. The key performance criterion of the honeycomb 

catalyst is the light-off temperature. Only after the light-off temperature is reached can the 

catalyst be fully operational and successfully convert the pollutants. Variables affecting the 

light-off temperature include mass flow rate, temperature of the exhaust gas, the rate at which 

the inlet gas temperature increases, effective conductivity of the monolith, composition of the 

catalyst, age of the catalyst, flow maldistribution within the monolith and bulk density of the 

monolith [75]. Besides, it is not uncommon for the temperature in the individual channels to 

vary considerably [76]. This implies that the light-off might occur in different channels at 

different times since the contact times between the pollutants and the catalyst could fluctuate 

from channel to channel. Multiple engine start-and-stops, typical in hybrid vehicles, could 
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produce high emissions, especially if the temperature of the catalyst drops below the light-off 

temperature [77].  

Lefort et al. [78] investigated various wall thicknesses and cell density combinations in square-

channelled monolith catalysts to improve the thermal response of the catalyst. The results 

revealed that a high cell density/thin wall catalyst was the best solution for improving the light-

off performance. Unsurprisingly, the proposed catalyst also entailed an increase in pressure 

losses, which may result in a reduction of peak engine power and reduction in conversion 

efficiency during the deceleration stages due to rapid cooling. 

2.4.2 Pressure loss and flow uniformity 

The pressure loss of the substrates is strongly influenced by the channel design, geometry, 

length, and the channel diameter [54].  

Marsh et al. [79] reported that although the catalysts with higher cell densities exhibited higher 

surface area and better mass transfer, the decrease in the size of the channels increases the 

backpressure.  

Amirnordin et al. [54] numerically studied the influence of the cell shape on hydraulic 

performance. The results revealed that a hexagonal-shaped cell outperformed a square-shaped 

cell in terms of lower backpressure. On the other hand, the square-shaped cell had a higher 

surface area than the hexagonal cell (Figure 2.9).  

Furthermore, flow uniformity and flow distribution are critical in the aftertreatment devices 

since they influence the conversion efficiency and durability of the catalyst.  

Jeong et al. [80] observed that the core area of the inlet face of the honeycomb receives more 

than 50% of the incoming flow with a non-uniform radial velocity profile throughout the 
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honeycomb. Attempts to improve the flow distribution and decrease the pressure drop inside 

the honeycomb catalysts included shaping the inlet face of the monolith to form a cone or a 

parabola [81] or introducing monolith substrates with variable cell densities [80].  

Innovative ceramic substrates with a larger cell density in the centre and a lower cell density 

towards the substrate's edge were presented in 2017, bringing the radial variable cell size 

concept to reality [82].  
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Figure 2.9 Comparison between the hexagonal and the square cells of monolith substrates with 

900 CPSI and 0.06 mm wall thickness. Adapted from [54] 
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2.4.3 Limitations of the conventional honeycomb design 

In a typical configuration of a catalytic converter, a monolith catalyst (i.e. honeycomb) is 

housed in a stainless steel can connected to inlet and outlet pipes with a diverging diffuser and 

a converging cone (Figure 2.10). The incoming flow from the inlet pipe through the diverging 

diffuser is turbulent, but once it enters the small honeycomb channels it quickly becomes 

laminar [83]. The main disadvantage of the honeycomb catalyst is the laminar flow regime 

within the straight, flow-through channels. In the laminar flow regime, the mass transfer rate of 

the reactants from the bulk flow to the active sites positioned on the channel walls is slow [84–

87]. The pollutants concentrated in the centre of the channel have difficulty reaching the active 

sites located on the channel walls. Additionally, non-uniform flow distribution inside the 

honeycomb structure results in a partial utilisation of the catalyst and leads to a shorter catalyst 

lifetime [76]. Potential improvements in hydraulic and thermal performance imply a change in 

the monolith catalyst design, flow distribution and the flow regime inside the catalyst. 

 

Figure 2.10 Schematic representation of the flow in a typical catalyst assembly. Adapted from 

[48] 
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2.4.4 Strategies to enhance the catalytic efficiency and simplify the 

aftertreatment arrangement 

Various strategies to increase the catalytic efficiency and achieve early catalyst light-off have 

been investigated throughout the years. These include adjustment of the operational engine 

parameters (retarded ignition timing, variable valve timing, extra combustion devices, higher 

idle speed and load, air/fuel ratio adjustment) and catalyst heating methods independent of the 

engine parameters (aftertreatment system layout, modifications of the monolith physical or  

chemical properties, reformers, burners, thermal insulation methods, electrical heating, phase 

changing materials) [88]. One of a promising alternative strategies for improving engine 

performance and enhance emissions conversion efficiencies is addition of hydrogen into the 

exhaust stream [89,90].  

Theinnoi et al. [91] investigated the impact of hydrogen addition on the performance of a 

commercial 400 CPSI DOC. The hydrogen presence enhanced hydrocarbon and carbon 

monoxide oxidation at lower temperatures and promoted oxidation of NO to NO2.  

Similarly, Herreros et al. [65] investigated the effect of hydrogen addition on a conventional 

square channel DOC performance with concentrations ranging from 500 to 8000 ppm. Their 

results suggest the addition of only 1000 ppm of H2 has a favourable effect on carbon monoxide, 

hydrocarbons and nitrogen oxide conversion efficiency.  

Prasad et al. [92] studied the performance of methanol fuel in combination with hydrogen for 

the IC engines. Their findings suggested a substantial improvement in performance and 

reduction in the overall emissions.  

Tsolakis et al. [93] incorporated a reforming reactor into the exhaust system of a diesel engine 

and demonstrated that 16% of hydrogen was produced with strict parameter control, without 
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the use of externally supplied heat source, air or steam. Hydrogen addition into the exhaust gas, 

upstream of SCR in the presence of unburnt or injected hydrocarbons improved low-

temperature NOx conversion.  

While the benefits of H2 are apparent for the conventional flow-through honeycomb designs, 

the effect of the hydrogen-enriched exhaust gas in combination with advanced monolith catalyst 

designs has not been reported yet.  

Regarding modifications of the monolith physical properties, dual-catalyst aftertreatment 

systems have been proposed to overcome the compromise between surface area, pressure drop 

and light-off.  

Flörchinger et al. [94] suggested incorporation of a dual-catalyst system by placing a low 

geometric surface area catalyst in front, to keep the heat in the system and allow low pressure 

drop, followed by a rear higher geometric surface area catalyst to offer high surface area, while 

still keeping the heat in the system.  

Lefort et al. [78] investigated a dual-catalyst configuration composed of one catalyst for quick 

light-off with low thermal mass and a second one with a higher thermal mass to store heat to 

allow for higher overall system temperatures to enhance catalyst conversion efficiencies. The 

dual-catalyst configuration demonstrated only a slight improvement over the reference catalyst, 

concluding a single catalyst with a cell density of 400 CPSI and wall thickness of 0.10 mm was 

a better compromise regarding conversion efficiency, pressure drop, manufacturing, and cost 

of the washcoating material.  

Furthermore, as current devices in the aftertreatment systems are dedicated to a single type of 

emission control, various strategies to reduce the number of individual catalytic systems (e.g. 

by merging their functions) in the exhaust aftertreatment to provide improved catalytic 
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efficiency have been proposed in the past. Solutions to simplify the aftertreatment arrangement 

to decrease the volume and weight of the aftertreatment system, have been suggested in the 

past. For example, an all-in-one Four-Way Catalytic Converter (FWCC) combines oxidation-

reduction catalysts to simultaneously remove carbon monoxide, hydrocarbons, particulate 

matter, and nitrogen oxides. The FWCC is an efficient solution to the limited space capacity in 

aftertreatment. However, the complex multi-phase reaction processes where the species interact 

with each other and compete for active sites affect the catalytic efficiency. Modification of the 

catalyst chemical properties can include, for instance, layering of active washcoats on top of 

one another, or zoning, where the active component concentration in the washcoat changes 

along the axial length. For example, Hazlett et al. [16] showed that Pt-Pd bimetallic catalysts 

can be zoned axially along the monolith in varying ratios to increase NO oxidation selectivity 

by promoting CO oxidation at the front with a larger quantity of Pd, leaving extra volume for 

NO oxidation along the length with higher content of Pt. Layering and zoning Fe/ZSM-5 and 

Cu/zeolite on an SCR catalyst can improve SCR efficiency taking the advantage of the Cu 

catalyst's better NOx reduction performance at low temperatures, while the Fe catalyst performs 

better at high temperatures.  

Incorporation of a convoluted flow path to alter the flow regime from laminar to turbulent, or 

introducing turbulence before the catalyst are auspicious methods to increase the catalytic 

efficiency. More flexible conventional manufacturing capabilities have enabled innovations in 

metallic catalyst designs. For instance, an increase of local turbulence is possible by introducing 

bumps on channel walls (Figure 2.11a) [95], employing a perforated foil (Figure 2.11b) or a 

longitudinal structure (Figure 2.11c) [86]. The disadvantages of the proposed designs are 

increased pressure drop, high cost of manufacture and challenging canning process.  
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Ceramic foam-based catalysts were found to have enhanced conversion efficiency in 

comparison with honeycombs due to their high surface area/volume ratio and improved gas-

solid contact, but at the expense of an extremely variable pressure drop due to the random 

structures [96]. This has limited their use in the automotive industry. Properties of foams have 

been studied in the past using numerical simulations. Sinn et al. [97] investigated heat flow as 

well as temperature distributions in open-cell ceramic foam in a tubular reactor with constant 

wall temperature by coupling conjugate heat transfer and heat production. Bracconi et al. [98] 

coupled numerical and experimental approaches to assess fluid dynamics in virtually-generated 

 

a) 

 

b) c) 

Figure 2.11 a) Channel walls with bumps [95] b) Perforated foil structure [86] c) Longitudinal 

structure [86]  
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foam models and 3D printed replicas. To ease the computational load, the foam structures were 

also represented with regular cells, such as Kelvin cells [96].  

Recently, researchers found regular three-dimensional arrays of Kelvin lattice structures always 

demonstrated a better trade-off between mass transfer and pressure drop than the counterpart 

foams with uncontrollable structure [99]. These promising results prompted researchers to 

investigate the opportunity to employ regular lattice structures as catalyst substrates. Lattice 

structures are an appealing alternative to foams as their structure can be completely controlled 

using Computational Aided Design (CAD). Lattice structures, unlike foams, consist of an 

organised network of struts connected by nodes in a three-dimensional space. Nodally-

connected diamond lattice structures have found their use in biomedical applications [100], oil 

sensing [101], optical applications [102] and heterogeneous catalysis [99,103] and show great 

potential for automotive catalyst supports. Monolithic catalyst substrates incorporating 

diamond lattice structures serve as inspiration for the design of advanced monolithic substrates 

focused on the application of ceramic additive technology in automotive aftertreatment in this 

research [103]. The innovative lattice supports may be able to overcome some of the limitations 

of the conventional honeycomb catalyst. Computational Fluid Dynamics (CFD) can be utilised 

to enhance their design through the study of the fluid dynamics and thermal characteristics in 

conjunction with additive manufacturing to provide a feasible method of advanced monolithic 

substrates fabrication. The application of ceramic AM technology for the development of 

ceramic monolithic catalysts is a relatively new concept and thus far the ceramic AM has seen 

limited application in the exhaust gas aftertreatment sector. 
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2.5 Experimental studies on the catalyst light-off  

One of the methods to evaluate the catalyst activity is by measuring the conversion of the 

exhaust gas species as a function of temperature and plotting the conversion values as a function 

of temperature (light-off curve). For this, a laboratory-scale catalyst is placed in a specially built 

reactor placed in an electric furnace to regulate the temperature, with continuous mass flow of 

reactant gases. The inlet gas temperature is steadily increased and the input and output 

concentrations of the reactants are monitored to calculate the conversion of the reactants as 

result. The feed exhaust gas could be either fed from the engine as a result of fuel combustion 

or introduced as a synthetic gas mixture [104].  

To assess the catalyst performance through light-off tests, Lefort et al. [104] used a 400 CPSI 

cordierite honeycomb monolith (Ø25.4 mm×H91.4 mm) with a wall thickness of 0.11 mm 

coated with 120 g/ft3 Pt-Pd (weight ratio 1:1) on alumina and zeolite washcoat (2.6 g/in3 

loading) fed with genuine exhaust gas produced by a single-cylinder, direct injection, diesel 

engine. Their experiment was run in steady state at 1500 rpm and 40% load. The diesel engine 

was operated with different diesel fuels (diesel, rapeseed methyl ester, gas-to-liquid, propane/ 

diesel in a dual fuel combustion mode) to study the interaction of the exhaust gas species. The 

species conversion efficiencies (CO, CH species, and NOx) were monitored during a heating 

temperature ramp of around 2 °C/min and an exhaust Gas Hourly Space Velocity (GHSV) of 

35 000 h-1. Their study provided methods for qualitatively predicting how effectively CO and 

various hydrocarbon species will be oxidised in various exhaust gas composition conditions.  

Herreros et al. [65] studied the light-off behaviour of DOCs coated with Pt and Pt-Pd (1:1 

weight ratio) catalysts with hydrogen addition. They have likewise used lab-scale DOC placed 

inside a bespoke mini-reactor designed to study the effects of catalyst performance under real 
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diesel exhaust gas. The catalyst loading and the DOC dimensions were the same as in [104] and 

the catalyst was placed in a tubular furnace with a steady increase of the temperature to 400 °C 

with a heating temperature ramp of 2 °C/min under GHSV of 35 000 h-1. In their study, the 

DOCs were thermally aged in a furnace at 500 °C to limit any potential physisorption or 

chemisorption effects. The engine was fed with ultra-low sulphur diesel fuel.  

Concerning the lab-scale AM catalysts, Papetti et al. [99] studied the light-off behaviour of AM 

catalysts at constant GHSV (60 000 h-1) and increasing furnace temperature with a heating ramp 

of 10°C/min up to 600 °C using synthetic C3H6  8% O2 balanced with N2. Hajimirzaee et al. 

[72] studied methane oxidation using feed that contained 5 vol% CH4, 10 vol% O2, 85 vol% He 

with GHSV of 400, 800 and 1200 h−1. The studies on AM catalysts were performed on bench-

top experimental rigs using synthetic gas. The downside of using synthetic feed gas was 

discussed in detail in work from Lefort et al. [104] highlighting the importance of utilising real 

exhaust gas to understand the interactions between the chemical species during light-off. This 

can aid in the design of the aftertreatment system to improve the pollutant removal. Since the 

subject of AM catalysts is very recent, most advancements on the catalyst functionalisation and 

performance testing are lab-scale, with structures in the range of only a few centimetres. For 

this purpose it was decided to use the approach from [104] and [65] to study the light-off 

behaviour of advanced monolithic catalysts in real exhaust gas conditions.  



 

46 

 

2.6 State-of-the-art in design and ceramic additive manufacturing 

of complex monolith catalysts for automotive aftertreatment 

applications 

Two main strategies of design and manufacturing of advanced catalysts for various catalytic 

applications are found across the literature: 

• AM of substrates which includes design of a template that contains a negative copy by 

3D printing of a material that can be removed in the high-temperature heat treatment 

process (Figure 2.12a) [105,106]  

• Direct AM of the monolithic substrates via ceramic AM technologies (Figure 2.12b) 

[12,72,99,107–109]  

Parra-Cabrera et al. [110] provide an extensive overview of AM structured catalysts in chemical 

engineering and various catalytic technologies in their literature review. The most recent 3D 

printing innovations for catalytic applications are summarised in a review from Zhu et al. [111]. 

Industrial catalyst manufacturers, such as Johnson Matthey, utilise binder ceramic jetting to 

manufacture monolith beds that can be useful in filtration systems, adsorption processes or 

fixed-bed reactors.  

Díaz-Marta et al. [109] prepared 3D printed SiO2 monoliths via AM material extrusion process. 

The resulting catalysts consisted of cylinder structures with a rod diameter of 0.41 mm and rod 

spacing of 1 mm as shown in Figure 2.12b). After manufacturing, the samples were debinded, 

sintered and functionalised by a coating containing immobilized copper and palladium species 

for application in multicatalytic multicomponent reactions. 
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Couck et al. [107] manufactured SAPO-34 zeolite cylinders with a diameter of 1 cm and a grid-

like filling using material extrusion AM process with a nozzle diameter of 0.33 mm for use in 

CO2 adsorption. The measured CO2/N2 separation selectivity was evaluated by comparing to 

the selectivity estimated by the Ideal Adsorbed Solution Theory. Due to very low adsorption, 

N2 capacities were close to zero or slightly negative during the trials, implying that absolute 

selectivity values could not be established. 

Ferrizz et al. [12] employed material extrusion AM process to manufacture various Al2O3 

substrates with interconnected rods that were coated with Pt/γ-Al2O3 catalyst for catalytic 

combustion of natural gas. The 3D printed monoliths exhibited higher mass transfer efficiency, 

 

a) b) 

Figure 2.12 Examples of a) 3D printing method using a 3D printed polymer template filled 

with α-Al2O3 paste, burning off the template and coating the monolith with active compounds 

[106] and b) Direct 3D printing method of a ceramic substrate and surface functionalisation 

with catalytically active materials [109] 

3D printing SiO2 

monolith substrate 

Surface functionalisation  
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but also had high backpressure with more than an order of magnitude difference in pressure 

drop between the 3D printed samples and the honeycomb sample. 

Papetti et al. [99] utilised vat photopolymerisation technique in 2018 to manufacture Al2O3 

monolithic substrates (Figure 2.13a)). The design of the substrates was based on a rotated cubic 

cell. Additively manufactured lattices had a strut diameter of 0.60 mm and unit cell sizes of 3.0 

and 4.0 mm. Due to the manufacturing limitations of the stereolithography approach used in 

their study, structures with strut diameters smaller than 0.50 mm were not possible to build. 

The AM substrates were coated with platinum dispersed over γ-Al2O3 and tested in the 

abatement of propane. The final surface areas of the samples with a unit cell size of 3.0 and 4.0 

mm were 785 and 507 m2/m3, respectively. When their light-off was compared to one of the 

conventional 400 CPSI honeycombs, it was observed that no significant improvement in the 

conversions was achieved due to the six times smaller surface area. Simulations showed that at 

the velocity of 10 m/s, a rotated cube lattice with porosity over 95% had four times higher mass 

transfer than the honeycomb. Although this suggested that a lower amount of the precious 

metals was required to achieve identical conversion, due to their six times smaller surface area, 

the volume of the structure of the lattice would have to be 1.5 times the volume of the 

honeycomb. 

Miniature monolithic substrates were manufactured in 2020 by material extrusion AM process 

(Figure 2.13b)). The designs were based on interconnected rods with repeating angular offset 

between deposited layers. The results showed improved catalytic activity of the additively 

manufactured catalysts in methane oxidation, relative to a conventional commercial 

honeycomb. The authors noted the monoliths were prepared with thick walls (0.60 mm) due to 

limitations in the extrusion of the material through the nozzle [72].  
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In a follow-up publication, the authors built a full-size porcelain catalyst substrate in 2021, 

which they tested in the conversion of CO, methane and non-methane hydrocarbons in a dual-

fuel, heavy-duty diesel engine. At low temperatures, where the reaction is governed by kinetic 

control, there was little difference in the activity between the 3D printed and honeycomb 

catalyst. For example, when 40% of diesel was substituted by natural gas, CO conversion was 

33% on the 3D printed catalyst, while it was 54% for the commercial catalyst. At higher 

temperatures (200–300 °C), where the reaction rate was governed by internal and external mass 

transfer, the conversion was higher on the 3D printed catalyst due to the induced internal 

turbulence in the channels.  

a) 

b) 

c) 

Figure 2.13 a) Coated AM catalyst used for model gas reactor experiments (Ø12 mm × H20 

mm) [99] b) AM substrates with different layer orientation offset (Ø20 mm × H20 mm) [72] 

c) AM substrates with various topologies (Ø20 mm × H35mm) [31] 
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The findings from their study demonstrated that 3D printing can be utilised to achieve catalytic 

converter structures with enhanced properties [112]. 

Al-Ketan et al. [31] manufactured Al2O3 substrates in 2019 with architected and controllable 

topologies based on minimal surface based-topologies via a top‐down DLP stereolithography 

approach (Figure 2.13c)). They did not perform any catalytic testing for their 3D printed 

samples. The restrictions of the fabrication technique limited the designs to have a minimum of 

0.60 mm wall thickness resulting in low surface areas.   

A variety of 3D printing materials may be employed to create functional prototypes for catalytic 

applications. These materials belong to the family of ceramic oxides such as Al2O3, CeO2, ZrO2, 

TiO2 or SiO2, cordierite or clays, zeolites and SiC [6]. The substrate material is usually selected 

in conjunction with the respective printing technology. For example, works from Papetti et al. 

[99] and Al-Ketan et al. [31], as presented above, used vat photopolymerisation processes where 

the α-Al2O3 (corundum) ceramic powder phase was dispersed in a photoreactive resin [31,99]. 

On the other hand, porcelain and cordierite were used for material extrusion AM [72,112].  

There are potential limitations on material choice for AM that depend on the technology. For 

instance, for technologies that utilise photopolymerisable slurries when selecting solid 

materials, a balance between viscosity and curing needs to be accounted for as the addition of 

high refractive index ceramics into the base the resin can affect the accuracy and impede the 

cure depth. 

In summary of the previous research, material extrusion [72,112], and more recently vat 

phoyopolymerisation processes [15,99] have been utilised for direct AM of the monolithic 

catalyst for automotive applications. Resulting structures of the monoliths manufactured by 

material extrusion represent a series of interconnected rods where the geometry is determined 
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by the nozzle geometry, which imposes certain limits on the part's complexity. Additive 

manufacturing of substrates for catalytic applications still represents a challenge, both in terms 

of the combined dimensional accuracy and the fine features required in the catalytic substrates 

to maximise the surface area. The use of vat photopolymerisation techniques for shaping 

monolith supports is less prevalent. However, the geometrical freedom and resolution are much 

higher than in material extrusion AM process. Al2O3 ceramic material was selected in this study 

since it is one of the most used structural ceramics and it has been previously used as substrate 

material for automotive catalysts manufacturing.  

In summary, designs for additively manufactured ceramic monolith catalysts have not 

progressed beyond those based on foam structures and alternating rods structures, despite the 

valued characteristic of AM-design flexibility. Additive manufacture of complex monolith 

catalysts has underlined the significance of further research of ceramic additive manufacturing 

to achieve novel catalyst designs with higher accuracy and finer features to enhance their 

geometric surface area and gas-solid contact.  

