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Extrusion processes are used to form porous materials such as a catalyst supports. 

They are important in purifying the harmful gas emissions. Titanium dioxide is widely used 

as an extruded support because of its favorable properties such as high catalytic activity, 

high thermal, and chemical stability. Catalyst supports are used wildly in industries relating 

to automobiles, petroleum refining, and energy production where a high catalytic 

performance is essential. The catalytic performance and species diffusivity are affected by 

the microstructural variability and pore interconnectivity. Extrusion processes pose 

problems in the spatial variation of porosity and green strength of extrudate. Typically, the 

size distribution of an extrudate is measured and quantified using either a helium or 

mercury porosimetry, but both fail to quantify the spatial variation of porosity. Measuring 

the handling strength of an extrudate fails to provide a high level of precision that can be 

obtained from measuring the green strength of extrudate. In this thesis, the water content
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effect on the green strength and microstructure of extrudate was examined. A quantitative 

approach using 2-D visualization and segmentation was developed to quantify the spatial 

variation of porosity. The effect of extrusion velocity on the green strength and spatial 

variation of porosity of extrudate was also assessed. 

A wide range of water content and varying binder content of paste were analyzed 

using torque and capillary rheometer to determine the effect of water content. The effect 

was evaluated using SEM and green strength measurements. A range of extrusion 

velocities (shear rates) were conducted on two different paste formulations. Their effect on 

the spatial variation of porosity in the sheared region (at the die wall) compared to the 

unsheared region of the extrudate was quantified using a 2-D visualization and 

segmentation approach. The green strength measurements were also conducted on 

extrudates to evaluate the effect of extrusion velocity on the green strength.   

The green strength measurements revealed that there is a clear relationship between 

the water content of paste and green strength of extrudate, where a high water content 

results in a high green strength. A relationship between the green