2.7 Summary of open research questions 

There is still a lot of potential for improvement of the monolithic catalysts for the aftertreatment 

system applications, especially regarding the improvement of the light-off temperatures. The 

standard honeycomb catalyst features limitations that impede high heat and mass transfer due 

to its flow-through channel design and the consequent laminar flow within the channels. 

Instead, the lattice's network of solid struts is characterised by convoluted routes that promote 

gas-wall interactions. Despite the design freedom of additive manufacturing, ceramic lattice-

based monolith catalysts have not advanced beyond those based on foam structures and 

alternating rod structures. The manufacturing limitations hinder the widespread implementation 
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of AM for ceramic monolithic catalysts fabrication. To address essential concerns in the 

development of innovative catalyst designs, the advancement of AM technology requires 

solving the challenges such as printing accuracy through systematic investigation of printing 

parameters and preparation techniques of ceramic slurries for the DLP technology. It is vital to 

grasp thoroughly the ceramic additive process in detail to achieve its full potential. Formulation 

of a photocurable ceramic slurry with suitable rheological and curing parameters to ensure the 

success of the shaping process is needed. Furthermore, it is necessary to study advanced 

catalytic solutions to find a way to minimise the environmental impact of internal combustion 

engine use. The light-off behaviour of catalytically coated AM advanced catalysts should be 

studied in a real exhaust gas environment. While the benefits of hydrogen addition for improved 

catalyst activity are evident for honeycomb catalysts, it is essential to investigate the effect of 

hydrogen on novel catalysts. Multi-purpose emission control catalytic substrates integrated into 

a single catalytic substrate brick could be beneficial to reduce the complexity, volume and cost 

of the aftertreatment system. Therefore, this study aims to overcome the knowledge gaps 

discussed in the preceding sections, contributing to the endeavour to reduce automotive exhaust 

emissions. 
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CHAPTER 3: 

EFFECTS OF THE INTERNAL STRUCTURES OF 

MONOLITH CERAMIC SUBSTRATES ON THERMAL AND 

HYDRAULIC PROPERTIES: ADDITIVE MANUFACTURING, 

NUMERICAL MODELLING AND EXPERIMENTAL 

TESTING 

Abstract 

Rigorous emission regulations call for more efficient exhaust emission control aftertreatment 

catalysts without affecting the internal combustion process and CO2 emissions. Although the 

state-of-art ceramic honeycomb substrate designs provide high surface area and a degree of 

flexibility for heat and mass transfer adaptations, additional emissions reduction benefits can 

be achieved when more flexible designs to provide effective thermal management are 

introduced. The conventional cordierite honeycomb substrates are manufactured by extrusion, 

therefore only substrates with straight channels can be fabricated. This study aims to highlight 

any design limitations of conventional substrates by employing additive manufacturing as the 

main method of manufacturing diamond lattice structures using DLP (Digital Light Processing) 

technology. Both conventional substrates and diamond lattice structures are studied numerically 

and experimentally for flow-through resistance and temperature distribution. Numerical 

predictions and experimental results showed good agreement. The results show the increase of 

the axial temperature distribution for diamond lattice structures and a significant decrease of 

the pressure drop (38-45%) in comparison with the benchmark honeycomb with a similar 

surface area.  

Keywords: additive manufacturing; monolith; ceramic substrate; CFD; honeycomb 



 

62 

 

3.1 Introduction  

Environmental concern and ever-changing emissions regulations have raised the significance 

of improving the performance of the exhaust gas aftertreatment system for stationary and 

mobile applications [1,2]. In the 1970s, initial trials of exhaust gas purification incorporated 

placing a catalytic converter in all petrol vehicles [3]. The key part of the converter, honeycomb 

monolith, typically manufactured by extrusion, consists of thousands of straight, parallel, flow-

through channels coated with noble metals accountable for catalytic reactions [4–6]. Due to the 

restrictions of the extrusion process, the channel design is of a simple shape with thin walls 

separating the individual channels [7,8]. Only limited geometric shapes of the channels can be 

manufactured, such as square, hexagonal or triangular [9,10]. Research shows that hexagonal 

and square channels show similar performance and pressure drop under the same experimenting 

conditions. Contrarily, triangular channels show the poorest performance [11]. Hotspots and 

non-isothermal temperature profiles in axial and radial directions present additional issues 

associated with the substrate design [12,13]. The laminar flow inside of the honeycomb 

channels decreases the heat and mass transfer [14]. The awareness of the inefficient use of the 

catalyst full volume led to research of new possible designs of the substrate following the 

improvement of the manufacturing opportunities. 

One way of achieving the necessary requirements to increase the catalyst performance is to 

cautiously direct the parameters of the substrate structure to achieve the desired pressure drop 

and improved heat transfer. An interesting approach to enhanced monolith designs is non-

stochastic structures (periodic) structures that include repeating 3D lattice structures of strut-

and-node arrangement and custom unit cells. Non-stochastic lattice structures consist of unit 

cells periodically arranged in all three dimensions with the most common, octet, cube, hexagon 
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and tetrakaidekahedron, all inspired by foam designs [14,15]. Topology optimised lattice 

structures have been utilised in the automotive industry for weight reduction and improvement 

of the strength of bulk parts [16]. For catalytic applications, modified regular structures 

manufactured by material extrusion AM provided improved mass transfer compared to the 

honeycomb sample, with a fairly higher pressure drop [17]. The tortuous path in the channels 

upsurges the transport between the catalyst surface and the bulk of reactant and product [18,19]. 

Recent research has revealed rotated cubic cells as a replacement for honeycombs [14]. Samples 

with 3 mm and 4 mm cell size and strut thickness of 0.5 mm were manufactured and 

experimentally tested [14,15]. Due to the manufacturing limitations, the samples had a low 

specific surface area which proved to be a disadvantage [14]. 

Numerical simulations can give detailed insights into specifics that are not possible or are 

difficult to capture throughout experimental trials to aid the design of the new catalytic supports. 

The simplest modelling method for honeycombs is a single-channel, where all channels are 

assumed to behave alike, however, this assumption is not correct. The flow maldistribution and 

heat losses to the surroundings are discarded in single-channel models [10,20–23]. Multi-

channel models, such as the subgrid-scale model with a couple of representative channels have 

the same drawbacks as the single-channel method [24]. Continuum models, where the pressure 

drop of the monolith is implemented into the model from calculations, need to have a correct 

heat flux at boundary assigned [22,25]. The thermal conditions, in reality, cannot be set as 

isothermal due to the temperature variations along the length and cross-section of the monolith. 

Likewise, numerical simulations have been utilised, to some extent, to study the fluid dynamics 

and heat transfer properties of foams and non-stochastic lattice structures. A comprehensive 

analysis of pressure drops in virtually reconstructed open cell foams, combining numerical and 

experimental studies, showed the open-cell foams outperform honeycomb monoliths in the 
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range of low Reynolds numbers [28]. Alternatively, foams can be reconstructed by Laguerre- 

Voronoi tessellations, with the main drawback being the increase of the computational load 

[26]. Previous studies have indicated that foam-based catalysts demonstrate greater 

performance in comparison with the honeycomb in terms of conversion, but might exhibit 

higher pressure drops [3,27,28]. While foams seem to show increased performance, their non-

controllable structure makes it challenging to foresee the flow behaviour [15]. To simplify the 

modelling of the foams in the past, the foam structure had been represented with regular cells, 

such as Kelvin cells. The regular structures have actually proved to have a superior trade-off 

between the mass transfer and pressure drop [29]. Moreover, their superior properties led to 

study the regular structures as potential catalyst substrates [14, 31]. Modelling of complex non-

stochastic structures is particularly challenging, thus short domains consisting of only a couple 

of cells in the flow direction are generally used for numerical simulations [30–32]. However, 

the short domains could affect the simulation results as the flow might not be fully developed 

[30].  

Advanced Manufacturing Technologies (AMT) are progressively used in many different 

industries. Precise and complex components can be fabricated by machining processes such as 

ball end milling [33] and turning [34]. Furthermore, laser hardening offers short processing 

time and higher performance for 3D complex shapes [35]. Additive manufacturing eases the 

manufacturing of complex geometrical shapes by layer-by-layer addition of material. The 

improvements in the AM technologies have allowed direct fabrications of lattice structures. 

Selective Laser Melting (SLM) is a widely employed additive manufacturing process that can 

be used for printing of intricate three-dimensional (3D) structures for various applications [30–

32]. Ti–6Al–4V alloy-based 3D meshes with diamond unit cells were manufactured with 

Concept Laser M2 for optical applications [36]. Moreover, the same technology was utilised to 
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manufacture Ti-6Al-4V optical lattice mesh structure that can be used as an oil sensor [37]. In 

addition, the studies on the effect of SLM process parameters and their optimisation were 

performed for manufacturing of biomedical implants [38]. Additive manufacturing of ceramic 

materials has been an ongoing topic of research due to their challenging processing 

requirements [39]. One of the challenges is the reduced cure depth in ceramic suspensions due 

to scattering, resulting in a decrease of the bonding between the layers. However, reducing the 

layer thickness to increase the bonding of the layers as a consequence increases the building 

time. Correspondingly, the viscosity of the suspension must be optimised to ensure uniform 

layer recoating during the build [40]. Nevertheless, AM can overcome the traditional ceramic 

manufacturing methods limitations, such as complex geometry production. Net shape 

YSZ/Al2O3 nanocomposite micro-components were successfully manufactured through a 

process based on soft lithography and powder dispersion [41]. Techniques involving 

polymerisation of the photoactive resin can generally be divided into Stereolithography (SLA) 

based on spot scanning and Digital Light Processing (DLP) based on mask-image-projection 

[42]. Lattice structures have been manufactured by stereolithography in the past, however the 

disadvantages of this process include the need of support for manufacturing and the stair-case 

effect which can be highly detrimental under load [15,43]. Digital Light Processing AM 

technology generally has faster manufacturing speed and is advantageous for the building small 

components [42]. Thus, Digital Light Processing (DLP) additive manufacturing technology has 

been used in this study due to the significant advantages of high-precision and low-cost for 

advanced ceramic manufacturing [41].  

Research conducted so far on improvement of the monolith designs has merely explored unit 

cells derived from foams, such as Kelvin cell or a simple cubic cell [14,17]. The dimensional 

limitations of the manufacturing technique used to manufacture the substrates cause the 
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aforementioned to have large strut diameters and inadequate substrate dimensions resulting in 

low geometrical surface areas [14]. Short domains chosen for the experiments and numerical 

modelling of lattice structures can cause inaccuracies in pressure drop prediction and overall 

performance as the flow might not be fully developed [14,30]. Morphological parameters of 

honeycomb and lattice design need to be investigated in conditions other than isothermal. In 

this study, hot gas is used as the heat source rather than isothermal conditions on the outside 

wall. The numerical model contains longer length of the lattice structure with a higher aspect 

ratio. The effect of geometrical structure between lattice and traditional monolith substrate in 

terms of heat transfer and flow resistance is investigated by employing a steady-state three-

dimensional conjugate heat transfer model.  

The aim of this paper is to develop and manufacture a lattice monolithic ceramic substrate. 

Computation Fluid Dynamic model is developed to aid the design and is validated for both 

designs and used to compare between them. The performance of the two substrate designs is 

tested in terms of temperature profile and pressure drop in a non-reactive environment. Finally, 

the effect of lattice design on the specific surface area, pressure drop and thermal management 

is investigated.  
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3.2 Methodology 

3.2.1 Design of lattice structures  

Lattice can be defined as a structure which consists of a regular network of struts connected by 

nodes in a three-dimensional space. The unit cell size, type, strut size and cell orientation have 

a considerable influence on the surface area, thermal properties of the structure and fluid flow 

behaviour. Diamond lattice cell has been selected as the representative model as it has shown 

great performance for other applications and it is self-supportive, which is of great importance 

for successful additive manufacturing [37,44]. The CAD model of the investigated diamond 

lattice substrate is shown in Figure 3.1a) with the corresponding internal structure in Figure 

3.1b) and a diamond unit cell in Figure 3.1c) and Figure 3.1d), illustrating the main properties 

of the diamond lattice structure. 

 

a) b) c) d) 

Figure 3.1 CAD representation of a) Full-length lattice model b) Internal structure of the lattice 

model c) Unit cell diamond lattice with geometrical parameters, Ls strut length, Lc cell length, 

ds strut diameter d) Unit cell in flow direction, where dp/2-half pore 



 

68 

 

The porosity was calculated from the volume distribution of the solid and total volume of the 

cylindrical samples as shown in Equation 3.1: 

 

𝜀 = (1 −
𝑉𝐵𝐶𝐶

𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
) Equation 3.1 

 

The specific surface area was calculated as the geometrical surface area of the whole substrate 

divided by the volume of the cylinder as shown in Equation 3.2: 

 

 

Honeycomb monoliths are available in different cell density and shapes. Nevertheless, the most 

common commercial honeycomb is a square channelled 400 CPSI [14,28,45,46]. Therefore, a 

square channelled honeycomb monolith with 400 CPSI and 0.2 mm thick walls is used as the 

benchmark. The CAD model of the honeycomb substrate is illustrated in Figure 3.2a).  

Figure 3.2b) represents the internal structure and Figure 3.2c) the single channel. The main 

properties of the honeycomb are channel diameter of 1.05 mm, porosity of 0.68 and specific 

surface area of 2480 m-1.  

 

 𝑆𝑣 =
𝐺𝑆𝐴

𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
 [m−1] Equation 3.2 
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 3.2.2 Numerical modelling 

In order to aid the design of the lattice structures, a numerical approach using Computational 

Fluid Dynamics (CFD) is used to predict the effect of the internal structure of the substrate on 

fluid dynamics, pressure drop and temperature distribution. The main focus of the numerical 

study is on the physical behaviour of the flow within the substrate, therefore the chemical 

reactions are not taken into the account for simplifications and to place the interest strictly on 

the flow behaviour driven by geometry change, which is a common practice when investigating 

fluid flow in substrates [1,31,47]. The main idea is that, with the lattice design, the temperature 

distribution in radial and axial direction of the substrate will be considerably different than of 

the traditional honeycomb substrate, concluding that the geometry can influence the 

 

a) b) c) 

Figure 3.2 CAD model of a) Full-length honeycomb model b) Internal honeycomb structure, 

and c) Single channel 
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temperature distribution. A finite-volume-based commercial code ANSYS CFX enables to 

solve the conjugate heat transfer problems with two separate domains, where the thermal energy 

of solid and fluid is exchanged in their interface [48]. The equations required are momentum 

balances and energy balances for the solid and fluid phases. The transport of enthalpy through 

the fluid and heat transfer is modelled with thermal energy model. Steady-state Navier-Stokes 

equations were solved in the laminar model for honeycomb substrate and in Shear Stress 

Transport k-ω model for the lattice substrate.  It is important to note that two CFD models have 

been developed and validated; one for the lattice structure and one for the honeycomb (this is 

because the lattice structure has different dimensions due to the manufacturing limitations). 

Second-order upwind biased discretisation is used to calculate the advection terms in the 

discrete finite volume equations. Residuals are the most important measure of convergence; 

hence RMS residuals are set as the convergence criteria with the magnitude of limit 10-6. 

Pressure drop was monitored as the value of interest, and it was ensured that the steady-state 

value was reached with the overall imbalance less than 1%. The boundary conditions and the 

computational domains are shown in Figure 3.3. Table 3.1 summarises in detail the 

computational domains and the boundary conditions for the numerical models. The boundary 

conditions are constructed with mass flow rate and temperature at the inlet, zero-gauge pressure 

at the outlet and constant heat transfer coefficient at the walls. The computational domain is 

represented as a quarter of the full substrate with lateral boundaries as symmetry for the 

honeycomb and periodic for the lattice. The dimensions of the honeycomb and lattice domain 

are matched with the dimensions of the substrates in the experiments. 
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a) 

 

b) 

Figure 3.3 Solid (yellow) and fluid (blue) domains with boundary conditions for a) Honeycomb 

and b) Lattice 
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Table 3.1 Summary of the computational domains and boundary conditions 

DOMAIN Section Dimensions  

Radius x Length 

(mm) 

Condition 

Fluid domain Air 

Honeycomb 

Lattice 

12.5 x 63 

12.7 x 67 

Air at 923 K 

kf- Sutherland formula 

ρ- Sutherland formula 

Solid domain Honeycomb 

Lattice 

12.5 x 57 

12.7 x 61 

Cordierite,ks=2.5 W/mK 

ZrO2, ks=2.5 W/mK 

BOUNDARY 

CONDITIONS 

Named section  Condition 

Mass flow rate inlet Inlet  𝑚̇= 0.4-1.8 kg/h 

Pressure outlet Outlet  Pout,gage= 0 Pa 

Wall with constant h Wall_fluid  No-slip, h= 16 W/m2K 

Wall with constant h Wall_solid  No-slip, h= 16 W/m2K 

INTERFACE Condition   

Fluid-solid interface 
No-slip, heat transfer, symmetry condition through x-axis 

(honeycomb), periodic condition through x-axis (lattice) 

Solid-fluid interface 
Heat transfer, symmetry condition through x-axis (honeycomb), 

periodic condition through x-axis (lattice) 
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The fluid domain was extended by 3 mm before and after the solid. Thermal conductivity of 

2.5 W/mK is used for the cordierite honeycomb in the present model [1,49]. Zirconia has a 

reported thermal conductivity in the range of 2.2–2.9 W/mK [50]. The value chosen was the 

same as for the cordierite sample as in this range significant differences in the temperatures 

were not observed. The fluid is considered as an ideal gas, thus the equation of state 𝑝𝑉 = 𝑛𝑅𝑇 

is valid. The temperature of the incoming exhaust gas in automotive exhaust systems can be as 

high as 1173 K [51]. Relatively high air temperature of 923 K was chosen for model validation 

for higher experimental measurement accuracy. The heat transfer coefficient was calculated 

from average sample surface temperature and inlet and outlet temperatures obtained from the 

experiment [52]. Radiation heat transfer was not taken into the account since the outer tube 

temperatures were low [53]. Total heat losses Q (W) were obtained with Equation 3.3: 

 

 

Total heat transferred from the substrate wall, through the wrapping and the pipe is calculated 

from Equation 3.4: 

 

𝑄̇ = ℎ𝐴𝑇𝑤𝑎𝑙𝑙,𝑎𝑣𝑒 Equation 3.4 

 

Equating Equation 3.3 and Equation 3.4, heat transfer coefficient can be derived as: 

 

ℎ =
𝑚̇𝑐𝑝,𝑎𝑖𝑟(𝑇𝑔𝑎𝑠,𝑖𝑛 − 𝑇𝑔𝑎𝑠,𝑜𝑢𝑡)

𝜋𝐷𝐿𝑇𝑤𝑎𝑙𝑙,𝑎𝑣𝑒
 Equation 3.5 

Q̇ = ṁcp,air(Tgas,in − Tgas,out) Equation 3.3 
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The laminar flow (Re= 125-1250) in the honeycomb due to the very small channel diameter 

(1.05 mm) justifies the use of the laminar model. The determination of the flow behaviour in 

the lattice includes calculation of Reynolds number with appropriate characteristic length. 

Various definitions of the characteristic length for lattice structures are found in the literature. 

Strut diameter, mean cell diameter or hydraulic diameter can be used to find the Reynolds 

number [14,30,54].  

In this study, the Reynolds number was calculated with strut diameter as the characteristic 

length as suggested in [14]. The Reynolds number based on the strut diameter in this study lies 

in the range of 2-25 suggesting laminar to early transition regime [14]. The simulations for the 

lattice structure were performed both by laminar and SST- k–ω model. The simulation results 

were compared to the experimental results resulting in smaller discrepancy when using SST- 

k–ω model. Consequently, the SST- k–ω model is selected given that it is able to deal with 

transitional flows and performs well in the proximity of solid walls. The mesh is constructed 

using Ansys software package built-in mesher.  

The fluid domain of the honeycomb channels is meshed with hexahedral elements with the 

mesh details shown in Figure 3.4a), whereas the inlet and outlet sections are meshed with 

unstructured mesh. Mesh independence is reached at element count of 8 162 045. The solid 

channels of the monolith substrate are meshed using adaptive hexahedral mesh with a global 

size of 0.2 mm. It is assumed that there are no considerable thermal gradients across the 

structure due to very fine thickness of the channel walls, which is confirmed through a set of 

additional simulations with only 0.3% error between temperatures at the interface when using 

mesh with 350 373 (0.2 mm element size) and 6 849 920 elements (element size 0.04 mm). 

For the lattice structure, different meshing approach is used. Owing to the complex structure, 

unstructured mesh is generated for both solid and fluid domain. The details of the mesh for the 
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fluid domain are presented in Figure 3.4b). Curvature-based mesh-refinement with fine mesh 

around the lattice strut surface is used, with mesh size gradually increasing away from the 

surface at growth-rate of 1.3 until the maximum value. The mesh independent solution is 

reached with 7 912 022 elements. Solid domain is meshed with adaptive unstructured mesh 

with a global size of 0.2 mm.    

The main parameter for the mesh dependence test is pressure drop, as higher variations of 

calculated pressure gradients are noticed with change of the element count, whereas the 

temperature values only varied slightly. Figure 3.5 represents the variation of pressure drop 

values with the number of elements for the honeycomb and lattice model.  

 

a) b) 

Figure 3.4 Example of the CFD mesh used in the present work. a) Honeycomb mesh with 

channel mesh detail b) Unstructured mesh of the lattice substrate with cross-sectional view of 

the mesh detail 

Detail of the 

structured mesh 

Unstructured 

mesh Structured mesh 

Unstructured 

mesh 

Cross-sectional view of 

unstructured mesh around the 

solid struts   

Unstructured mesh 
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The highest RMSE % from the experimentally obtained pressure drop is less than 10% for both 

structures using mesh with around 8 million elements for the fluid domains.  

3.2.3 Additive manufacturing 

Stereolithography based method with DLP light source is used to polymerise the photocurable 

resin and form the green bodies in this study. The aforementioned is a promising additive 

manufacturing technology for complex shape ceramic part production [42]. The DLP 

technology might overcome the manufacturing limitations observed in previous research, where 

the resulting substrates had low specific surface area, requiring higher overall catalyst volume 

[14]. The samples were manufactured on Admaflex 130 (Admatec Europe BV, The 

Netherlands) with a X-Y resolution of 40 µm. The printing area consists of a transparent glass 

surface at the bottom and the building platform, which moves vertically up and down, at the 

top. The light source with DMD chip comprising an array of several thousand microscopic 

mirrors that rotate according to the pixels in the image is located under the glass. The Admaflex 

Figure 3.5 Mesh independence study for honeycomb and lattice model 
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130 is equipped with a rotating foil system which transports the slurry on the foil from the 

reservoir to the manufacturing zone and to the pump where the excess slurry is pumped back 

to the reservoir. Photopolymerisable light sensitive resin is exposed to the UV light (405 nm), 

which subsequently cures and hardens the resin. The process of curing layer by layer is repeated 

until the final three-dimensional green body is built [55]. The commercial ceramic suspension 

(Z-130, Admatec Europe BV, The Netherlands) was used for manufacturing of the 

representative diamond lattice sample. The Z-130 feedstock contains a mixture of 

photosensitive resins and a solid loading of zirconia powder. The layer thickness was set as 25 

µm and the exposure time was varied between 1.5 to 2 seconds. The remaining slurry on the 

surface of the sample was cleaned immersing the sample to ultrasonic bath filled with ethanol. 

Consequent two thermal treatments were performed to achieve a dense ceramic substrate. The 

debinding in a tube furnace (TSH/1S/75/450, Elite Thermal Systems Ltd, United Kingdom) and 

sintering in a chamber furnace (HTF 17/27, Carbolite Gero, United Kingdom) were performed 

using cycles recommended by the Admatec company. The final sintered product is shown in 

Figure 3.6a), with a diameter of 25.4 mm and 61.3 mm length achieved by carefully attaching 

four shorter substrates with Zirconia Resbond 904 adhesive (Final Advanced Materials, 

France). The manufactured sample has a pore diameter of 1.85 mm, strut diameter 0.65 mm, 

specific surface area of 1480 m-1 and the porosity of 0.73. The strut thickness was measured on 

the realised sample with Digital Vernier Caliper (150mm Digital Caliper, RS PRO, United 

Kingdom) and confirmed with SEM (JCM-6000, JEOL Ltd., Japan) as reflected in Figure 3.6b), 

similar approach was used by [14,56]. The benchmark cordierite honeycomb used for the 

experimental validation has square channels with a cell diameter of 1.05 mm, separated by 0.2 

mm walls. The diameter of the sample is 25 mm and the length is 57 mm. The geometric specific 

surface area of the sample is 2870 m-1 with the porosity of 0.68.  
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3.2.4 Experimental setup 

A bespoke test facility was designed and constructed to allow for heat transfer characterisation 

and pressure drop measurements of both, the conventional honeycomb support and the novel 

additive manufactured lattice support. The main functions of the test facility are to measure the 

inlet and outlet air temperature, surface temperature of the substrate and lastly to measure the 

pressure drop over the substrate. The schematic of the experimental setup is shown in Figure 

3.7a). Compressed air is fed into variable flow meter (Omega, FL-2517, accuracy: ±5% of full-

scale reading, Omega Engineering, United Kingdom) with a valve used to control the flow rate. 

The air flow is lead through a heated line and stainless-steel spiral placed in the furnace to heat 

the air to a high temperature. The sample is wrapped with insulation mat and placed into the 

testing section.  

 

a) b) 

Figure 3.6 Image of the a) Final AM lattice with internal diamond structure b) SEM image of 

one diamond cell of the AM substrate with apparent AM layers 
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a) b) 

 

c) 

Figure 3.7 a) Schematic of the experimental setup b) CAD model of the cross-section of the 

testing section with the main segments c) Position of the thermocouples to measure temperature 

in centre points (T1, T3, T5) and at the surface of the substrate (T2, T4, T6) 
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Once the air before the substrate (Tgas, in) reaches 923 K and the values of interest do not change 

over time, the system is being considered in steady-state and the temperatures and differential 

pressure values are captured. The vertical testing section shown in Figure 3.7b) is equipped 

with two openings for the differential pressure sensor (NXP MPX5010DP piezoresistive 

transducers with 5.0% maximum error, range 0 to 10 kPa, RS Components Ltd, United 

Kingdom) connection and two openings for temperature (K type, TC direct, United Kingdom) 

measurements before and after the substrate sample. Temperatures across the substrate (T1, T2, 

T3, T4, T5, T6) were measured to obtain the temperature distribution as depicted in Figure 3.7c). 

The air volumetric flow rate is controlled to yield mass flow rates of 0.4 kg/h, 0.7 kg/h, 1.1 kg/h 

and 1.8 kg/h representing the range of gas space hourly velocities (GHSV) of approximately 30 

000 to 170 000 h-1. 

3.3 Results and discussion  

3.3.1 Model validation 

The pressure loss of substrates is highly dependent on the channel design, geometry, length and 

hydraulic diameter of the channels [47]. The substrates must be designed in a way to offer high 

surface area for catalytic reactions, low backpressure and fast light-off without compromises in 

mechanical properties. Therefore, our aim is to understand the pressure drop and thermal 

behaviour of both the conventional honeycomb and diamond lattice structures. The validation 

of the numerical model consists of comparing the experimental results for pressure drop and 

temperature (T1, T2, T3, T4, T5, T6) with results obtained by numerical simulations. The 

validation has been achieved for various mass flow rates. The obtained results for the 

temperature distribution showed similar trends, hence for simplification purposes only the 

results for 1.1 kg/h are presented. The lattice sample is 4 mm longer than the 400 CPSI 
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honeycomb substrate due to the manufacturing limitations. However, it is believed the minor 

difference in the length of the lattice will not have a great impact on the obtained results. The 

validation of Computation Fluid Dynamic models for both lattice and honeycomb design is 

presented in this section. 

3.3.2 Validation of model for the honeycomb structure 

Figure 3.8 shows the experimental results of the pressure drop for honeycomb substrate with 

varying mass flow rate (0.4-1.1 kg/h) and constant inlet gas temperature of 923 K. Note that the 

error bars are in the order of graph point size.  

 

Figure 3.8 Comparison of the experimental and numerical results for pressure drop of the 

honeycomb monolith at various flow rates 
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Due to the small channel diameter (1.05 mm) and low Reynolds number (< 2300) the channels 

exhibit laminar flow behaviour. The model predicts the minimum pressure drop for the lowest 

flow rate (0.4 kg/h) as 41 Pa with a linear increase of the pressure drop with the increase in the 

mass flow rate, resulting in pressure drop of 117 Pa at the highest examined flow rate (1.1 kg/h). 

Similar trend where the pressure drop shows a linear dependency to the mass flow rate is found 

in the literature [47,57]. It can be concluded that the CFD prediction results for pressure drop 

agree well with experimentally measured pressure drops. 

The second part of the study is to validate the numerical model against experimental data for 

temperature measurements. Figure 3.9 shows the temperature distribution along the honeycomb 

substrate, at the surface as well as the centre, with mass flow rate of 1.1 kg/h. Note that the error 

bars lie within the point. The maximum temperature equal to the inlet gas temperature of 923 

K is found at the centre of the inlet of the honeycomb substrate. The temperature gradually 

decreases as the flow reaches the exit of the substrate and the lowest temperature point is located 

at the outer surface of the honeycomb substrate with a value of 768 K. The temperature gradient 

between the centre and the surface of the monolith is expected due to the heat losses to the 

surroundings. The axial gradient from the inlet centre to the exit centre is around ∆TT1-T5=82 K 

for the honeycomb substrate highlighting the non-uniform axial temperature distribution. Very 

good agreement between the CFD model prediction and experimental results with a maximum 

of 3.5% error at the mass flow rate of 1.1 kg/h is achieved.  
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3.3.3 Validation of model for lattice structures 

Validation study with respect to the obtained experimental results is performed to determine 

the accuracy of the model with lattice structures. The lattice substrate has a diameter of  

25.4 mm with 61.3 mm length, pore diameter of 1.85 mm, strut diameter of 0.65 mm, specific 

surface area of 1480 m-1 and the porosity of 0.73. Figure 3.10 shows the model validation of 

the pressure drop for lattice substrate with varying mass flow rate (0.7-1.8 kg/h) and constant 

inlet gas temperature of 923 K. The pressure drop linearly increases with the flow rate and at 

the highest flow rate examined (1.8 kg/h) is 78 Pa as seen in Figure 3.10. The linear dependence 

is expected in the examined mass flow rate range where the maximum inlet velocity at the 

highest mass flow rate is equal to 1.6 m/s. Exponential trend for lattice structures is observed 

in literature for higher velocities [14,58,59]. The numerical model over predicts the pressure 

drop values for 0.7 and 1.1 kg/h, but slightly under predicts the value at the highest flow rate 

(1.8 kg/h) by 1.6%. The percentage error between the experimental and numerical data is 

 

a) b) 

Figure 3.9 Comparison of the experimental and numerical results for temperature distribution 

along the honeycomb monolith a) Centre points (T1, T3, T5) and b) Surface points (T2, T4, T6) 

at the mass flow rate of 1.1 kg/h 
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decreasing with the increase of the mass flow rate. Higher percentage error between the lowest 

flow rate pressure drop obtained by experiment and simulation of 13.7% is explained by 

possible instrument uncertainty in the given range. Namely, the value of pressure drop in the 

experiment is 22 Pa while the differential pressure device has a maximum error of 5% in the 

instrument range. This observation is assumed to be correct owing to the reduction of 

percentage error with the increase of the mass flow rate. The numerical results for pressure drop 

agree well with experimentally measured pressure drop.  

 

  

Figure 3.10 Comparison of the experimental and numerical results for pressure drop of the lattice 

structure for various mass flow rates 
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The same validation approach as in the honeycomb model has been applied for the temperature 

distribution. Figure 3.11 shows the temperature distribution along the axial length of the lattice 

substrate, at the surface as well as the centre, at mass flow rate of 1.1 kg/h. Note that the error 

bars lie within the point. Maximum temperature is located at the inlet centre of the lattice 

substrate with a value of 922 K, whereas the lowest temperature is located at the exit outer 

surface with a value of 694 K. The predicted temperatures calculated with the numerical model 

follow the same trend as in the experiments. The highest temperature values are located in the 

inlet centre of the sample, whereas the lowest temperatures are located towards the outer surface 

of the sample. Heat losses to the surroundings cause the radial temperature gradient in the lattice 

substrate, the same as for the honeycomb substrate.  The axial gradient from the inlet centre to 

the exit centre is around ∆TT1-T5=66 K for the lattice substrate, 20% lower than for the 

honeycomb substrate. Generally, the numerical data is closely matched with the experimental 

data with the highest discrepancy of 9.6% between the calculated and measured temperatures. 

 

a) b) 

Figure 3.11 Temperature in the a) Centre (T1, T3, T5) and b) Surface (T2, T4, T6) of the lattice 

at the mass flow rate of 1.1 kg/h  
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Numerical models have been validated for both benchmark honeycomb substrate and a lattice 

substrate. For the honeycomb model, the pressure drop can be predicted with a maximum error 

of less than 10% and the predicted temperatures show a deviation of approximately 4% from 

the experimental results. Lattice model can predict the pressure drops with a maximum error 

below 14% in the studied range, while the temperatures show a maximum deviation of less than 

10% from the experimental results. Both models show good agreement with the experiment. 

3.3.4 Comparison between the honeycomb and lattice designs with the same 

cell density 

CFD model has been validated for a lattice with pore diameter (dp) of 1.85 mm, although the 

DLP technology is superior to SLA for manufacturing of complex geometries, the ceramic 

slurry formulation needs to be optimised for a successful print with thinner struts and smaller 

cell sizes. However, to have a fair comparison between the honeycomb and the lattice design, 

the same cell density is investigated with the validated numerical model. Square channelled 

honeycomb monolith with 400 CPSI and 0.2 mm thick walls was chosen as the benchmark. The 

investigated lattice has identical pore diameter of 1.05 mm as the honeycomb, with strut 

diameter of 0.2 mm, porosity of 0.87 and specific surface area of 2062 m-1. The diameter and 

the length of both models were kept the same to rule out any dimensional effects. The 

corresponding values are 12.5 mm and 57 mm for diameter and length, respectively. 

Velocity 

In the actual honeycomb channels, the velocity is affected by the flow maldistribution, 

consequently affecting the residence time and conversion efficiency, therefore resulting in 

utilisation of only a part of the substrate [10,60]. Research has found that the reactions do not 

influence the flow distribution as much as the heat loss to the surroundings [10], therefore it is 
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feasible to study the flow distribution in non-reactive conditions. It has similarly been 

determined that the heat losses cause variations in temperature profile in the monolith [61]. The 

velocity flow field is likely to present some essential differences between honeycomb monoliths 

and lattices. Below, we investigate the differences in the air flow velocity field between the 

honeycomb and the lattice.  

Figure 3.12 shows the air velocity contours at mass flow rate of 1.1 kg/h for both honeycomb 

and lattice substrates. According to the Figure 3.12a) the incoming air flow velocity increases 

instantly after entering the honeycomb channels due to the reduction in the cross-sectional area. 

As expected, each channel exhibits parabolic velocity profile with the maximum velocity at the 

centre of the channel and zero at the walls of the channels [10]. The velocity increases to the 

highest velocity of 4.02 m/s in the centre of the channel for the flow rate of 1.1 kg/h. As opposed 

to the single-channel model, generally used to model the monolith flow behaviour, the channels 

do not show identical velocity profile [10]. Channels close to the periphery of the substrate 

show higher maximum velocity than the channels in the centre of the sample due to the fluid’s 

physical properties at the periphery. Since the air is treated as compressible fluid, the specific 

volume decreases along the channel length due to the decrease in temperature causing the 

decrease in the average velocity in axial direction in the substrates.  

Figure 3.12b) presents the velocity field contour for the lattice. The flow distribution can be 

explained as a combination of external flow around cylinders and internal flow between the 

lattice cells. Flow path in the lattice becomes tortuous where the velocity of the fluid changes 

rapidly as the fluid comes in contact with the lattice struts [59]. The struts of the lattice present 

resistance to the fluid flow with forward stagnation point and wake region behind the strut. 

Maximum velocity is observed in between the lattice cells with a value of 3.08 m/s. The overall 

lower velocity values in the lattice can benefit the efficiency of the substrate due to the increase 
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of the residence time of the flow in the substrate and increased flow to solid interaction. 

Moreover, the reduction of the overall velocity could have influence on the thermal degradation 

of the substrate brick and pressure drop decrease across the entire substrate [62]. 

 

 

a) 

 

b) 

Figure 3.12 Velocity field contour for the a) 400 CPSI honeycomb at the inlet mass flow rate 

of 1.1 kg/h (ZX plane) b) Velocity field contour for the lattice at the inlet mass flow rate of 1.1 

kg/h (ZX plane) 
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Pressure drop 

Reliable comparison of the backpressure between the lattice and honeycomb sample is achieved 

using the values of normalised pressure drop presented as pressure drop over length of the 

sample. The comparison of the pressure drop for a lattice with same pore density as the 

benchmark honeycomb is shown in Figure 3.13. In the mass flow rate range of interest, the 

pressure drop of the honeycomb varies linearly with the mass flow rate [47, 56, 62]. Considering 

the flow in the honeycomb channels is fully laminar, the viscous effects are the main contributor 

to the pressure drop in the studied mass flow rate range [60]. Furthermore, the pressure drop 

follows the same linear trend in the examined mass flow rate range for the lattice structure.  

Figure 3.13 Normalised pressure drops versus mass flow rate for 400 CPSI HC and lattice with 

dp =1.05 mm 
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In contrast to the honeycomb substrate, the pressure drop across the dp=1.05 mm lattice is  

38-45% lower. The lower pressure drop is a consequence of the higher porosity of the lattice. 

Namely, the higher porosity significates that the void fraction, which is available for the fluid 

flow in the lattice structure, is higher. Similarly, lower pressure drop with respect to the 

honeycomb, at low mass flow rates has been observed in literature for open cell substrates with 

a porosity of 0.95 [14].  

Thermal properties  

 

It is expected that the tortuous pathway of the lattice substrate can enhance the heat transfer and 

minimise the manifestation of hot spots that cause catalyst deactivation. Interconnected solid 

struts in the internal structure of the lattice structure allow cross-mixing of the flow leading to 

an augment of the heat transfer [63]. The studies demonstrate that flow distribution within the 

honeycomb has an immense influence on the distribution of temperature and species 

concentration in the substrate [64]. Therefore, thermal properties of the honeycomb and lattice 

were investigated. Figure 3.14 shows the temperature distribution contours using 1.1 kg/h mass 

flow rate for honeycomb and lattice substrate. In case of the honeycomb, as seen in Figure 

3.14a), the area with the peak temperature, equal to the temperature of the incoming gas, is 

located in the central region of the substrate. The contour shown for honeycomb implies that 

by increasing the axial distance the temperature gradient from the inlet face to the outlet face 

increases. Decrease of the temperature radially to the direction of the surface of the substrate is 

a consequence of the heat losses to the ambient [1,10,64]. The shape of the peak temperature 

region shows a downward slope in axial direction indicating the highest heat transfer in the inlet 

central region of the honeycomb.  
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On the other hand, the diamond lattice (Figure 3.14b)) has a more uniform temperature 

distribution at the whole core region in the axial direction indicating the higher heat transfer 

caused by less thermal mass. The peak temperature region has a downward slope trend from 

the inlet to the exit region.  

 

a) 

 

b) 

Figure 3.14 Temperature contour of a) Honeycomb with 400 CPSI cell density and 0.2 mm 

walls and b) Diamond lattice with 1.05 mm pore diameter and 0.2 mm strut diameter at mass 

flow rate of 1.1 kg/h 
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The channel flow and the presence of the solid walls in the honeycomb, cause limitations in 

radial heat transport. In contrast, the solid material of the honeycomb substrate increases 

thermal resistance and causes higher temperatures towards the substrate’s outer surface. The 

same temperature distribution trend is expected at lower inlet temperatures.  

Further optimisation of the lattice design is needed to obtain higher temperatures at the outer 

surface of the substrate. It can be concluded that the lattice substrate performed better thermally 

and hydraulically. The predictions of the pressure gradient presented the same trend in which 

the pressure drop across the lattices is lower regardless of the increase of the mass flow rate as 

compared to the benchmark honeycomb in the studied range. This pressure drop study indicates 

that utilising the lattice design is significantly more efficient due to the lower pressure drop and 

lower average velocity in comparison to the 400 CPSI HC. The dp=1.05 mm lattice substrate 

showed improvement in the thermal performance showing lesser axial temperature gradients in 

the core of the substrate. The lower temperature at the periphery of the lattice is a consequence 

of the lower amount of solid phase causing higher heat dissipation to the surroundings. Hence, 

the lattice design should be optimised to achieve higher temperatures at the outer surface. 

3.3.5 Effect of the lattice design on the substrate performance  

The main parameters of the lattice are the strut diameter (ds), strut length (Ls), cell length (Lc), 

pore diameter (dp), porosity (ε) and the specific surface area (Sv). The strut diameter affects the 

porosity, the specific surface area of the substrate as well as the mechanical strength. If the 

volume of the substrate is to be constant, the feasible increase of the lattice porosity is 

achievable by increasing the pore size. Should the pore size be double, samples with up to 94% 

porosity are achievable. Doubling the pore size, on the other hand, decreases the surface area 

by half. The specific surface area (Sv) of the lattice substrate has a large influence on the 
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resulting temperature profile [65]. Current improvements in the ceramic additive manufacturing 

could allow fabrication of strut diameters as low as 0.2 mm. The strut diameter in this study 

was varied from 0.2 mm to 0.65 mm, covering a wide range of substrate porosities. Table 3.2 

presents the main geometrical properties of the studied lattice structures.  

Figure 3.15 shows the effect of the strut diameter on the specific surface area and the effect of 

porosity of the diamond lattices on the specific length ratio. Specific surface area increases with 

the increase of the strut diameter as pictured in Figure 3.15a). As an overall trend, the specific 

surface increased with increasing the cell size and strut thickness at constant pore diameter. The 

specific length ratio, Φ, representing the ratio of pore diameter and strut thickness, is plotted 

against porosity in Figure 3.15b). As the specific length ratio increases, the porosity of the 

sample increases because the strut diameter becomes smaller compared to the pore diameter 

[13]. Figure 3.16 shows the effect of the lattice porosity (X-axis) on specific surface area (blue 

bars) and pressure drop (yellow bars). With the decrease of the porosity, specific surface area 

and pressure drop values increase. The lowest pressure drop of 269 Pa/m is observed for lattice 

porosity of 0.94, whereas the highest pressure drop of 579 Pa/m is observed for the lattice 

porosity of 0.73.  

Table 3.2 Main geometrical properties of the lattice structures 

ε, - ds, mm dp, mm Lc, mm Ls, mm Sv, m-1 

0.94 0.2 2 2.2 1.56 950 

0.90 0.3 2 2.3 1.63 1090 

0.79 0.5 2 2.5 1.77 1290 

0.73 0.65 2 2.65 1.87 1333 
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a) b) 

Figure 3.15 a) Effect of the strut diameter on the specific surface area b) Effect of the porosity 

on the specific length ratio  
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Figure 3.16 Effect of the porosity of the lattice on the pressure drop and specific surface area 
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The results show the pressure drop is inversely proportional to the porosity, which is in 

agreement with the literature [26]. On the other hand, the specific surface area of the lattice 

increases by 29% with the decrease of the porosity from 0.94 to 0.73. The increase of the surface 

area caused by the increase of the strut diameter at constant pore diameter results in a decrease 

of the porosity [26]. As a drawback of the increase of the surface area and the decrease of the 

porosity, the pressure drop increases.  

From the results presented in Figure 3.16 it can be concluded that the pressure drop is directly 

proportional to the specific surface area. Since the increase of the strut diameter increases the 

amount of the solid phase, the strut diameter increase is expected to have an influence on the 

heat transfer. Therefore, a study of the strut thickness increase on the temperature distribution 

is conducted in the following section. The strut diameter was varied from 0.2 mm to 0.65 mm 

resulting in a decrease of the substrate porosity at constant pore diameter as shown in Table 3.2.  

In Figure 3.17 one can see the result of the increasing strut thickness on temperature distribution 

in lattice substrate at the inlet mass flow rate of 1.1 kg/h. Figure 3.17a) illustrates the 

temperature contour for the lattice with a strut diameter of 0.2 mm. This design has the least 

surface area of 950 m-1 and the highest porosity of 0.94 among all substrates. The temperature 

distribution in the solid is uniform throughout the whole core area with steep radial gradients 

due to the heat loss boundary on the outer surface wall of the lattice. The lowest temperatures 

are present in the periphery of the substrate as a result of less solid material in the radial 

direction. Similarly, low axial temperature gradients in the core of the substrate are seen for the 

lattice with ds=0.3 mm Figure 3.17b) with sharp radial gradients towards the substrate’s 

periphery. In comparison, the temperatures are slightly higher at the periphery of the substrate 

with ds=0.3 mm than with ds=0.2 mm due to the thicker outer mat providing more resistance to 

the external heat loss. Further increase of the strut diameter to 0.5 mm (Figure 3.17c) causes 
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the increase of the axial temperature gradients. On the other hand, the temperature at the 

periphery of the sample is higher when compared to substrates with ds= 0.2 mm and ds= 0.3 

mm. The lowest uniformity of temperature in the core of the substrate is apparent when the strut 

thickness value is 0.65 mm Figure 3.17d). The substrate with ds=0.65 mm has the lowest 

porosity of 0.73, hence the highest amount of solid material present in the substrate volume. 

The increase of the strut diameter results in the decrease of the void to solid ratio. Additionally, 

the higher the amount of solid, the poorer the heat transfer to the solid resulting in higher 

temperature gradients. 

  

a) b) 

  

c) d) 

Figure 3.17 Temperature distribution along the lattice substrate at different strut diameters and 

constant flow rate of 1.1 kg/h a) ds =0.2 mm b) ds = 0.3 mm, c) ds = 0.5 mm, d) ds =0.65 mm 
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The highest axial temperature gradients are thereupon observed with the highest strut thickness. 

The velocity in between the lattice cells for the larger strut diameter is higher, resulting in 

decrease of the residence time in the lattice following a decrease in total heat transfer. 

From the presented contours it can be concluded that the increase of the heat exchange surface 

formed by the increase of the strut diameter increases the temperature gradient over the core 

region. Nevertheless, the increase of the solid phase has a positive influence on the temperatures 

in the substrate periphery. This improvement indicates a possibility of more effective utilisation 

of the heat within the lattice by tailoring the lattice design and strut thickness where necessary. 

As described earlier, one of the key design requirements for the monolith substrates is high 

surface area and low pressure drop. When judging the efficiency of the substrate, priority can 

be given to higher surface area to increase the conversion efficiency, however with a penalty of 

increased pressure loss. The increase of the strut diameter results in the increase of the specific 

surface area due to the additional solid material present in the substrate, however the additional 

exposed surface slightly increases the pressure drop and increases the temperature gradients. 

The experimental tests have been performed with the target to make the catalyst more efficient 

under heating conditions and a similar experiment could have been also performed under 

cooling conditions. The judgement on the optimal strut thickness must be made considering the 

environment in which the substrate will be used. The substrate with thicker struts and lower 

pore density could be retaining more heat during cooling periods because of the higher thermal 

inertia, whereas the substrate with thinner strut diameter and higher pore density possesses 

higher surface area and possibility of a quicker warm up. 
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3.4 Conclusions 

In this study, an additively manufactured ceramic diamond lattice substrate has been proposed 

to overcome the limitations of the conventional honeycomb substrate. DLP additive 

manufacturing technology has been successfully used to manufacture the diamond lattice 

substrate. The comparison of the honeycomb design and the diamond lattice has been achieved 

by pairing numerical simulations and experimental studies with additive manufacturing.  

The effect of the cell size and strut diameter on the geometric characteristic as well as pressure 

drop and temperature distribution were studied through numerical simulations. 

The key findings of this study may be summarised as follows: 

• DLP additive manufacturing technology enables fabrication of self-supported ceramic 

diamond lattice substrates.  

• As an overall trend, the specific surface area of the lattice increases with increasing the 

cell size and strut thickness at constant pore diameter. As a consequence, the increase 

of the surface area results in a decrease of the porosity which results in the increase of 

the pressure drop. 

• The pressure drop across the diamond lattices is lower regardless of the lattice pore size 

as compared to the honeycomb, with a decrease of up to 80%, but with a penalty of 

lower surface area.  

• The lattice with a pore size of 1.05 mm and strut thickness of 0.2 mm with a similar 

surface area as the honeycomb substrate, demonstrates a decrease of pressure drop by 

38-45% at studied flow rates.  

• Diamond lattices exhibit lower axial temperature gradients for all porosities examined. 

The lattices display homogeneous temperature distribution at the core area relative to a 
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conventional honeycomb design, indicating the higher heat transfer properties caused 

by the tortuosity of the flow and the ability of flow exchange in both radial and axial 

direction. This improvement indicates a possibility of more effective utilisation of the 

heat within the lattice.  

The reduction of the backpressure could have a positive impact on the fuel economy, while the 

improved core temperature distribution allows to conclude that the lattice structure could have 

better thermal performance in the exhaust system. The findings have repercussions for 

prospective improvement of the design of the ceramic catalytic supports by utilisation of DLP 

additive manufacturing technology. The diamond lattice could be specifically tailored to yield 

desired temperature distribution and pressure drop by controlling the strut diameter and cell 

size. Further design improvement of the diamond lattice is needed to obtain higher temperatures 

at the periphery of the substrate, as well as coating and testing with the actual exhaust gas to 

get the insights on the conversion efficiency and warm-up/ cool down behaviour of the diamond 

lattice structures. 
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CHAPTER 4 

EFFECT OF THE PREPARATION TECHNIQUES OF 

PHOTOPOLYMERISABLE CERAMIC SLURRY AND 

PRINTING PARAMETERS ON THE ACCURACY OF 3D 

PRINTED LATTICE STRUCTURES 

Abstract 

Digital Light Processing (DLP) technology demonstrates the potential for manufacturing parts 

with complex structures for various engineering applications. The purpose of this study is to 

evaluate Al2O3 ceramic slurry preparation techniques, establish optimal processing window and 

assess the manufacturability and dimensional accuracy of lattice structures with CAD strut 

diameters of up to 500 µm. Two preparation techniques of the ceramic slurry were investigated. 

The slurry with the pre-treated powder showed appropriate rheological and 

photopolymerisation behaviour. Full factorial Design of Experiments (DoE) was conducted to 

generate an experimental plan and assess the influence of the printing parameters on the 

dimensional accuracy. Analysis of Variance (ANOVA) revealed the exposure time, the 

exposure power, and the interaction effect of both had a significant influence on the dimensional 

accuracy of lattice strut diameters. The excess cure width was found to be dependent on the 

feature size, the energy dose and the layer thickness. 

Keywords: additive manufacturing; DLP; ceramic slurry; lattice; DoE 
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4.1 Introduction 

There is a rapidly growing demand for lattice structures in the industry for various applications 

ranging from porous bio ceramics in regenerative medicine, reducing the weight of parts for 

industrial applications, for optical applications, as well as monolithic supports for catalytic 

applications [1–8]. However, their manufacturing is impossible via well-established 

conventional methods. A promising alternative to conventional manufacturing is additive 

manufacturing. Additive Manufacturing (AM) is a process of three-dimensional object 

manufacturing via the addition of individual layers according to a sliced Computer-Aided 

Design (CAD) model. Considering the materials processed, plastics and metal AM are currently 

leading on the market, whereas ceramic AM has been gaining lots of interest recently [9,10]. 

Ceramic AM is generally divided into two categories: indirect and direct. The majority of the 

ceramic AM processes include indirect technologies [11]. These are, to name a few, Laminated 

Object Manufacturing (LOM), Selective Laser Sintering (SLS) and Stereolithography (SLA). 

Stereolithography dates to the early 1980s and is one of the widely used forms of ceramic 

additive manufacturing. Digital Light Processing (DLP) based on mask-image projection and 

laser-based Stereolithography based on spot scanning both work on the principle of the 

photopolymerisation of a ceramic slurry. The advantage of DLP technology is a faster 

realisation of an object as the projected image hardens a layer of slurry at a time [12]. A critical 

aspect of the AM is to achieve dimensional accuracy and repeatability of the manufactured parts 

[13]. Detailed studies on the influence of the printing parameters on the part dimensions are 

generally found for metal AM. Metal lattice structures with fine strut diameters were fabricated 

in the past by Laser Powder Bed Fusion [14] and Selective Laser Melting [15]. The 

investigation of the laser power and scanning speed on the dimensional accuracy of the strut 

diameter of a diamond lattice cell showed the increase of the strut diameter with the increase of 
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the laser power [16]. Similarly, Qiu et al. [17] found that the deviations of the experimental 

strut diameter from the designed value were increasing with the increase of the laser power. 

The influence of the printing parameters on the dimensional accuracy for ceramic 

stereolithography based processes is not widely investigated. Generally, the studies on accuracy 

include bulk structures, walls, or gaps. Fu et al. [18] studied the influence of the laser power on 

the dimensional accuracy of SLA of bulk products, concluding that the length and width 

increased with the increase of the laser power due to the increase of the light scattering. A study 

of printability and lateral accuracy of holes and walls with lithography-based AM showed holes 

down to 200 µm could be fabricated, but those smaller than 500 µm would have a large 

deviation from the CAD design [19]. Similarly, the dimensional accuracy of designed 

hexahedral cavities in a lattice structure manufactured by lithography-based technology was 

evaluated. Manufactured cavities were 15 to 30% smaller as compared to theoretical values 

[20]. Schhauer et al. [21] reported successful manufacturing of a honeycomb structure with a 

wall thickness of 100 µm. However, the experiments revealed that the holes with diameters of 

less than 200 µm were clogged. In another study, the printing parameters were experimentally 

varied in manufacturing of a gear geometry via LCM and it was found the horizontal resolution 

increased with the decrease of the exposure energy. The diameter of the hole presented higher 

dimensional difference for all sets of printing parameters [22]. Manufacturing parts that contain 

small features, such as lattice structure is challenging. Although complex Al2O3 and TiO2 lattice 

structures with 170 µm and 200 µm strut diameter were manufactured in the past, the debinding 

and sintering processes needed optimisation and strict control to obtain samples without cracks 

since low solid loadings caused high shrinkage up to 70% during thermal postprocessing 

[23,24].  
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The slurries suitable for ceramic AM contain ceramic filler mixed in with binder, photoinitiator 

and other additives. For ceramic additive manufacturing ceramic particles such as alumina 

(Al2O3), pure zirconia (ZrO2), zirconia stabilized with yittria, silicon dioxide (SiO2), 

hydroxyapatite, cordierite, and others can be used as the ceramic filler [25–29].  

The dimensional inaccuracy in ceramic-based stereolithography is a consequence of scattering 

caused by the addition of the ceramic particles to the UV resin [7,30]. High refractive index 

difference between the ceramic particle and photopolymerisable resin results in a reduction of 

the cure depth and distortion of the resolution [30,31]. The working curve of the ceramic slurry 

describes the thickness to which a slurry cures as a function of the light dose for a given light 

source. Polymerisation depth in vertical direction Cd, can be expressed empirically with Jacob’s 

equation: 

 

𝐶𝑑 = 𝐷𝑝ln (
𝐸

𝐸𝑐
) Equation 4.1 

 

where Dp is the depth of penetration, E is the exposure energy density on the slurry surface, and 

Ec is the critical exposure energy density of the slurry [32]. The critical exposure energy density 

presents the minimum energy density required for photopolymerisation of the slurry [33]. The 

depth of penetration presents the distance at which the light intensity is reduced by e-1 [34]. Ec  

and Dp are solely parameters of the resin that do not depend on the exposure parameters. Bennet 

[35] performed experiments with various light intensities and proved that Dp and Ec for each 

power density vary by about 10% and 3%, respectively. This minor variation was attributed to 

the errors in the measurements of the cure depths and power densities.  
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Gentry et al. [30] proposed a quasi-Beer-Lambert relationship between the excess cure width 

(Cw) and the energy dose:  

 

𝐶𝑤 = 𝐷𝑤ln (
𝐸

𝐸𝑤
) Equation 4.2 

 

where Dw  is the width sensitivity and Ew is the width critical energy dose. Broadening 

parameters Dw and Ew are affected by the scattering of the light, the absorption and the critical 

energy dose of the resin [30]. In their work, the semilogarithmic dependence of excess line 

width on energy dose was proven for various ceramic suspension. They introduced broadening 

depth (Bd) which is the depth of the cure at the onset of broadening: 

 

𝐵𝑑 = 𝐷𝑝ln (
𝐸𝑤

𝐸𝑐
) Equation 4.3 

 

Rudraraju [36] demonstrated that with DMD projection the broadening behaviour depends upon 

the feature size, the energy dose and the cure depth by curing 2D squares with the size of 25-

900 pixels. The reported behaviour is studied only for experiments where a single-layer is 

cured; hence it is necessary to determine whether this is the case when a 3D object is 

manufactured as subsequent layer curing can affect print-through to the previous layer. 

Dissimilar routes of ceramic suspension preparation are present in the literature. The ceramic 

powder can be either used as-received [32,37–40] or the surface of the ceramic particle can be 

pre-treated with a dispersant prior to the addition to the photopolymerisable resin [34,41,42]. 

Clear indication of the best method of preparation and evidence of the photopolymerisation 
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behaviour and rheology is lacking. An important factor in the development of the ceramic slurry 

is to achieve a solid loading of over 40 vol% [25,28,32]. On the one hand, high solid loading is 

desirable as it improves the mechanical properties and reduces sintering shrinkage. On the other 

hand, the introduction of the hydrophilic ceramic particles into the hydrophobic resin drastically 

increases the viscosity. To achieve a high solid loading and good dispersion of the ceramic 

particles in the resin, it is required to add a dispersant to provide steric barriers between ceramic 

particles that compensates van der Waals attractive forces between them and prevents collision 

of the particles caused by Brownian motion [32]. The recommended rheology of the suspension 

for Admaflex technology is a Non-Newtonian behaviour with shear thinning and a dynamic 

viscosity below 10 Pa∙s for shear rates of 10 to 300 s-1 [43].  

In summary, fine-tuning the process parameters is important for precise part manufacturing. 

Developing ceramic slurry with high solid loading, low viscosity and good resolution is the key 

issue for ceramic stereolithography based additive manufacturing. The accuracy of parts 

manufactured by DLP technology is a complex interaction between process parameters, printer 

resolution and formulation of the photopolymerisable slurry. Although there have been various 

studies focusing on the effects of printing parameters on the performance of fabricated parts, 

systematic investigation on the effects of slurry preparation and printing parameters on the 

dimensional accuracy for DLP additive manufacturing of lattice structures with small features 

(<500 µm) is required. Broadening of various feature sizes in 3D object at different layer 

thicknesses and energy doses must be studied to assess the broadening behaviour. The aim of 

this study is to evaluate ceramic slurry preparation techniques and to establish optimal printing 

parameters. Two distinct addition procedures of the ceramic powder in the photoreactive resin 

were considered for the preparation of low viscosity, high reactive alumina slurry. The effect 

of the pre-treatment of the ceramic particles compared to as-received powder was studied in 
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terms of rheology and photopolymerisation. To address the gaps in the literature, the effort to 

understand the effect of the layer thickness, exposure power and exposure time on the 

dimensional accuracy of lattice strut diameters are investigated by adopting statistical 

approaches by means of a full-factorial Design of Experiment (DoE) and Analysis of Variance 

(ANOVA). The determination of the optimum process parameters is conducted based on the 

evaluation of the printing dimensional accuracy compared with CAD models.   

4.2 Methodology 

4.2.1 Ceramic slurry preparation and characterisation 

The resin consisted of a mono-functional, di-functional and tetra-functional monomer and a 

plasticiser in the appropriate proportions [43]. Phosphoric ester salt of a high molecular weight 

copolymer with pigment-affinic groups was selected as the dispersant (BYK-Chemie GmbH, 

Wesel, Germany). Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (Sigma Aldrich, 

Gillingham, UK) was used as the initiator of the polymerisation reaction. Commercially 

available alumina oxide powder (A16 SG, Almatis GmbH, Ludwigshafen, Germany) was used 

as the ceramic filler. Table 4.1 contains the particle size distribution of the as-received (AR) 

and the pre-treated (PT) alumina powder. 

Table 4.1 Ceramic powders used in the photopolymerisable ceramic suspensions 

Material d10, µm d50, µm d90, µm 

Al2O3- As-Received (AR) 0.22 0.80 4.90 

Al2O3- Pre-treated (PT) 0.23 0.80 2.31 
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The particle size distribution of the ceramic powder was evaluated with Sympatec Helos 

(Sympatec GmbH, Clausthal-Zellerfeld, Germany) using R1 lens. The morphology of the 

powder was examined using SEM (Jeol JCM 600, Tokio, Japan). Figure 4.1 shows a) the 

particle size cumulative distribution curves of the powders and SEM images of b) AR powder 

and c) PT powder. The AR powder consists of large, spherical, aggregated particles (Figure 

4.1b)); after milling the agglomerates appeared less spherical, and some large flaked particles 

can be observed from Figure 4.1c).  

a) 

b) c) 

a) 

Figure 4.1 a) Cumulative particle size distribution curves b) SEM of the as-received powder 

and c) SEM of the PT powder 
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The ceramic slurry preparation procedures were adapted from the literature [43]. The first 

procedure included combining resin components with an overhead mixer at room temperature 

for 30 minutes, followed by addition of 2 wt% of dispersant. The mixture was stirred for an 

additional hour. The AR powder was added in small increments until the solid loading of 57 

vol% was reached. Finally, a small amount of photoinitiator was added into the mixture together 

with zirconia oxide grinding media of the same mass weight as the powder and the slurry was 

placed on the roller for 24 h. In the second procedure, the AR ceramic powder was combined 

with ethanol and 2 wt% of the dispersant followed by planetary ball milling with 1 mm zirconia 

grinding media at 400 rpm for 2 hours. The mixture was first air-dried for 24 h and then dried 

in the oven for 12 h at 110 °C to allow solvent decomposition. The PT dry powder was sieved 

through a mesh of 250 µm and added into the resin until the solid loading of 57 vol% was 

achieved. This was followed by addition of the photoinitiator and zirconia oxide grinding media 

of the same mass weight as the powder. Lastly, the slurry was placed on the roller for 24 h. 

Rheological behaviour of the ceramic suspensions was tested on AR 500 (TA Instruments, New 

Castle DE, USA) with a 20 mm gold on rhodium plate varying the shear rate from 0.1 to 300 s-

1 at a constant temperature of 20.0 °C. The refractive index of the resin was measured using a 

digital pocket refractometer at T=18.5 °C (ATAGO CO., LTD., Tokyo, Japan). A single-layer 

curing method was used for measurement of the cure depth at various exposure energies to 

determine the critical exposure energy and depth of penetration. Prior to the measurement, the 

prepared slurries were treated in a vacuum degasser for 10 minutes to remove the air bubbles 

and reduce the inhibition polymerisation. An image of a checkboard pattern was projected to a 

layer of photopolymerisable slurry. Cured layers were peeled off the foil and the thickness of 

the cured material was determined with a handheld micrometer (Mitutoyo Digimatic 
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Micrometer, MDC-25PX, Kawasaki, Japan). Three consequent measurements were made, and 

the average cure depth was recorded.  

4.2.2 Design of the lattice structures 

The lattice structures designed for this study were based on a unit cell of a diamond lattice 

elongated in the Z direction. The dimensions of the repeating unit cell were 1.25 mm (X) by 

1.25 mm (Y) by 2.5 mm (Z). The strut diameter was varied from 100 µm to 500 µm to study 

the manufacturability and the effect of the processing parameters on the dimensional accuracy. 

The generated CAD diagram is shown in Figure 4.2. 

4.2.3 Experimental design 

Full factorial Design of Experiments (DoE) was conducted to generate an experimental plan 

and assess the influence of the printing parameters on the dimensional accuracy of lattices with 

various CAD strut diameters. The Analysis of Variance (ANOVA) was used to identify the 

significant printing parameters and interactions on the process outputs [13]. The factors selected 

for the experiments were exposure time (ET), exposure power (EP) and sliced layer thickness 

(LT). Three levels were selected for the exposure time and the exposure power and two levels 

for layer thickness (Table 4.2).  

Figure 4.2 CAD design of lattices with varying strut diameter 
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The exposure power is expressed as a certain percentage of the maximum light intensity of the 

DLP light source, yielding irradiance of 6.72 mW/cm2 for 10%, 14 mW/cm2 for 20% and  

20.79 mW/cm2 for 30%. Sliced layer thickness is the thickness of each individual slice of the 

model. The exposure time is the duration where the resin is exposed under a light source for 

each layer. Layer curing times of only 1.5–3 seconds were required due to the high reactivity 

of the resin.  

Table 4.3 presents the experimental matrix for the full factorial experiment. The total number 

of conducted experiments was 18 for each lattice sample. To study the statistical significance 

of factor effects on each response, the Analysis of Variance (ANOVA) using Minitab 19 

statistical software was performed. The diameters of the struts of the green parts were 

determined from images taken by Alicona InfiniteFocusG5 plus (Bruker Alicona, 

Leicestershire, UK) optical microscope using a 5× objective. The strut diameter measurements 

were taken at the edges of the samples and an average was calculated from the total of 16 

measurements for each of the 18 conditions in Table 4.3. 

Table 4.2 Factors, levels, and their corresponding values for the experimental test 

Factors 
Levels 

L1 L2 L3 

Exposure time (ET), s 1.5 2 3 

Exposure power (EP), mW/cm2 6.72 14 20.79 

Sliced layer thickness (LT), µm 10 25 - 
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The dimensional effectiveness of the printing process was assessed through printing accuracy 

represented by the calculated linear dimensional change of the strut diameter of as-printed green 

parts, compared with those of the original CAD model presented by:  

 

𝐷(𝑖) =
𝑑𝑠,𝐶𝐴𝐷 − 𝑑𝑠𝑖

𝑑𝑠,𝐶𝐴𝐷
× 100 % Equation 4.4 

 

Table 4.3 Experimental matrix 

Run ET, s EP, mW/cm2 LT, µm 

1 1.5 6.72 10 

2 1.5 14 10 

3 1.5 20.79 10 

4 2.0 6.72 10 

5 2.0 14 10 

6 2.0 20.79 10 

7 3.0 6.72 10 

8 3.0 14 10 

9 3.0 20.79 10 

10 1.5 6.72 25 

11 1.5 14 25 

12 1.5 20.79 25 

13 2.0 6.72 25 

14 2.0 14 25 

15 2.0 20.79 25 

16 3.0 6.72 25 

17 3.0 14 25 

18 3.0 20.79 25 
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Where D(i) is deviation, ds,CAD is the CAD strut diameter and dsi strut diameter of the as-

printed green samples.  

4.2.4 Additive manufacturing 

The printing experiments were conducted on the Admaflex 130 (Admatec Europe BV, 

Alkmaar, The Netherlands) working with a light source of λ =405 nm and X, Y resolution of 

40 µm. The technology is based on Digital Light Processing with a DMD chip that comprises 

of thousands of mirrors that rotate according to pixels to project the image. The Admaflex 130 

is equipped with a rotating foil system that transports the slurry on the foil from the reservoir 

to the manufacturing zone and to the pump where the excess slurry is pumped back to the 

reservoir. Photopolymerisable light-sensitive slurry is exposed to light which subsequently 

cures the whole layer. The process of curing layer by layer is repeated until the final three-

dimensional green body is built. The printed parts were cleaned by using dibasic ester (Sigma 

Aldrich, Gillingham, UK) and compressed air. Figure 4.3 shows the lattice samples produced 

on Admaflex 130 machine.  

 

 

a) ds,CAD=200 μm b) ds,CAD=300 μm c) ds,CAD=400 μm d) ds,CAD=500 μm 

Figure 4.3 Lattice samples produced on Admaflex 130 

2.5 mm 
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4.3 Results and discussion 

4.3.1 Rheology of the ceramic slurry  

The rheological behaviour of the prepared slurries expressed by viscosity curves as a function 

of shear rate is presented in Figure 4.4. For comparison purpose, the rheological behaviour of 

the blank resin was plotted as well. The addition of the powder into the resin mixture highly 

increased the viscosity. The addition of the AR Al2O3 powder causes shear thickening at shear 

rates higher than 100 s-1. The lower flowability of the AR Al2O3 slurry can be attributed to the 

agglomeration of the fine particles [29,40]. In contrast, decreasing viscosity with increasing 

shear rate is shown by the suspension with the PT powder. With the pre-treatment of the powder 

by ball-milling and the dispersant, the level of agglomeration was reduced.  

Figure 4.4 Rheology of the ceramic slurries and the blank resin 
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The pre-treatment of the Al2O3 powder causes the adsorption of the dispersant on the particle 

surface resulting a in more efficient dispersion of the ceramic particles in the resin. The 

viscosity of the prepared slurry with the pre-treated Al2O3 powder was lower than that of limit 

value for the Admaflex technology and considerably lower than that of the slurry with AR 

powder.  

The critical exposure energy and depth of penetration were determined by performing a linear 

regression on the experimental Cd values plotted as a function of ln(E) as seen in Figure 4.5. 

Both slurries had high cure depths at all energy densities. This can be contributed to the high 

reactivity of the resin. Equally, it is interesting to note the difference between the cure depths 

for the AR and PT powders.  

Figure 4.5 The relation of the cure depth and the exposure energy density 
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The critical energy of the slurry with PT powder increased as seen in Table 4.4. This 

demonstrates how critical energy is altered by deagglomeration of the powder. The critical 

energy could similarly be increased by adding the appropriate inhibitors or absorbers into the 

suspension. However, those decrease the cure depth necessary for a stable part build up [44]. 

Depth of penetration has a significant impact on the polymerisation width at the surface of a 

layer of the slurry. By pre-treatment of the powder, the Dp was decreased by 11%. Lower Dp 

value allows better control of the lateral definition [45]. Suspensions prepared with the AR 

powder had greater Cd compared with suspensions prepared with PT ceramic particles, owing 

to the higher degree of scattering. Moreover, it was observed that the strong scattering effect 

caused by large agglomerates in AR powder resulted in poor spatial resolution. The ceramic 

slurry with PT powder showed better rheological and curing properties and is selected for 

further investigation. 

.   

Table 4.4 The values of Ec and Dp 

Suspension Ec, mJ/cm2 Dp, µm 

w/AR Al2O3 5.47 136.04 

w/PT Al2O3 9.03 120.74 
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4.3.2 Effect of the process parameters on the geometrical accuracy 

The results of the DoE presented in Table 4.3 are shown graphically in Figure 4.6. Deviation 

from the CAD strut diameter was calculated based on Equation 4.4 (for layer thickness 10 and 

25 µm) and used to represent the printing accuracy. The deviation from the CAD strut diameters 

is presented for each combination of the exposure time and the exposure power. Note that ds,CAD 

represents the strut diameter in the designed CAD model. From Figure 4.6 a) and b) it can be 

seen that at constant exposure power, the increase of the exposure time, i.e. energy density, 

increases the deviation for each of the conditions. Furthermore, with the increase of the strut 

diameter, at constant exposure power and exposure time, the deviation is higher for larger strut 

dimensions. The actual strut diameters of fully dense samples were not measured; hence the 

fully dense samples represent 100% deviation in Figure 4.6. The deviations for the conditions 

that resulted in a non-continuous build are not presented in the graph. For instance, lattices with 

designed CAD strut diameter of 100 µm were not mechanically stable during the manufacturing 

process and the complete failure of the part was observed in the initial layers; hence the 

deviations for the aforementioned are not shown in the graph. All successfully manufactured 

samples showed a positive deviation compared to the designed CAD strut diameter which is a 

consequence of light scattering effects caused by the different refractive indices of the resin and 

ceramic powder. The results are in line with the findings in the literature for ceramic 

stereolithography processes which revealed that dimensions of the fabricated objects were 

higher than their designed values with the increase of energy density and exposed area 

[19,39,46].  
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a) 

 

b) 

Figure 4.6 Results of the DoE in terms of deviation from the CAD strut diameter model for a) 

LT=10 μm and b) LT=25 μm 
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ANOVA has been used to determine which parameters have the most influence on the printing 

accuracy of lattices with the designed CAD ds of 200 µm to 500 µm. The layer thickness, the 

exposure time, the exposure power and their interaction are the source factors. The P-values for 

factors and their interactions are shown in Table 4.5. Based on a 95% confidence level, factors 

and interactions with P-value equal to or less than 0.05 are significant process parameters. 

Therefore, it can be concluded that the exposure time, the exposure power and their interaction 

are the most significant process parameters. The layer thickness is not considered as a 

significant parameter which was also observed in the literature [19]. Main effects and 

interaction plots assist in finding the optimal level of significant factors. Effect of significant 

process parameters and interactions are illustrated in Figure 4.7 and Figure 4.8 respectively. 

The main effects demonstrate the trends in the mean percentage deviation data as the significant 

factors (EP, ET) were varied. These trend lines represent the effect of a single independent 

variable on the response disregarding the other process variable. According to  Figure 4.7a) the 

exposure time slightly dominates against the exposure power for deviation of ds,CAD=200 µm. 

Table 4.5 P-values for factors and their interactions 

Source P-Values 

 ds, CAD= 200 µm ds, CAD= 300 µm ds, CAD= 400 µm ds, CAD= 500 µm 

LT 0.455 0.131 0.148 0.837 

ET 0.000 0.002 0.006 0.004 

EP 0.000 0.000 0.001 0.000 

LT*ET 0.337 0.444 0.787 0.449 

LT*EP 0.252 0.473 0.798 0.981 

ET*EP 0.000 0.009 0.001 0.000 
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The exposure power dominates against the exposure time for the mean of deviation of 

ds,CAD=300 µm, ds,CAD=400 µm and ds,CAD=500 µm (Figure 4.7b), c) and d)). The lowest point 

on the graph indicates the factor level that has a minimum deviation in the response.  

Clearly, for each condition, different values of factors and levels will yield the least mean of 

deviation. A similar analysis was performed to interpret the effect of the interactions, where the 

impact of one factor depends on the level of the other factor.  
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Figure 4.7 Effect of the significant process parameters on the mean of deviation for  

a) ds,CAD=200 μm b) ds,CAD=300 μm c) ds,CAD=400 μm d) ds,CAD=500 μm 
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From Figure 4.8 it can be observed that the least deviation for ds,CAD=200 µm and ds,CAD=300 

µm is achieved with the mid-level of EP when ET is at the highest level for ds,CAD=200 µm 

(Figure 4.8a)) and at the lowest level for ds,CAD=300 µm (Figure 4.8b)). When EP is at mid-

level, lower deviations are seen for ds,CAD=400 µm and ds,CAD=500 µm at the lowest level of 

ET. Nonetheless, the least deviation is achieved when EP is at the lowest level and ET at the 

highest level for dsCAD=400 µm and mid-level for dsCAD=500 µm.  
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Figure 4.8 Significant interaction effects for a) ds,CAD=200 μm b) ds,CAD=300 μm c) ds,CAD=400 

μm d) ds,CAD=500 μm 
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Based on Figure 4.8, in order to generate a minimum percentage deviation (i.e. maximum 

printing accuracy), the following process parameters can be considered: EP= 14 mW/cm2, 

ET=3 s for ds,CAD=200 µm,  EP= 14 mW/cm2, ET=1.5 s for ds,CAD=300 µm, EP=6.72 mW/cm2, 

ET=3 s for ds,CAD=400 µm, EP=6.72 mW/cm2, ET=2 s for ds,CAD=500 µm. 

Generally, to ensure the adhesion between the layers, the cure depth needs to be a couple of 

times higher than the applied layer thickness [19,47,48]. The initial layers of the sliced CAD 

model with ds,CAD=100 µm are essentially circles with a diameter of 100 µm and an area of 

7853 µm2. Due to this particularly small exposed area, the attaching force between the layer 

and the transparent foil is higher than the bonding force of the layer with the previous layer. It 

is important to mention that the resulting energy density is well above the critical value for the 

exposure power of 6.72 mW/cm2 and the exposure time of 1.5 s. Therefore, even though in 

theory the resolution may allow a construction of parts with resolution as low as 40 µm, the 

part with ds, CAD=100 µm is not strong enough to withstand the manufacturing process. 

Similarly, findings in the literature indicate that the walls with CAD thickness less than 300 µm 

could not be manufactured via DLP process, and the thinnest stable walls had the thickness of 

300 µm to 400 µm [19]. This suggests that to ensure adequate adhesion between the adjacent 

layers, the cure depth must be significantly higher than the recommended cure depth. At the 

lowest exposure power (6.72 mW/cm2) the only manufacturable lattices were those with 

designed strut diameter ds,CAD=400 µm and 500 µm. Figure 4.9 shows the printed sample of 

ds,CAD=500 µm (left). This implies that the applied exposure energies and resulting cure depths 

were not sufficient for manufacturing of ds,CAD <400 µm. The minimum cure depth necessary 

to manufacture the CAD strut diameter of 500 µm at 6.72 mW/cm2 was 143 µm, yielding the 

factor of 14.3 for the layer thickness of 10 µm and 5.72 for the layer thickness of 25 µm. For 

CAD strut diameter of 400 µm, the minimum cure depth necessary to manufacture at the power 



 

127 

 

of 6.72 mW/cm2 is 192 µm, yielding the factor of 19.2 for the layer thickness of 10 µm and 

7.68 for the layer thickness of 25 µm. An increase of the exposure power to 14 mW/cm2 resulted 

in the manufacturing of CAD strut diameters of 300 µm and 400 µm at all exposure times but 

distorted the 500 µm resulting in a fully solidified green part at higher exposure times (Figure 

4.9b)).  

At the exposure power 14 mW/cm2 and at both layer thicknesses, the 500 µm sample was 

possible to manufacture at the lowest exposure time, resulting in the cure depth of 196 µm and 

yielding the factor of 19.6 for the layer thickness of 10 µm and 7.84 for the layer thickness of 

25 µm. The 300 µm samples and 400 µm sample were manufacturable at all combinations of 

the exposure time, the exposure power and the layer thickness at cure depths of 196 µm, 231 

µm, 280 µm. Furthermore, at the highest exposure time (3 s) the lattice structure with CAD 

strut diameter of 200 µm was possible to manufacture with cure depth of 280 µm, yielding the 

factor of 28 for the layer thickness of 10 µm and 11.2 for the layer thickness of 25 µm. The 

highest exposure power (20.79 mW/cm2) resulted in completely dense ds,CAD=500 µm sample, 

at both layer thicknesses. The samples with 400 µm CAD strut diameter were manufacturable 

at the lowest exposure time (1.5 s). Higher exposure times were necessary to manufacture the 

5 mm 

a) 
b) 

5 mm 2.5 mm 2.5 mm 

Figure 4.9 a) Cross-section and side view of the green part ds,CAD=500 μm (LT=25 μm, EP=6.72 

mW/cm2, ET=2 s) and b) Cross-section and side view of the over- exposed part ds,CAD=500 μm 

(LT=25 μm, EP=20.79 mW/cm2, ET=2 s). 
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ds,CAD=300 µm and ds,CAD=200 µm and the minimum cure depth necessary for manufacturing 

was 196 µm and 280 µm, respectively. Comparing the ds,CAD=500 µm and ds,CAD=200 µm as 

the highest and lowest manufacturable samples, the ds,CAD=200 µm requires almost double the 

cure depth than the ds,CAD=500 µm. As the exposure area increases, the necessary cure depth 

for the part to withstand the manufacturing process decreases. This leads to conclude that, for 

small exposure areas, higher cure depths are necessary for proper adherence of the adjacent 

layers. Although the recommended cure depths should be a couple of times higher than the 

layer thickness to avoid over curing, the results suggest that the manufacturability of lattice 

structures is a factor of not only the cure depth, but also the size of the sliced layer exposure 

area and the over curing effects should be considered when designing the starting CAD model.  

4.3.3 Broadening behaviour  

To evaluate the overgrowth in the horizontal direction, the cure excess width was plotted against 

the logarithm of the energy dose in Figure 4.10 for ds,CAD= 300 µm and ds,CAD= 400 µm at two 

different layer thicknesses (LT= 10 and 25 µm), constant exposure power (14.79 mW/cm2) and 

varying exposure time (1.5 s-3 s). Not enough data is present for samples with CAD strut 

diameter of 200 µm and 500 µm. Therefore, only the excess cure widths for 300 µm and 400 

µm were plotted. Gentry et al. [30] reported a linear relationship of the cure width and logarithm 

of the energy dose. Rudraraju [36] reported that the cure width varies linearly with respect to 

the energy dose. The relationship between the cure width and the logarithm of the energy dose 

from our experimental results based on 3D samples is linear following the quasi-Beer Lambert 

model, similar to work reported by Gentry et al. [30]. Since the Equation 4.2 is derived from 

Jacob’s equation for the working curve of the slurry, it is assumed that the Ew and Dw are 

constants and solely characteristics of the slurry [36]. 
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However, for broadening phenomena this is not the case. Table 4.6 contains a summary of the 

constants Ew and Dw for different layer thicknesses and feature sizes. Depth at the onset of 

broadening, Bd (Equation 4.3) was calculated to describe the effect of broadening in the 

suspension [30]. For ds,CAD= 300 µm Ew and Dw are lower with respect to ds,CAD= 400 µm for 

both layer thicknesses. With the increase of the layer thickness, the parameters Ew and Dw 

increase for both ds,CAD= 300 µm and ds,CAD= 400 µm. It is evident that Ew decreases with the 

increase of the feature size, whereas Dw increases with the increase of the feature size, in 

accordance with the literature [36]. Moreover, the broadening increases with the energy dose. 

To limit the excess broadening, lower width sensitivity is desired [30]. Similar trends of 

broadening behaviour were reported in the literature, where it was found that the broadening 

depends upon the feature size and the energy dose for a single-layer curing [30,36,39]. Here, 

Figure 4.10 Variation of cure width (Cw) with respect to the logarithm of the energy dose 
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we report that layer thickness has an influence on the broadening parameters. This is the 

consequence of the decrease of side scattering with the increase of layer thickness where the 

light propagates more into the vertical direction before it gets scattered to the horizontal 

direction. Furthermore, Bd is negative for the layer thickness of 10 µm. This is seemingly 

contrary to practicality, as negative cure depths are not realistic. However, it indicates that at 

LT= 10 µm for all energy doses (in the experimental range) the broadening will occur at all 

cure depths. At LT= 25 µm the broadening will start to occur at cure depths of 66.34 µm and 

higher for ds,CAD= 300 µm and 18.04 µm and higher for ds,CAD= 400 µm. The results show that 

the broadening is inevitable with the current ceramic slurry composition.  

The experimental strut dimensions are all found to have a large deviation from the designed 

values. The larger experimental strut dimensions can be attributed to the following reasons. 

Firstly, the addition of the ceramic particles into the resin attributes to the scattering of light 

within the suspension. The scattering phenomena is usually attributed to the difference in the 

refractive indices of the resin and ceramic particles [39,49]. The blank resin had a RI of 1.49 

whereas the alumina powder has RI of 1.77 yielding the RI contrast of 0.28 [50]. The scattering 

effects could be reduced by modifying the refractive index of the UV curable resin [51]. 

Secondly, the control of the dimensional overgrowth could be achieved by the addition of UV 

blockers or absorbers, which could, on the other hand, lead to unfavourable cure depth reduction 

Table 4.6 Critical width energies and width sensitivities 

 LT= 10 µm LT= 25 µm 

ds,CAD, µm  Ew, mJ/cm2 Dw, µm Bd, µm Ew, mJ/cm2 Dw, µm Bd, µm 

300 6.69 65.43 -36.29 15.64 126.42 66.34 

400 5.47 116.52 -60.44 10.48 154.73 18.04 
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[42,52]. Furthermore, as high cure depths were necessary for successful manufacturing, the 

lateral over curing had the effect on the deviation from the CAD models. For the part with the 

smallest strut diameter (ds,CAD=200 µm), the cure depth necessary was almost double than that 

of the sample with ds,CAD=500 µm. This implies that with the increase of the exposed area, the 

energy dose and consequently the cure depth should be lower to reach the least deviation. 

Lastly, the control of the part’s dimension could be achieved by using a correction factor to 

modify the starting CAD model. To manufacture a lattice structure with precisely dimensioned 

features for a particular application it is vital to select the optimal processing conditions or to 

account for the geometrical overgrowth of the strut diameters relative to the design diameter. 

4.4 Conclusions 

In the present study, two preparation methods of Al2O3 photopolymerisable slurries for DLP 

were described. There was a need to control the process parameters and materials for the lattice 

structures fabrication. The main factors that influence the printing accuracy were investigated. 

Full factorial design of experiments was used to assess the influence of the exposure power, the 

exposure time and the layer thickness accordingly.  

The conclusions drawn from the study are as follows: 

• The slurry prepared with the pre-treated powder showed acceptable viscosity for 

successful processing on the Admaflex 130. 

• The depth of penetration, which is crucial for dimensional accuracy, was lower for the 

ceramic slurry with the pre-treated powder. 

• Lattices with strut diameter of 100 µm were not strong enough to withstand the 

manufacturing process. However, lattices with CAD designed struts of 200-500 µm 
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were successfully manufactured. The cure depth necessary for successful manufacturing 

was found to be inversely proportional to the exposed area.  

• The experimental strut diameters were found to be larger than the designed values for 

all manufactured samples. This is attributed to the light scattering within the ceramic 

slurry due to the refractive index contrast between the ceramic powder and the resin and 

the over curing effect necessary for a successful build. 

• The most significant parameters that directly influence the dimensional accuracy were 

the exposure time, the exposure power and the interaction of both.  

• The excess cure width was found to linearly increase with the logarithm of the energy 

dose. 

• The broadening parameters were found to be dependent on the layer thickness as well 

as the energy dose and the feature size.  

By careful control of the process parameters and by using appropriate preparation of the 

photopolymerisable slurry, the dimensional accuracy of the lattice structures can be improved. 

Further research of the broadening behaviour should be conducted to gain a better 

understanding of the lateral accuracy in DLP technology. Different orientation and position of 

the model on the building plate could possibly have an influence the dimensional accuracy. The 

investigation of different formulations of the resin is necessary to understand how different 

components influence the broadening behaviour of a 3D printed sample. Nevertheless, the 

findings from this work can serve as a guideline for photopolymerisable slurry preparation and 

for adjusting the printing parameters to improve the dimensional characteristics of 3D printed 

ceramic lattices.   
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CHAPTER 5 

THE SYNERGY BETWEEN SUBSTRATE ARCHITECTURE 

OF 3D PRINTED CATALYTIC CONVERTERS AND 

HYDROGEN FOR LOW-TEMPERATURE 

AFTERTREATMENT SYSTEMS 

Abstract 

In this study, 3D printed diamond-based lattice substrates are proposed as catalytic converters 

in the automotive aftertreatment system to improve vehicle cold start emissions. The 3D printed 

diamond-based lattice substrates induce flow mixing that increases interaction of the flow with 

the washcoated catalyst and allows for efficient use of the available surface area. The study 

aimed to compare the influence of the 3D printed diamond-based catalyst structures on the 

light-off behaviour in comparison with the conventional 400 Cell Per Square Inch (CPSI) 

honeycomb catalyst design. The lattice substrates were manufactured by Digital Light 

Processing (DLP) technology. Further, they were catalyst coated and their light-off behaviour 

was studied in a diesel exhaust environment. In addition, the effect of H2 addition on their 

performance was investigated. A significant improvement in the light-off temperatures for CO, 

THC and NO was observed for the 3D printed lattice structures. Furthermore, H2 presence 

additionally enhanced the low-temperature activity.  

Keywords: aftertreatment system; 3D print; additive manufacturing; honeycombs; automotive 

catalysts 

  



 

139 

 

5.1 Introduction 

Stringent legislation to combat the air pollution caused by internal combustion engine exhaust 

emissions requires the automotive industry to convert into the development of more efficient 

combustion strategies and advanced catalysts for exhaust gas aftertreatment. EU legislation set 

mandatory CO2 emissions targets for new cars and light commercial vehicles to reduce the 

average fleet CO2 emissions by 30% in 2030, compared to New European Drive Cycle 

(NEDC)-based CO2 limits of 95 g/km for passenger cars and 145 g/km for light commercial 

vehicles in 2020. Alternatives to Internal Combustion Engines (ICEs), such as Battery Electric 

Vehicles (BEVs), confront substantial challenges to unrestricted and rapid development, and 

will not be able to entirely replace ICEs for several decades [1]. The ICEs are anticipated to 

maintain their dominance in the worldwide maritime, rail, and continental truck industries for 

years to come. As a result of incomplete combustion in ICEs, carbon monoxide (CO), unburnt 

hydrocarbons (THCs), nitrogen oxides (NOx) and particulate matter (PM) are released into the 

atmosphere. To reduce air pollution, all vehicles are fitted with a catalytic converter designed 

to purify hazardous gases before they are discharged into the atmosphere. Even though diesel 

engines have been identified as a viable option to gasoline engines due to their operation at high 

air/fuel ratios under lean conditions, resulting in high fuel economy, low exhaust gas 

temperature during cold start and engine stop-start has been brought up as a significant concern 

in the reduction of THC and CO emissions under a tighter regulatory environment [2]. Various 

strategies for more effective thermal management of the aftertreatment systems have therefore 

been researched over the years to achieve early catalyst light-off. These include reducing the 

weight of the substrate [3], employing electrical heating [4] or the addition of promoters such 

as hydrogen (H2) [5,6]. It has previously been observed that hydrogen has a beneficial influence 

on CO, hydrocarbon oxidation, and NO2 generation over various diesel oxidation catalysts [6]. 
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In addition, the structure of the monolith substrate can be designed to improve the catalyst light-

off performance. Extrusion is without a doubt the most widely used method for manufacturing 

conventional ceramic honeycomb monolith substrates. Consequently, the honeycomb design 

depends on the specially designed dies, limiting the design to simple geometric shapes, such as 

square, hexagonal, circular or triangular [7]. Recognition of the honeycomb's limited 

performance owing to the laminar flow inside the channels [8], hot spots and non-isothermal 

temperatures in axial and radial directions [9], has resulted in an extensive research of possible 

process intensification by direct alteration of the design of the monolith substrate. Randomised 

foam-like structures have been investigated as potential alternative catalyst supports to achieve 

a higher catalytic performance [10]. Considering the demand for process intensification, regular 

periodic open cellular supports provided more design freedom and outperformed the 

randomised foam structure [11]. However, only limited advanced catalyst architectures, 

inspired by foams structure cell design, have been proposed due to conventional manufacturing 

procedures limiting the design flexibility. 

Additive Manufacturing (AM) provides a level of design freedom previously unattainable by 

the extrusion process, providing a remedy to extrusion's limitations. By adding materials layer-

by-layer, the creation of complex geometrical shapes in a wide range of materials is facilitated 

[12]. For the processing of ceramics, vat polymerisation technologies based on liquid ceramic 

suspensions such as Stereolithography (SLA) and Digital Light Processing (DLP) offer the best 

printing resolution and surface quality [13]. Bogdan et al. [14] give an informative state-of-art- 

review on 3D printing technologies used to fabricate a range of heterogeneous catalysts and 

supports. 3D printing has also enabled fabrication of complex ceramic supports for use in HTP 

thruster applications [15,16], biomedical applications [17–19], oil sensing [20], and as potential 

catalytic converters in the automotive sector [21–23]. According to the previous research 



 

141 

 

related to the catalytic converters in the automotive sector, manufacturing constraints limited 

the amount of design freedom in investigations on 3D printed catalyst substrates, resulting in 

low surface areas, low cell densities and strut size limited to a minimum of 0.50 mm [22,23]. 

The substrate designs have not progressed beyond those based on foam structures, not being 

effective enough for substantial commercial use in the automotive industry. Balzarotti et al. 

[24] highlight this issue noting that “Technological developments of additive manufacturing 

techniques able to produce structures with thinner struts would provide increasing advantages.”. 

In terms of catalyst development, it appears that AM's full potential is yet to be realised.  

3D printed ceramic diamond-based lattice structure design was found as a suitable substitute to 

a traditional channel design in previous research from this group based on numerical 

simulations of the fluid flow and heat transfer [25].  

In the present paper, ceramic diamond-based lattice structures are manufactured via DLP 

additive manufacturing technology, functionalised with catalytic coating, and tested for their 

effectiveness in a real exhaust gas environment. Therefore, this study aims to compare the 

influence of the 3D printed diamond-based catalyst structures on the light-off behaviour with 

the benchmark 400 CPSI honeycomb catalyst design. Moreover, the benefits of H2 addition on 

the performance of lattice structures are examined for the first time, to further increase the low-

temperature catalytic efficiency. Findings from this study on 3D printed lattice can be 

implemented in all catalytic converter systems of all commercial and Hybrid Electric Vehicles 

(HEV) to meet stringent emissions legislation and enriches the research on moving towards low 

emissions vehicles. 
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5.2 Methodology 

5.2.1 Substrate design 

Diamond unit cell was chosen as the basis for the design of the lattice substrates as it has shown 

great performance in other catalytic applications [15] and has demonstrated thermal and 

hydraulic advantages over the 400 CPSI honeycomb (HC) [25]. A diamond lattice has an 

isotropic geometry that consists of four struts, which are connected nodally with another four 

struts. Diamond cell with strut orientation angle (θ) of 45°, referred to as D45, is depicted in 

Figure 5.1a). Elongated diamond unit cell design is shown in Figure 5.1b). This structure results 

in struts that are more aligned with the incoming flow, as a result of the lower strut orientation 

angle of 20°, which is expected to reduce the aerodynamic resistance.  

 

a) b) c) 

Figure 5.1 CAD designs of the studied substrates a) Diamond (D45) b) Elongated Diamond 

(ED) c) Honeycomb (HC) 
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Based on its wide usage as catalyst support, the 400 CPSI honeycomb monolith design shown 

in Figure 5.1c) is chosen to provide a baseline case [26,27]. The lattices were designed to have 

similar CPSI as the benchmark 400 CPSI HC. The geometric surface area of the designed 

substrates was estimated based on the generated CAD models. Geometrical features of the 

samples: diameter (D), length (L), geometric surface area (Sv), pore diameter (dp), cell length 

(Lc), wall thickness (dw) and strut diameter (ds) are listed in Table 5.1.  

5.2.2 Digital Light Processing 

The ceramic substrates were manufactured using Al2O3 ceramic slurry with optimised rheology 

and curing characteristics for printing lattice structures. The details on the ceramic slurry 

preparation can be found in [28]. The printing experiments were conducted on the Admaflex 

130 (Admatec Europe BV, Alkmaar, The Netherlands). Admaflex technology is based on 

Digital Light Processing (DLP) and it applies a “bottom-up” printing approach using a Digital 

Micromirror Device (DMD) which comprises of an array of mirrors, where each mirror 

represents a single pixel. The exposed layers are irradiated by DLP irradiation throughout the 

glass bottom. The printing process is as follows: the platform first descends until the distance 

between the platform and the slurry layer is equal to one-layer thickness, the light projects the 

first slice information to the slurry layer. The illuminated suspension is cured for several 

seconds. When the first layer is cured and adhered to the platform, the platform is then lifted 

Table 5.1 Geometrical parameters of the 3D printed substrates 

Substrate D (mm) L (mm) Sv (m2/m3) dp (mm) ds (mm) dw (mm) Lc (mm) 

D45 25 60 2300 0.95 0.30 - - 

ED 25 60 2000 0.95 0.30 - - 

HC 25 60 2890 - - 0.20 0.95 
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by a distance equal to one-layer thickness to achieve one-layer thickness between the first cured 

layer and the slurry layer. The second layer is then illuminated, cured and adhered to the first 

cured layer. This process is repeated until the green body is completely fabricated. The exposure 

parameters, layer thickness and orientation were chosen based on experience and previous 

resolution study to achieve the final products of satisfactory accuracy [28]. The lattice structures 

were printed in horizontal direction (X-Y) in respect of the building axis (Z), with a 45° rotation 

of the Y-axis, energy density of 42 mJ/cm2 and layer thickness of 25 µm. The honeycomb was 

printed in a vertical direction (Z) with energy density of 20.16 mJ/cm2 and layer thickness of 

50 µm. The uncured slurry trapped in the green parts was cleaned by immersing the green parts 

in an ultrasonic bath filled with dibasic ester (Sigma Aldrich, Gillingham, UK). The 

manufactured samples were then dried by compressed air stream, debinded and sintered. 

Although lattices with very thin struts of 0.20 mm can be manufactured with the current 

technique and ceramic slurry, to guarantee acceptable results in terms of printing and 

repetability, the minimum strut diameter for lattice structures was determined to be 0.30 mm.  

5.2.3 Catalyst preparation and washcoating 

Incipient wetness method was used to prepare the catalytic powder for washcoating. An 

aqueous solution of palladium (II) nitrate hydrate (Sigma Aldrich, Gillingham, UK) and 

tetraammineplatinum (II) nitrate (Sigma Aldrich, Gillingham, UK) with a weight ratio of 1:1 

was prepared to achieve a theoretical PGM loading of 2.5 wt% on Al2O3 (Sigma Aldrich, 

Gillingham, UK). The noble metals salt-water mixture was added dropwise to the Al2O3 carrier. 

The prepared paste was dried overnight in atmospheric conditions, followed by dying in a 

furnace at 70 °C and subsequent calcination at 600 °C for 4 hours [29].  
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The washcoating slurry was prepared by mixing 17 wt% of the prepared catalyst powder with 

deionized water and 5 wt% of dispersant (BYK-180, BYK Chemie, GmbH, Wesel, Germany). 

The mixture was stirred on a magnetic stirrer, followed by planetary ball milling to achieve a 

homogeneous distribution of the powder in the solution. 5 wt% of boehmite (Disperal, Sasol 

Germany GmbH, Hamburg, Germany) was added into the mixture to improve the catalyst 

adherence to the walls of the AM support. The outside walls of the 3D-printed substrates were 

wrapped in Teflon tape to limit the coating to the lattice/ honeycomb structure. The AM samples 

were coated with the identical slurry in the same batch. The substrates were immersed vertically 

into the catalyst slurry and placed under vacuum for 2 minutes. The procedure was repeated 

several times until loading of approximately 120 g/ft3 was achieved. After each dip-coat, the 

excess slurry was removed with pressurised air and the sample was dried in oven at 120 °C for 

one hour. Finally, the washcoated samples were calcined at 750 °C for 2 hours [15].  Figure 5.2 

shows the washcoated catalysts. Prior to any experiment conditions, the catalysts were 

thermally conditioned in a furnace at 550 °C for 4 hours.   

 

a) b) c) 

Figure 5.2 Washcoated catalysts a) D45 b) ED c) HC 

10 mm 
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5.2.4 Catalyst characterisation methods  

A series of characterisation experiments were conducted after the catalyst powder was prepared 

in order to assess the performance. X-ray Diffraction (XRD) of the catalyst was performed via 

AXRD Benchtop Powder Diffraction System (Proto Manufacturing, Michigan, USA) 

diffractometer using Cu Ka radiation. The intensity of scattered X-rays was measured in a 2θ-

range of 20-90°. The diffraction patterns of bare γ-Al2O3 support and calcinated bimetallic 

powder are presented in Figure 5.3. The morphology of the bare and coated samples was 

analysed using Scanning Electron Microscopy (TM3030 Tabletop SEM, Hitachi High-

Technologies, Tokyo, Japan). The SEM images in Figure 5.4 show an example of a) bare lattice 

and b) the washcoated lattice. The elemental composition of the catalyst powder was identified 

and quantified in terms of the atomic percentage. The Energy-Dispersive X-ray Spectroscopy 

(EDS) (JCM-6000, JEOL Ltd., Japan) was employed for this elemental analysis and the results 

are shown in Figure 5.4c) and d).  

Figure 5.3 XRD of the bare gamma-alumina powder and bimetallic powder sample 
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The Brunauer-Emmett-Teller (BET) surface areas of the bare Al2O3 support powder and 

prepared catalytic powder were determined using Micromeritics TriStar II 3020. The samples 

were degassed for 3 hours at 250 °C before the analysis to remove any volatile adsorbates on 

the surface. 

5.2.5 Engine test procedure 

The catalyst washcoated 3D printed substrates were studied in a diesel engine exhaust gas to 

observe the influence of the substrate geometry on the conversion efficiencies of emissions. A 

modern common rail single cylinder research diesel engine was used to generate exhaust gas 

emissions. The engine technical data and specifications are given in Table 5.2.  

a) b) 

c) d) 

Figure 5.4 SEM images of a) Bare 3D printed sample (D45) b) Coated sample (D45) c) EDX 

spectrum and d) Summary of the Pt-Pd/γ-Al2O3 catalyst 



 

148 

 

Standard engine test rig instrumentation to monitor intake air, temperatures (oil, air, inlet 

manifold and exhaust) and pressures were included in the test rig. The engine was fuelled with 

ultra-low sulphur diesel provided by Shell Global Solutions, UK. The temperatures at the 

exhaust manifold, before the catalyst, after the catalyst and at other engine set-up parts were 

recorded by using K-type thermocouples and a Pico Technology TC-08 thermocouple data 

logger. The engine condition was kept constant in all tests, to reduce test-to-test variability and 

ensure steady-state operation. For this purpose, the coefficient of variation of the IMEP for 100 

cycles was monitored and kept below 4% during the experiments. The engine was operated at 

a rotational speed of 1500 rpm with engine load of 2 IMEP to reproduce low-load driving 

conditions [4]. The detailed testing condition and engine-out emissions repeatability are listed 

in Table 5.3.  The catalyst was placed in a tubular Carbolite Gero furnace with the temperature 

increase from 100 °C to 400 °C with a heating temperature ramp of 3 °C/min. Gas Hourly Space 

Velocity (GHSV), defined as the volumetric flow rate of the exhaust gas divided by the external 

volume of the monolith catalyst, was kept constant at around 33 000 ± 1000 h-1. 

Table 5.2 Test engine specifications  

Engine Specifications Data 

Number of Cylinders 1 

Bore 84 mm 

Connecting Rod Length 160 mm 

Displacement Volume 499 cc 

Compression Ratio 16.1:1 

Maximum Injection Pressure 1500 bar 
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Engine-out exhaust species concentrations were measured at the beginning and at the end of 

each experiment to monitor the repeatability of the exhaust gas composition during the test. 

Throughout the experiments, the evolution of the DOC outlet exhaust gas concentration was 

continuously recorded to calculate the conversion efficiency based on the inlet concentration. 

An MKS MultiGas 2030 FTIR analyser was used to measure gaseous exhaust emissions. The 

sampling lines were kept at a temperature of 191 °C to limit any water and hydrocarbon 

condensation and prevent any reaction between exhaust gas species in the line. A Testo 340 

flue gas analyser which is equipped with an oxygen sensor, was used to measure oxygen exhaust 

content. Light-off experiments were repeated two times to check the repeatability of results. 

The tests were in good agreement and high repeatability in emissions, and hence in conversion 

efficiency. To study the influence of hydrogen, pure H2 from a gas cylinder, purchased from 

BOC, was introduced upstream of the DOC at a concentration of 1000 ppm. A Bronkhorst 

digital mass flow controller, EL-Flow was used to precisely measure and control the hydrogen 

Table 5.3 Engine output emissions concentration 

Emissions Concentration 

CO (ppm) 271 ± 20 

THC (ppm) 305 ± 69 

NO (ppm) 215 ± 9 

NO2 (ppm) 61 ± 3 

NOx (ppm) 275 ± 8 

N2O (ppm) 0.68 ± 0.03 

CO2 (%) 4 ± 0.04 

H2O (%) 4.7 ± 0.21 
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injection. Concentration of hydrogen was measured both upstream and downstream the catalyst 

by sampling the gas stream using V&F HSense. Figure 5.5 illustrates the schematic diagram of 

the experimental configuration. 

5.3 Results and discussion 

5.3.1 Catalyst characterisation  

XRD patterns of γ-Al2O3 support and the bimetallic powder showed very similar profile and 

almost all the diffraction peaks were attributed to γ-Al2O3.  Since the XRD peaks for Pt and Pd 

mainly overlapped with those of γ-Al2O3, it was not possible to distinguish any peaks associated 

with the presence of Pt and Pd. This suggested that the particles were well dispersed and no 

Figure 5.5 Schematic diagram of the experimental setup 
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discernible diffraction signals could be produced [30]. The SEM of the washcoated samples 

revealed that the inherent surface of the 3D printed substrate disappeared, presenting a complete 

substrate coverage by the catalytic coating (Figure 5.4b)). EDS showed that the catalyst was 

composed of Pt, Pd, Al and O. Meanwhile, the atomic percentage of Pt, Pd, Al and O were 

determined to be 0.1%, 0.1%, 32.2% and 67.6%, respectively. BET analysis revealed the 

starting Al2O3 powder had a BET surface area of 172 m²/g, whereas after impregnation with Pd 

and Pt the BET surface area of the catalyst powder slightly decreased to the value of 156 m²/g, 

most likely due to the impregnation of the active metals on the support and the high calcination 

temperature employed at 750 °C [31]. All calcinated washcoated samples had washcoats that 

were resistant to disintegration during handling. Catalyst substrate comparison in terms of 

reactivity should involve substrates with the same washcoat amount, the same quantity of active 

metals, as well as the same available surface area for reactions [11]. In this study, the substrates 

were coated with identical washcoat, however some variation in coating among the samples 

was unavoidable due to distinct geometries. For all substrates the washcoat composition and, 

in particular, the composition and quantity of the active precious metals have been kept 

identical, since they were coated in the same batch with identical washcoating slurry, thus the 

reaction behaviour of the catalyst is comparable. The coating method is a key issue for catalytic 

applications determining catalyst performances and homogeneous coating of 3D printed 

intricate substrates is often difficult due to the tortuous support geometry [35]. Considering 

future research, the coating aspect should be further optimised for coating 3D printed structures. 
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5.3.2 Influence of the substrate structure on the catalyst activity 

Additionally, the performance of the prepared catalytic converters in the real engine exhaust 

versus temperature for CO, THC, NO and ratio of NO2/NOx were analysed for the lattices and 

the reference HC with and without the addition of hydrogen (H2). Figure 5.6a) illustrates the 

conversion efficiencies of lattice and honeycomb in terms of CO oxidation. At low 

temperatures, where the reaction rate is limited by the chemical kinetics of the oxidation 

reaction, the conversion between the various substrates is relatively comparable. With the 

increase of the inlet gas temperature, the conversion exponentially increased, and the samples’ 

structure started to have a prominent role in the light-off behaviour. D45 and ED structures had 

overall higher CO conversion efficiencies as compared to HC. Moreover, all three structures 

reached 100% conversion with a relatively modest variation between the samples, when the CO 

conversion became mass transfer limited. The results of the oxidation of the THC are shown in 

Figure 5.6b). As expected, the THC conversion started after a large amount of CO became 

oxidised, when more catalytic active sites became available for hydrocarbons to adsorb onto. 

Nevertheless, all THC oxidation efficiencies were lower than CO and the peak conversion 

efficiency did not reach 100% in lattices nor in the HC. This phenomenon has been previously 

ascribed to the presence of certain long-chain hydrocarbons that contribute to the partial 

conversion of THC due to their lower diffusivity to reach the catalyst active sites, resulting in 

incomplete conversion [6]. 
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a) 

b) 

c) 

Figure 5.6 Conversion efficiencies for a) CO b) THC c) NO for HC, D45 and ED with and 

without H2 
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In terms of the NO conversion efficiencies (depicted in Figure 5.6c)), D45 reached a maximum 

of 40% NO conversion, ED 25%, while the conventional HC structure reached only 7%. 

Conversion curves showed similar light-off trends with the increasing temperature: negligible 

conversion at low temperatures, then ignition and ultimately, a plateau where the conversion is 

no longer influenced by the temperature, in line with the literature findings [6]. The NO2/NOx 

yield (Figure 5.7) for both lattice substrates was greater than in the conventional HC at moderate 

and high temperatures. At low temperatures NO2 is consumed as an oxidant by hydrocarbons 

and CO, hence the ratio decreases. As the temperature rises, hydrocarbons begin reacting with 

molecular oxygen, which results in an increase of NO conversion and a consequent increase in 

NO2 concentration for all structures. A steep increase in NO2/NOx ratio for the D45 sample at 

temperatures above 220 °C, implies a rather large selectivity for NO2 production in this specific 

structure. However, at high temperatures, the ratio declined, which may be explained by the 

NO to NO2 oxidation reaction becoming restricted by the thermodynamic equilibrium [33].  

Figure 5.7 NO2/NOx ratio for HC, D45 and ED, with and without H2 
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In addition, the configurations with the greatest CO and THC conversions were also the ones 

with the highest NO2/NOx ratio illustrating the relations between these exhaust species, in 

accordance with the literature [34].   

5.3.3 Hydrogen effect on the catalyst performance  

Table 5.4 presents a comparison of both T50 and T90 values (temperatures recorded for 50% and 

90% conversion levels of CO and THC) for the studied structures, with and without H2 

presence. A promoting effect of H2 added upstream the catalysts on the CO light-off 

temperature (T50) can be seen. 

A considerable reduction in T50 was observed particularly for ED. On the other hand, slightly 

less H2 effect was found for D45 and the conventional HC structure. Subsequently, a positive 

effect on the decrease of T90 for CO in all substrates was observed, implying the structures that 

achieved a faster light-off, also demonstrated complete conversion at lower temperatures. 

Overall conclusion of conversion efficiency for THC with H2 (D45>ED>HC) remained 

consistent. Yet, compared to CO, the gain in THC conversions in H2 presence was apparent to 

a lesser extent. The overall reductions of T50 for THC conversions were similar for all studied 

Table 5.4 Summary of T50 and T90 for CO and THC 

Catalyst CO T50, °C CO T90, °C THC T50, °C THC T90, °C 

HC 252 263 273 399 

HC-H2 233 244 258 390 

D45 193 244 242 346 

D45-H2 172 223 226 337 

ED 223 259 262 376 

ED-H2 195 241 248 344 
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structures. Another important aspect of the DOC aside from CO and THC oxidation is the 

ability to oxidise NO to NO2, which may be used for passive continuous regeneration of the 

downstream DPF or to enhance the fast-SCR reaction [6]. The DOC catalyst is typically 

designed to boost NO to NO2 conversion at the temperature range between 300 and 400 °C, 

which is characteristic of the diesel exhaust stream [35,36]. 

In the presence of H2 in the case of D45, a slight impact on the NO conversion was observed 

only at moderate temperatures, whereas at higher temperatures NO conversion diminished, 

which reflected on the NO2 yield (Figure 5.8). However, this structure showed the highest 

overall NO2 yield in the moderate to high temperature range, regardless of the H2 addition, in 

respect to HC and ED. On the other hand, addition of H2 seemed to have a positive effect on 

NO conversion for both HC and ED. Thus far, no significant increase of the maximum NO2 

production was observed for HC. Hydrogen presence was found to positively influence the 

maximum NO2 yield in the ED lattice.  

Generally, the promotional effects of H2 on catalyst activities can be explained by the formation 

of intermediate species that facilitate CO and THC oxidation (e.g. OH and HO2 radicals), higher 

availability of active sites for hydrocarbons as CO has been oxidised at lower temperatures 

reducing the competitive adsorption and exothermic effects of hydrogen and CO oxidation 

[6,37]. Since hydrogen oxidation is exothermic, the local temperature of the catalysts might be 

increasing and enhancing the oxidation of other components [38]. The increase of the rate of 

CO and THC oxidation with H2 also facilitated the NO adsorption on the active sites [39]. 
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5.3.4 Combined effect of the catalyst structure and hydrogen addition 

The differences in conversion efficiencies are attributed merely to the variation of the substrate 

geometries, since the experimental conditions and the catalyst coating for all tests were equal. 

Distinct activity of the two lattice catalysts (D45 and ED) could be explained by their unique 

designs resulting in different gas flow paths inside the structures. It is also evident that the 

lattice substrates perform better than the standard HC; D45 having approximately 20% and ED 

30% less surface area in comparison with HC, in line with findings from [23] which showed 

that polyhedral cell with four times lower surface area achieve similar light-off behaviour as 

HC [23]. This implies that the flow regime inside the substrates is more significant than surface 

area as the surface area is utilised more efficiently in the 3D printed substrates. Overall lower 

efficiencies are ascribed to the laminar regime in the HC design, whereas flow mixing facilitates 

conversion increase in 3D printed structures [22,40]. Interestingly, looking at the conversion 

curves of HC with H2 in Figure 5.6, generally higher oxidation efficiencies are achieved by ED 

and D45 even without the H2 addition for all species. It cannot be discarded that the catalyst 

surface temperature in lattices was higher than the inlet gas, which further increased the reaction 

Figure 5.8 Maximum NO2 yield for various structures with and without H2 addition 



 

158 

 

rate, since the ability to interchange flow in both radial and axial directions ultimately raises 

the possibility of more effective heat utilisation in lattice structures [25]. Lattice structures in 

combination with hydrogen addition allowed greater contact of the reactant with the catalyst 

adhered to the structure’s struts, with more efficiently used surface area, which eventually 

increased the mass transfer. Increased NO2 yield in the ED lattice may be explained by the 

unique ED design, where the exhaust flows around lattice struts of narrower angle than in D45, 

most likely increasing the residence time, which seems to be more influential in enhancing the 

oxidising of slow chemical reaction of NO to NO2 with H2. 

In summary, the 3D printed lattice catalysts with similar cell density as the conventional 400 

CPSI HC resulted in superior light-off behaviour for all studied species. Both lattice designs 

overcame the performance of the reference HC catalyst, with H2 additionally boosting their 

conversion performance. Clearly, the flow path inside the catalyst structure had a significant 

influence on the catalyst's activity. Due to the flexibility of the DLP process employed in this 

study, many other substrate geometries, cell sizes and strut diameters are achievable. The 

findings for the two distinct 3D printed substrates discussed in this work suggest that an 

appropriate substrate may be designed based on the application requirements. Furthermore, the 

structure may be altered to create even more complex designs, such as gradient structures with 

radial or axial cell density variation, or a combination of the two. In addition, the 3D printing 

material can be varied as well to further control the thermal response of the substrates. 

  



 

159 

 

5.4 Conclusions 

The scope of this research was to demonstrate the potential of additively manufactured lattice-

based monolithic substrates as catalytic converters. The lattice-based substrates were 

manufactured using DLP technology and were successfully coated with bimetallic Pt-Pd 

catalyst supported on γ-Al2O3. Furthermore, their light-off behaviour was tested in the exhaust 

gas environment. In addition, the benefits of hydrogen addition on the lattice performances 

were explored.  

The results support the following conclusions: 

• DLP technology was successfully used to manufacture intricate lattice-based substrates 

• In case of the lattice-based catalysts, superior catalytic activity was observed for 

abatement of CO, THC and NO in comparison with 400 CPSI HC, with significant 

reduction in the light-off temperatures 

• In the mass-transfer area, there was no evidence of any significant competition between 

lattices and honeycomb, even though the lattice substrates had 20-30% lower surface 

areas 

• The addition of hydrogen to all catalyst designs had a positive effect on the CO light-

off temperature, however the gain in THC light-off temperature reduction was apparent 

to a lesser extent 

• D45 showed the highest overall NO2 yield in the moderate to high temperature range, 

regardless of the hydrogen presence 

• Hydrogen addition improved the NO2 production in the ED lattice, due to the unique 

structure of ED with increased flow residence time, which seems to be more prominent 

in enhancing the oxidation of the slow chemical reaction of NO to NO2 with hydrogen  
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• The intricate lattice structures in combination with hydrogen addition allowed greater 

contact of the reactant with the catalyst adhered to the structure’s struts due to flow 

mixing and more efficiently used surface area, shifting the light-off curves of all studied 

species to lower temperatures 

The AM structures described in this paper for DOCs would also be applicable for catalytic 

converters in other applications, particularly for HEV aftertreatment systems. Moreover, the 

flexibility of the AM process offers countless possibilities of the substrate design and material 

of choice. Results of this research proved the importance of 3D printing to design and produce 

efficient advanced catalytic converters to meet stringent emissions regulations and a way 

forward to low-emissions vehicles. 
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CHAPTER 6 

ADDITIVE MANUFACTURING OF NOVEL HYBRID 

MONOLITHIC CERAMIC SUBSTRATES 

Abstract 

Additive Manufacturing (AM) can revolutionise engineering by taking advantage of the 

unconstrained design and overcoming the limitations of traditional manufacturing capabilities. 

A promising application of AM is in catalyst substrate manufacturing, aimed at enhancement 

of the catalytic efficiency and reduction of the volume and weight of the catalytic reactors in 

the exhaust gas aftertreatment systems. This work addresses the design and fabrication of 

innovative, hybrid monolithic ceramic substrates through the use of AM technology based on 

Digital Light Processing (DLP). The designs were based on two individual substrates integrated 

into a single, dual-substrate monolith by various interlocking systems. These novel dual-

substrate monoliths lay the foundation for a potential reduction of the complexity and expense 

of the aftertreatment system. Several examples of interlocking systems for dual-substrates were 

designed, manufactured and thermally postprocessed to illustrate the viability and versatility of 

the DLP manufacturing process. Based on the findings, the sintered parts displayed anisotropic 

sintering shrinkage of approximately 14% in the X–Y direction and 19% in the Z direction, 

with a sintered density of 97.88±0.01%. Finally, mechanical tests revealed the mechanical 

integrity of the designed interlocks. U-lock and Thread configurations were found to sustain 

more load until complete failure.  

Keywords: additive manufacturing; DLP; monolithic substrate; ceramic; hybrid catalyst 
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6.1 Introduction  

Ceramic monolithic substrates find substantial commercial use in the automotive industry as 

catalyst supports for the purification of noxious exhaust gases in aftertreatment systems [1]. 

Despite the high surface area and low backpressure of the conventional honeycomb substrates, 

manufacturing constraints preclude any further improvements in their design for enhancing the 

catalytic activity. Therefore, compliance with present and forthcoming rigorous vehicle 

emission legislation poses major difficulties.  

It is of interest to reduce the number of individual catalytic systems (e.g., by merging their 

functions) in the exhaust aftertreatment to reduce the system’s volume and weight. For instance, 

a typical diesel exhaust aftertreatment system can incorporate four separate catalytic systems: 

diesel particulate filter (DPF), a catalyst for selective catalytic reduction of nitrogen oxides 

(NOx) with ammonia (NH3-SCR), an ammonia slip catalyst (ASC) and a diesel oxidation 

catalyst (DOC) [2]. Solutions to simplify the state-of-the-art aftertreatment arrangement to 

decrease the volume and weight of the aftertreatment system, have been suggested in the past. 

For example, an all-in-one four-way catalytic converter (FWCC) combines oxidation–reduction 

catalysts to simultaneously remove carbon monoxide, hydrocarbons, particulate matter, and 

nitrogen oxides. The FWCC is an efficient solution to the limited space capacity in the 

aftertreatment. However, the complex multi-phase reaction processes where the species interact 

with each other and compete for active sites affect the catalytic efficiency. On the other hand, 

dual-catalyst configurations can improve the efficiency of a single component, such as the one 

proposed by Lefort et al. [3], by placing a DOC catalyst with lower thermal mass to quickly 

light-off in front, and a DOC catalyst with higher thermal mass in the back to store heat. 

Moreover, layering of active washcoats on top of one another, or zoning, where the active 
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component concentration in the washcoat changes along the axial length, can have a 

considerable influence on the catalytic light-off of single components in the aftertreatment. 

Hazlett et al. [4] showed that Pt-Pd catalysts can be zoned axially along the monolith in varying 

ratios to increase NO oxidation selectivity by promoting CO oxidation with a larger quantity of 

Pd at the front, and higher amounts of Pt along the length for NO oxidation. Furthermore, taking 

advantage of the particular operating temperature range of the individual active materials in 

SCR can be achieved by layering and zoning Fe/ZSM-5 and Cu/zeolite [4]. The aforementioned 

layouts do not offer any space savings, but they do have the ability to minimise the precious 

metal loading and the overall cost. Innovative aftertreatment solutions aimed at the 

improvement of the performance of the aftertreatment systems, such as exhaust gas fuel 

reforming, to provide a small concentration of hydrogen (H2) to the aftertreatment catalyst show 

great potential [5–7]. Direct hydrogen addition positively affects the performance of various 

aftertreatment devices, including catalytic converters, DPF and NOx traps [6,8,9].However, the 

addition of an on-board catalytic reformer to produce H2-enriched exhaust gas adds complexity, 

weight, and volume to the already complex aftertreatment system.  

Moreover, in the aerospace sector, additively manufactured monolithic catalysts with high 

surface areas and low-pressure drops can be employed as monopropellant thrusters. As a result 

of increased interest in hydrazine-based propellant alternatives, catalysts for high test peroxide 

(HTP), hydroxylammonium nitrate (HAN) or ammonium dinitramide (ADN) propellant blends 

have received considerable attention in the last two decades. Within the project Rheform, 

additively manufactured monolith catalysts with straight channels, cellular structure and 

polyhedral structure were presented to improve the ADN-based propulsion systems [10]. 

Moreover, Koopmans et al. [11] compared the performance of the complex additively 

manufactured monoliths with extruded catalysts with respect to the decomposition of highly 
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concentrated hydrogen peroxide. Decomposition tests revealed that the AM catalysts showed 

an increase in the temperature transient time compared to the extruded one. Metallic gauzes or 

screens, ceramic pellets coated with an active catalytic phase or extruded monolithic beds are 

currently employed in HTP catalyst applications. However, fragmentation, high pressure drop 

and flooding are common issues in these configurations [12]. Essa et al. [12] have demonstrated 

additively manufactured high-performance monolithic catalyst beds with complicated 

geometries for use in hydrogen peroxide monopropellant thruster. The AM catalysts 

outperformed MnOx-coated ceria pellets while providing an acceptable pressure drop. 

Ceramic additive manufacturing has lately undergone substantial research, introducing brand 

new possibilities in the design and fabrication of novel monolithic substrates for various 

applications [13–17]. In recent years, significant scientific efforts have been focused on 

enhancing the efficiency of the catalyst substrates. Alteration of the substrate design by 

introducing lattice-based substrates was found to offer advantages in terms of chemical activity 

over the conventional channel design [18,19]. In light of the opportunities provided by additive 

manufacturing processes, AM techniques such as material extrusion AM [20,21] and vat 

photopolymerisation [18] have been successfully utilised to manufacture ceramic catalytic 

substrates with intricate lattice structures. DLP is one of the additive manufacturing 

technologies suitable for the fabrication of complex ceramic monolithic substrates with fine 

features [22]. To create an image, DLP projectors use a digital micromirror device chip (DMD) 

and a light source, where each image layer is projected onto a layer of photosensitive ceramic 

slurry, which hardens when exposed to the light source, and the process is repeated until the 

green body is formed [23]. Upon finalising the green body shaping, the part is removed from 

the building platform, cleaned from any residual slurry and subjected to debinding and sintering 

process to obtain the final dense part. Removal of the photopolymerised resin from the 
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interspace of the ceramic particles, known as debinding, is a critical step in the post-treatment. 

Slow heating rates and appropriate holding temperatures are necessary to avoid delamination, 

cracks, deformation or collapse caused by thermal stress from the decomposition of the organic 

components [24]. During the sintering stage at high temperatures, a dense ceramic part is 

achieved.  

In this work, a proof-of-concept is presented to propose a potential solution for the 

aftertreatment reactor complexity reduction. A procedure to design, additively manufacture and 

thermally postprocess dual-substrate emission control hybrid supports, that could be separately 

coated with active material and integrated into a single brick, is proposed. This concept can be 

applied in catalytic applications where space savings are beneficial. Several interlocking 

mechanisms are presented to demonstrate the DLP manufacturing process’s feasibility and 

flexibility. 

6.2 Methodology 

6.2.1 Interlock designs 

The three-dimensional models were designed using CATIA and Ansys SpaceClaim 2020R1 

CAD software. The structure of the substrates is based on a unit cell of a diamond lattice 

[12,18]. The substrates feature a cylindrical core with an interlocking mechanism on the outer 

surface and a shell substrate with an interlocking mechanism in the cored centre. The CAD 

designs of the interlocking mechanisms are shown in Figure 6.1.  
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6.2.2 Ceramic slurry preparation and characterisation 

The ceramic slurry was prepared in-house by first combining the components of the resin: 33.4 

wt% of 4-acryloylmorpholine (TCI, Tokyo, Japan), 28 wt% of 1,6-hexanediol diacrylate (TCI, 

Tokyo, Japan), 18.6 wt% of pentaerythritol tetraacrylate (TCI, Tokyo, Japan) and 20 wt% of 

Figure 6.1 CAD models of the fastening designs, iso view of core and shell with cross-sectional 

shell view for a) U-lock: core (A) and shell (A’) b) Twist-lock: core (B) and shell (B’) c) 

Thread: core (C) and shell (C’) 
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dibutyl phthalate (Sigma Aldrich, Gillingham, UK) The chemical structure of the materials used 

for the preparation of the resin is shown in Figure 6.2. 

The resin components were mixed with an overhead mixer at room temperature for 30 min. 

Commercially available alumina oxide powder (A16 SG, Almatis GmbH, Ludwigshafen, 

Germany) was pre-treated with 2 wt% of Disperbyk-145 (BYK Chemie, Wesel, Germany) 

dispersant according to the procedure described in [22]. Following the pre-treatment, the 

dispersant pre-treated ceramic powder was incorporated into the resin mixture to achieve 57 

vol% solid loading. In the final step, 0.1 wt% (to the reactive resin) of diphenyl (2,4,6-

trimethylbenzoyl) phosphine oxide (Sigma Aldrich, Gillingham, UK) was added to initiate the 

polymerisation reactions and the slurry was thoroughly mixed overnight on a turbula mixer. 

Before the use on the printer, the slurry was placed under vacuum to remove any air bubbles. 

The particle size distribution of the pre-treated ceramic powder was evaluated with Sympatec 

Helos (Sympatec GmbH, Clausthal-Zellerfeld, Germany) using R1 lens. The rheology of the 

prepared slurry was tested on AR 500 (TA Instruments, New Castle, DE, USA) with a 20 mm 

Figure 6.2 Chemical structure of the resin components a) 4-Acryloylmorpholine b) 1,6-

Hexanediol diacrylate c) Dibutyl phthalate d) Pentaerythritol tetraacrylate 
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parallel plate geometry varying the shear rate from 0.1 to 300 s−1 at a constant temperature of 

20.0 °C. 

6.2.3 Green body shaping via DLP   

The parts were printed on Admaflex 130 printer, DLP based additive manufacturing system 

developed and commercialised by Admatec Europe (Admatec Europe BV, The Netherlands). 

The prepared .STL files were sliced to a layer thickness of 25 µm using the machine’s slicing 

software. The key parameters of the machine are summarised in Table 6.1.  

The main components of the machine (Figure 6.3) are (i) building platform with a build plate, 

(ii) glass bottom, (iii) light projector, (iv) slurry reservoir, (v) wiper, and (vi) foil rolls. In the 

first step of the printing process, the slurry is transported on the foil from the reservoir to the 

building area by the rotating foil system. The building platform then descends until the distance 

between the platform and the slurry layer is equal to one-layer thickness. The light projects the 

slice information to the slurry layer and the illuminated slurry is cured for several seconds. The 

building platform ascends, the excess slurry is transported to the wiper and pumped back into 

the reservoir. A new slurry layer is recoated, and the platform descends to a distance equal to a 

one-layer thickness between the first cured layer and the slurry layer, the next layer is then 

cured and adhered to the previous layer. The process of slurry transport and layer-by-layer 

curing is repeated until the green part is built.  

Table 6.1 Key parameters of the employed DLP printer 

Technology Layer thickness, µm 

Printing build volume 

(X, Y, Z), mm 

Individual 

pixel size, µm 

Wavelength, 

nm 

DLP 10-200 96 × 54 ×110 40 405 
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Given the rigid nature of the cured slurry, direct printing of the part on the base layers resulted 

in a difficult part extraction. Hence, sacrificial layers were added to the starting CAD models. 

Furthermore, to ease the detachment of the sacrificial layers from the base, 8 base layers were 

cured with a light intensity of 27.3 mW/cm2 and an exposure time of 4 seconds. The 

intermediate layers were printed by decreasing the light intensity from 27.3 to 14 mW/cm2 in 

increments of 3.3-3.4 mW/cm2 at an exposure time of 4 seconds, followed by decreasing the 

exposure time at a constant light intensity of 14 mW/cm2, layer-by-layer, until 3 seconds were 

reached. The rest of the layers were exposed with an intensity of 14 mW/cm2 and an exposure 

time of 3 seconds. After the parts were built, they were extracted from the platform and the 

sacrificial layers were cut from the green parts. The green parts were then cleaned from the non-

polymerised slurry with dibasic ester (Sigma Aldrich, Gillingham, UK), dried in atmospheric 

conditions and thermally postprocessed via debinding and sintering.  

Figure 6.3 Schematic of the Admaflex 130 printer  

Slurry reservoir 

Wiper 
Blade 

Slurry  

DLP light source 

Building platform 

Green part  

Used foil Fresh foil 

Z-axis 

Building plate 

Filter 
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6.2.4 Thermal postprocessing of the green bodies  

The debinding program was derived from the Thermogravimetric Analysis (TGA) and 

Differential Scanning Calorimetry (DSC) of the cured slurry that was carried out on a 

simultaneous analyser SDT NETZSCH STA in dynamic air (100 mL/min) with a heating rate 

of 5 °C/min. The debinding process was carried out in a tube furnace (TSH/1S/75/450, Elite 

Thermal Systems Ltd, UK). After debinding, the specimens were sintered in a chamber furnace 

(HTF 17/27, Carbolite Gero, United Kingdom) at 1540 °C with a dwell time of 2 hours and a 

heating and cooling rate of 3 °C/min in air atmosphere. Both thermal processes were carried 

out under the air atmosphere. The linear shrinkage of the samples was obtained by using 

measurements of sample dimension in X–Y and Z directions, achieved by using a Vernier 

caliper, before and after sintering and calculated by the following equation: 

 

𝐿𝑖 =
𝐺𝑖 − 𝑆𝑖

𝐺𝑖
𝑥 100 % Equation 6.1 

 

Where 𝐿𝑖 is the linear shrinkage, is the 𝐺𝑖 is the dimension of the sample before sintering 

(green stage) and 𝑆𝑖 is the dimension of the sample after sintering. The index i represents X–Y  

or Z direction.  

6.2.5 Part characterisation 

Structural integrities of the interlocking mechanisms were tested under compression at 0.5 

mm/min (Instron 4467 series model, UK) with a rod fixture of 12.7 mm diameter. 

Displacements and loads were recorded with a 30 kN load cell. A bespoke sample holder with 

a cylindrical groove was designed to hold the testing specimen and to form a space for the 
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fractured material to fall into. The sample holder was held in place by neodymium disc magnets.  

Sintered density was estimated using Archimedes’ principle with distilled water as the emersion 

medium and given as percent of the relative density. The equipment used to measure the density 

of the samples was an Ohaus Adventurer Analytical Balance, with the Archimedes principle 

measurement complement. This analytical balance allows the direct measurement of the density 

with a program routine that realises the intermediate calculation. The theoretical density of the 

Al2O3 was taken from the manufacturer's specifications (3.95 g/cm3). The microstructure of the 

green and sintered bodies was studied using Scanning Electron Microscopy (SEM) (TM3030 

Tabletop SEM, Hitachi High-Technologies, Tokyo, Japan). The fracture surface was examined 

using SEM (JCM-6000, JEOL Ltd.,Tokyo, Japan). 

6.3 Results and discussion  

6.3.1 Slurry characterisation  

The particle size distribution of the dispersant pre-treated ceramic powder is shown in Figure 

6.4a). The mean particle size (d50) was approximately 0.80 µm and 90% (d90) of the particles 

were smaller than approximately 2.31 µm. The rheology of the prepared slurry expressed by 

the logarithmic representation of the viscosity curve as a function of shear rate is shown in 

Figure 6.4b). The viscosity of the prepared slurry decreases with increasing shear rate. The 

slurry displayed a relatively stable condition under the action of shearing force, and the 

viscosity of the slurry did not vary considerably from shear rates of 10-300 s-1. Admaflex 130 

is specifically designed to print slurries with a broad viscosity range, where a tape casting 

method with rotating foil is used to spread a fresh slurry layer. The recommended rheology of 

the suspension for Admaflex technology is a shear thinning behaviour with a dynamic viscosity 

below 10 Pa·s for shear rates from 10 to 300 s−1 [25].  
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Typical shear rates within the process are up to approximately 200 s-1 when using a doctor blade 

gap of 120 µm and a layer thickness of 25 µm. The viscosity of the prepared slurry was lower 

than that of the limit value for the Admaflex technology. 

6.3.2 Thermal debinding analysis  

The TGA-DSC analysis revealed information on the decomposition behaviour of the resin 

components with the temperature increase. To minimise delamination, cracking, deformation, 

or collapse induced by thermal stress from polymer breakdown, the debinding process must be 

evaluated and the heating rate and dwell time adjusted accordingly [26]. The base resin 

consisted of a mixture of a mono-functional, di-functional, tetra-functional monomer and a 

plasticiser. 4-acryloylmorpholine is widely used as a reactive monomer in photopolymerisable 

systems due to its low viscosity and good compatibility with acrylates and oligomers [27].  

1,6-hexanediol diacrylate is a low viscosity, di-functional acrylate ester monomer that is often 

employed as a reactive diluent in photopolymerisable slurry applications [28]. Pentaerythritol 

 
 

a) b) 

Figure 6.4 a) Particle size distribution of the dispersant-treated powder b) Rheology of the 

prepared slurry 
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tetraacrylate is a tetra-functional monomer that is primarily used to aid in crosslinking for 

increased final modulus [29]. The function of the dibutyl phthalate as the plasticiser was to 

increase the flexibility of the part after curing [25]. 

From the TGA/DSC curve presented in Figure 6.5 it can be observed that the first mass loss of 

3.6% begins to occur when the temperature is between 115 and 250 °C. This weight loss of 

3.6% is assigned to the evaporation of the adsorbed water and residual cleaning solution. Within 

the temperature range and employed testing conditions, no peak was observed in the DSC curve 

[30]. The second rapid mass loss with a peak of 375.9 °C had a mass loss of 8.7%. The final 

mass loss occurs between 450 °C and 575 °C and is equal to 6.9%. Beyond 575 °C there is a 

negligible mass loss. According to the DTG curve, the extremum points of mass loss rate appear 

at 191.2 °C, 375.9 °C and 481.3 °C. The total mass loss is 19.2 wt%. Based on the composition 

of the prepared, uncured resin the total weight loss is slightly greater than expected, implying 

total burnout of the binding components. The excess weight loss may be attributed to adsorbed 

water during storage or the leftover dibasic ester.  

Figure 6.5 DSC/TGA and DTG curves 
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From the DSC curve, it can be concluded that the thermal debinding reaction is an exothermic 

process with two major peaks attributed to the oxidative decomposition of polymer chains 

(372.2 °C) and the thermal decomposition of the crosslinked polymer network (464.1 °C) [31]. 

The DSC curve also showed a weak peak at 70.8 °C, that may be a result of an artifact caused 

by the toppling over of the sample in the pan. According to the results of TGA and DSC curves, 

the parameters of the debinding process are determined. The temperature was first raised from 

room temperature to 190 °C and then kept for 2 h. After that, the temperature was raised to 375 

°C and maintained for 4 h to allow enough time for the decomposition of the organic matter 

and reduce the effect of thermal stress on the sample. The next step was heating to 480 °C with 

a dwell time of 2 h. Finally, the temperature was continuously raised to 650 °C to ensure that 

the resin was completely removed, and then naturally cooled to room temperature. The whole 

debinding process took a total of 62.5 h without cooling. 

6.3.3 Characterisation of the printed and sintered samples  

The green parts are shown in Figure 6.6. The parts show sufficient quality after sacrificial layer 

removal and cleaning, no flaws were determined by visual inspection and the green strength 

was high enough for handling.  

10mm 

Figure 6.6 Green parts (from left to right U-lock, Thread, Twist-lock) 
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The layering effect is visible on the surface of the green and sintered parts, which was expected 

due to the employed additive layering process and over curing. According to the findings of our 

earlier work, the manufacturability of lattice structures is affected by the cure depth and the size 

of the exposure area of the sliced layer [22]. The struts of the lattices tend to be very fragile due 

to their small cross-sectional area, and it is not uncommon to experience complete breakage 

during the build. As a result, for small exposure areas, larger cure depths were required to 

establish robust interlayer joints as well as to ensure a continuous build [22]. With the existing 

slurry formulation, over curing was inevitable. To reduce the layering effect, the literature 

suggests lowering the slice thickness or the cure time [32,33]. However, the latter can also 

reduce cure depth, while the thinner slice leads to a longer printing time, reducing the printing 

efficiency. An example of green and sintered components is presented in Figure 6.7 to illustrate 

the differences in the part dimensions before and after the thermal-postprocessing stages. As 

expected, the parts exhibited shrinkage upon sintering at high temperatures. Shrinkages of X−Y 

and Z directions were approximately 14% and 19%, respectively, with a relatively high 

difference of 5% between the X–Y and Z directions. This anisotropic dimension shrinkage 

behaviour of AM parts is related to the layered shaping process [27,34].  

Figure 6.7 Green parts (left) and sintered parts (right) 
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The anticipated shrinkage was compensated by increasing the starting CAD models by 

estimated shrinkage factors in X–Y (1.143) and Z (1.205). According to the experimental 

results, the actual shrinkage factors in X–Y, and Z directions were determined to be 1.143 and 

1.235, respectively at the energy dose of 42 mJ/cm2. Nevertheless, the overall shrinkage of the 

parts was low due to the high solid phase loading (57 vol%) in the ceramic slurry. In a view of 

the shrinkage of the actual size, specific values of the ceramic samples in the green stage and 

the as-sintered stage are shown in Table 6.2.  

The CAD dimensions in the Z direction listed in the Table 6.2. correspond to the parts without 

the sacrificial layers. The green bodies were up to 3.26% larger than the CAD designs within 

the X–Y plane. The minor variations in the sample’s heights in the green parts are due to the 

Table 6.2 Dimensions of the green bodies, sintered bodies and the sintering shrinkage 

CAD (mm) Green body (mm) Sintered body (mm) Sintering shrinkage (%) 

Part X–Y  Z X–Y  Z X–Y  Z X–Y  Z 

A 14.53 10.77 15.02±0.17 10.50±0.23 13.01±0.09 8.52±0.06 13.38 18.86 

A’ 29.03 10.77 29.16±0.20 10.46±0.18 24.87±0.07 8.40±0.02 14.71 19.69 

B 14.53 10.77 14.78±0.08 10.46±0.02 12.78±0.06 8.57±0.21 13.52 18.07 

B’ 29.03 10.77 29.08±0.14 10.44±0.04 24.81±0.49 8.49±0.11 14.68 18.68 

C 14.53 10.77 14.93±0.23 10.44±0.12 12.89±0.10 8.50±0.06 13.66 18.58 

C' 29.03 10.77 29.22±0.11 10.58±0.17 24.86±0.07 8.58±0.12 14.92 18.90 
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extraction of the sacrificial layers. Figure 6.8 illustrates the SEM images of the surface of the 

green and sintered parts: a) shows SEM image of the green body, in which it can be seen that 

particles are homogeneously distributed in the solidified polymeric resin and b) shows SEM 

image of the surface after sintering at 1540 °C, where small pores at the grain boundaries are 

seen, without complete densification.  

As the complex features of the parts fabricated in this work may affect the results of density 

measurements, five cubes were manufactured, debinded and sintered together with the hybrid 

substrates. The mean density value was determined to be 97.88±0.01%. The resulting density 

is acceptable for catalytic supports. Achieving higher density would be beneficial for the 

mechanical strength of the substrates, however, it is not essential for application in catalytic 

substrates as the residual porosity is advantageous for the adhesion of the washcoat [35].  

a) 

Figure 6.8 SEM images of the a) Green surface b) Sintered surface 

b) 
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6.3.4 Mechanical integrity  

The results of the mechanical integrity test are presented in Figure 6.9. The deformation 

behaviour of the parts after the test is shown in Figure 6.10. The samples show similar trends 

in the force-displacement curves, with several major and minor peaks and finally a force plateau 

after reaching failure. With external load increasing, multiple peaks were found to appear in the 

curves of all interlock configurations in this study. At each peak load for the U-lock interlock, 

a crack formed in the outer shell. The outer shell of the U-lock mechanism experienced greater 

stresses than the core specimen that spread from the interlocking mechanism to the outer edges 

of the shell substrate resulting in cracks that run horizontally and perpendicularly as seen in 

Figure 6.10a). 

Figure 6.9 Force-displacement relationship for the interlocking mechanisms 
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The horizontal cracks are anticipated to be a result of the generation of stresses in the outer shell 

due to the vertical load acting on the core specimen pushing down on the L-shaped protrusions. 

The shell substrate lost its structural integrity and gradually crumbled and collapsed, leading to 

catastrophic failure with broken pieces of various shapes and sizes. 

The Thread topology force-displacement curve presents various peaks with a gradual decrease 

of the peak forces with the increase of displacement. The first major peak was lower than the 

highest peak which was attributed to the settling of the core inside of the shell substrate. As the 

loading proceeded, the load started to re-direct in a diagonal manner which led to the diagonal 

fractures of the shell substrate. The major peaks could be attributed to the propagation of 

diagonal and horizontal cracks in the shell substrate (Figure 6.10b)). The external thread on the 

core substrate was stronger than the internal thread of the shell substrate.  For the Twist-lock 

specimen, the force-displacement curve presents two force peaks associated with the snapping 

a) b) c) 

Figure 6.10 Deformation behaviour of a) U-lock b) Thread c) Twist-lock 

15 mm 

10 mm 10 mm 10 mm 

15 mm 15 mm 
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of the side pins from the surface of the cylindrical core substrate. This is due to the small area 

of the pins, which did not provide enough resistance to applied force before failure. Once the 

pins snapped off, the force decreased and plateaued as the core slid out of the outer substrate 

leaving the interlocking system of the outer shell intact, as seen in Figure 6.10c).  

It can be observed that the shape of the force–displacement response is affected by the interlock 

topology. It is well known that ceramics are sensitive to flaws [17]. Minor flaws introduced 

during manufacturing and thermal postprocessing of ceramic-printed components can 

significantly attenuate the strength and toughness of the final parts. SEM micrographs of 

fractured specimens are shown in Figure 6.11. Interlayer delamination is observed at a number 

of layer intervals in Figure 6.11a). The delamination originates from the bottom-up layer-by-

layer fabrication process and the shrinkage that occurs during the heat treatment process. During 

loading, the delaminated regions act as stress concentrator and trigger crack propagation [36]. 

Hence, smaller cracks are seen in Figure 6.11b) which emanate from the delaminated regions. 

Figure 6.11c) shows a brittle fracture, characteristic of ceramic materials. Both the interlayer 

and intralayer surfaces are visible in the SEM image. Similar to other AM methods, the DLP 

manufacturing technique still presents challenges inherent to the layering technique and 

sintering processes of the printed parts which ultimately influence the mechanical strength of 

the part [37]. Layer bonding could be improved by systematic optimisation of the printing 

process parameters in conjunction with heating rate, dwell time and dwell temperatures of the 

debinding and sintering. 
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Employing an additive manufacturing approach for catalyst substrate production can yield 

improved versatility and allow fabrication of geometries and configurations that traditional 

manufacturing techniques cannot achieve. The design and manufacturing method employed in 

this study can be applied to integrate multiple catalytic systems into a single monolithic system. 

The application and function of the individual substrates in the hybrid concept are highly 

dependent on the particular application, engine operating procedures, exhaust conditions, etc. 

For example, the hybrid substrate concept can be applied to reduce the aftertreatment catalyst 

  

a) b) 

 

c) 

Figure 6.11 SEM images of a fracture surface at a) Low magnification and b) High 

magnification. The legend axis indicates build direction was in the vertical (Z) direction c) 

Top side of the fracture surface 
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volume by employing it in advanced aftertreatment solutions, such as exhaust gas reforming, 

where the core substrate can be catalyst coated to provide reforming and the shell substrate can 

be coated to provide aftertreatment. The dimensional parameters of the individual substrates 

can also be altered, for example, to deliver small reformate/H2 concentrations to the 

aftertreatment system, a shorter reforming catalyst core can be fitted at the entrance of the 

longer shell aftertreatment catalyst. In this case, the lattice architecture would aid in directing 

the flow from the core catalyst to the shell catalyst and provide enhanced interaction of the gas 

flow with the washcoat. On the other hand, the hybrid substrate approach could be utilised to 

increase the efficiency of individual components of the aftertreatment, as in the work from 

Lefort et al. [3], where the core catalyst can provide good light-off performance and the shell 

substrate can be used to retain heat. In this case, the catalyst loading between the two substrates 

may be varied, or the substrate design can be modified to include alternative architecture, 

different strut/wall thickness and/or cell size.  

6.4 Conclusions  

This study demonstrated the possibility of AM of hybrid monolithic ceramic substrates that 

could be utilised as catalyst reactors for aftertreatment applications. A novel design approach 

and an additive manufacturing (AM) technique were proposed to manufacture the dual-

substrate monoliths. The DLP manufacturing process enabled the fabrication of highly complex 

parts with various interlocking mechanisms, which could not be obtained by conventional 

processing techniques. Photoreactive alumina slurry with suitable rheological behaviour for the 

employed printer was used as the base material for the parts manufacturing. The green parts 

were subjected to two thermal treatments- debinding and sintering. Analysis of the DSC/TGA 

and DTG curves revealed the debinding parameters. The layering effect was observed inherent 
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to the layer-by-layer manufacturing process and high energy dose. The sintered parts displayed 

anisotropic shrinkage after sintering, with the shrinkage of approximately 14% in the X–Y 

direction and 19% in the Z direction. The sintered density was 97.88±0.01%, acceptable for 

catalytic substrate applications. A mechanical testing campaign was performed to study the 

mechanical integrity of the interlocking configurations. The force-displacement response was 

found to be affected by the topology of the interlocks in the substrates. U-lock and Thread 

configurations were found to sustain more load until complete failure. Future work should focus 

on investigating the feasibility of the proposed integrated substrate in the aftertreatment 

applications. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

Monolith catalysts are essential for decreasing exhaust gas emissions. As a result of 

globalisation and a rise in vehicle use, there is a growing demand for advancements in monolith 

catalyst design. In accordance with the proposed aim, the research reported in this thesis has 

focused on the design enhancement of ceramic monolith substrates to overcome some of the 

limitations of the conventional honeycomb structure of the catalyst substrate for automotive 

emissions aftertreatment applications. While the conventional ceramic honeycomb catalyst 

substrate provides a large surface area and a degree of flexibility for heat and mass transfer 

adaptations, additional emission reduction benefits can be gained by introducing more flexible 

designs, as outlined in Chapter 2. The use of additive manufacturing techniques for catalyst 

substrate manufacture allows design and fabrication of unique substrate designs that cannot be 

achieved by traditional manufacturing methods. The findings of this work are applicable to 

exhaust aftertreatment systems for both spark and compression ignition engines. 

Diamond lattice substrates were proposed as an alternative to the honeycomb design. 

Computational Fluid Dynamics (CFD) techniques were developed and validated to compare 

the flow-through resistance and temperature distribution of the lattice substrates with a 

conventional honeycomb design. The effects that the diamond lattice substrate design 

parameters had on geometric, hydraulic, and thermal aspects were investigated.  The developed 

models were utilised to predict and evaluate the effect of the design parameters of the lattice 

structures on geometrical parameters, hydraulic and thermal properties. These are the main 

findings from the conducted research (Chapter 3): 
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• DLP additive manufacturing technology enables fabrication of ceramic diamond lattice 

substrates. 

• The numerical simulations revealed that irrespective of the lattice pore size, lower 

pressure drops were observed in the diamond lattices of varying porosities, when 

compared to conventional honeycomb in the studied flow rate range, at the expense of 

a reduced surface area. 

• Pressure loss was reduced by 35-48% using a lattice design with the same cell density 

as the traditional honeycomb substrate.  

• When compared to a conventional honeycomb design, diamond lattice substrate designs 

show reduced axial temperature gradients and uniform temperature distribution in the 

core area for all studied porosities. The increased heat transfer capabilities were 

observed due to flow exchange in both the radial and axial directions. This improvement 

indicated the possibility of more efficient heat utilisation within the lattice substrate. 

An alumina photopolymerisable slurry was developed to aid the fabrication of complex and 

fine-featured lattice structures using DLP technology. To achieve a satisfactory level of 

dimensional accuracy of the lattice structures, suitable ceramic slurry preparation procedures 

and the optimum printing process parameters were studied. The effect of the 

photopolymerisable ceramic slurry preparation techniques on rheology and cure depth and 

identify the optimal printing parameters for manufacturing tailored lattice structures with fine 

feature sizes. The following statements summarise the main findings from Chapter 4:   

• Pre-treatment of the Al2O3 ceramic powder with a dispersant was found to be an 

important step in the ceramic slurry preparation for DLP. The slurry prepared with the 

pre-treated powder exhibited appropriate viscosity and curing behaviour for successful 

processing on the Admaflex 130.  
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• The calculated critical energy dose for the ceramic slurry prepared with the as-received 

powder was 5.47 mJ/cm2 and 9.03 mJ/cm2 for the ceramic slurry prepared with the pre-

treated powder. Indicating an increase in energy required for the photopolymerisation. 

On the other hand, the depth of penetration Dp was reduced from 136.04 µm to 120.74 

µm as a result of the pre-treatment of the powder. 

• Lattices with minimum designed diameter size in the X–Y plane of 200 µm were viable 

for manufacture. The cure depth required for manufacturing was found to be inversely 

proportional to the diameter size of the strut. Subsequently, light scattering and over 

curing were inevitable with the current slurry formulation. As a result, the experimental 

features deviated significantly from the designed models. 

• Excess width increased with the increase of the feature size. The broadening parameters 

were found to be dependent on the layer thickness, energy dose (exposure time and 

exposure intensity), and the feature size.  

• According to the results from DoE and ANOVA, the significant parameters that directly 

affected the dimensional accuracy were exposure time, exposure power, and their 

interaction. 

Catalytic coating based on Pt-Pd/γ-Al2O3 was developed and used to washcoat the additively 

manufactured substrates. The efficiency of the catalyst coated lattices was evaluated in 

comparison to a traditional honeycomb catalyst in a real exhaust gas environment. Furthermore, 

the effect of hydrogen addition on the light-off performance of the lattice-based monolith 

catalysts was investigated. The main findings of the investigation can be summarised as follows 

(Chapter 5): 

• Superior catalytic activity was observed for the abatement of carbon monoxide, 

hydrocarbons, and nitrogen oxides for lattice-based catalyst, in comparison with the 400 
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CPSI honeycomb, with a significant reduction in the light-off temperatures. In the mass-

transfer area, there was no evidence of any significant competition between the lattices 

and honeycomb, even though the lattice substrates had 20-30% lower surface areas than 

the honeycomb. 

• The addition of hydrogen had a positive effect on the carbon monoxide light-off 

temperature, however, the advance in hydrocarbon light-off temperature reduction was 

apparent to a lesser extent.  

• The diamond-based lattice showed the highest overall NO2 yield in the moderate to 

high-temperature range, regardless of the hydrogen presence. Hydrogen addition 

improved the NO2 production in the elongated diamond lattice, due to the unique 

structure of the elongated diamond with increased flow residence time, which was more 

prominent in enhancing the oxidation of the slow chemical reaction of NO to NO2 with 

hydrogen.  

• The intricate lattice structures in combination with hydrogen addition allowed greater 

contact of the reactant with the catalyst adhered to the structure’s struts due to flow 

mixing and more efficiently used surface area, shifting the light-off curves of all studied 

species to lower temperatures. 

Finally, novel hybrid monolith substrates that aim to achieve system complexity reduction were 

proposed. The hybrid monolith concepts are based on the integration of individual substrates 

into a modular catalyst substrate via interlocking mechanisms. The main findings of this study 

were (Chapter 6): 

• A proof-of-concept for DLP additive manufacturing of highly complex substrates 

featuring various interlocking mechanisms to integrate them into a single monolithic 

substrate for aftertreatment applications was established. 
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• The green parts were subjected to two thermal treatments- debinding and sintering. 

Analysis of the DSC/TGA and DTG curves revealed the debinding conditions. The 

sintered parts displayed anisotropic shrinkage after sintering, with the shrinkage of 

approximately 14% in the X-Y direction and 19% in the Z direction. The sintered 

density was 97.88±0.01%, acceptable for catalytic substrate applications.  

• Mechanical testing was performed to study the mechanical integrity of the interlocking 

configurations. The force-displacement response was found to be affected by the 

topology of the interlocks in the substrates. U-lock and Thread configurations were 

found to sustain more load until complete failure. 

7.2 Future work 

This thesis has shown the potential of the ceramic additive manufacturing approach, specifically 

DLP, to fabricate intricate ceramic substrates for catalytic applications with superior efficiency 

to the traditional honeycombs. The AM strategy presented enables for greater control and 

tailoring of cell size, strut diameter, and other geometric patterns to improve the substrate 

performance. The possibilities of fine-tuning the architecture and catalyst characteristics 

depending on the application are vast. Based on the work undertaken in this study, further 

development is recommended in the following directions: 

• A detailed study on the influence of the geometrical parameters of the lattice structure 

on the catalyst performance requires performing full-scale CFD simulations with 

chemical reaction physics. Topology algorithms could be employed to optimise the 

structure design in terms of the unit cell, cell size, strut thickness, the shape of the strut 

cross-section and strut orientation based on input performance objectives.  
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• The methodology for ceramic slurry preparation and substrate DLP manufacturing of 

fine and intricate lattice structures, opens the doorways to numerous substrate design 

concepts where the feature size is not restricted by the manufacturing technique. The 

conceptual designs of the substrate configurations can be extended to have radial or 

axial increase/decrease in the cell size and strut/wall thickness where the configuration 

could be precisely tailored for specific engine exhaust and operating conditions.  

• The broadening behaviour in DLP technology should be explored further. The 

orientation, shape and position of the model on the build plate may have an impact on 

the dimensional accuracy. The ceramic slurry composition may be evaluated to further 

understand the influence of the various components (i.e. particle size distribution, solid 

loading, and resin type) on the broadening behaviour of the DLP printed samples.  

• While the slurry washcoating method was successful in producing active and 

mechanically stable catalyst reactors, there is scope to improve the coating procedure. 

Given the complexity of the substrate structure and the properties of the sintered 

substrate material, it was very challenging to achieve a satisfying coating quality. 

Several dips were necessary to reach the desired catalytic loading with the current 

washcoating slurry. For future research, optimisation of the washcoat slurry preparation 

(viscosity, pH, particle size) or implementation of other catalytic washcoating 

procedures such as spin coating or electrochemical deposition should be investigated. 

Furthermore, a parametric analysis can be conducted by changing the thickness of the 

washcoat, BET surface area, washcoat loading or the geometrical parameters of the 

lattice (strut thickness, cell size, porosity, design).  

• The knowledge developed throughout this thesis could be extended into direct DLP 

forming of high BET surface area ceramic materials with controlled porosity and 
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sufficient mechanical strength that could yield novel substrates which could reduce 

time, cost, and labour necessary for their catalytic activation. Moreover, direct 3D 

printing of active materials on a high surface area ceramic support could allow direct 

production of catalytically active substrates and reduce the costs and labour 

requirements. 

• Extension of the experimental range of parameters variable for the light-off test i.e. 

various inlet gas temperatures, flowrates, and different fuel types.  

• The hybrid substrate approach should be tested for feasibility. For example, the concept 

can be applied to optimise aftertreatment system volume by combining for instance, a 

four-way catalyst. Moreover, as a potential substitute for dual-brick configurations, in 

which the core catalyst can provide good light-off performance and the shell substrate 

can be used to retain the heat generated by exothermic reactions. An additional relevant 

application of the proposed hybrid configuration could be coating the core substrate 

with a catalyst to provide small reformate/H2 concentrations to improve the efficiency 

of the shell substrate coated with active materials to provide aftertreatment.   

• Finally, it would be beneficial to establish the commercial feasibility by scaling the DLP 

process up to the industrial level and to conduct experiments on a full-size lattice-based, 

fine feature, high surface area catalyst. Current industrial-scale catalysts have been 

manufactured by material extrusion AM process where the substrate is 3D printed in a 

several individual pieces and finally assembled catalyst into the can by the stuffing 

method, where the individual parts are separated by ceramic fibre mat. Ideally, the 

catalyst substrate could be manufactured in one single brick to preserve integrity. As 

such, a DLP printer with a larger build volume should be employed. 


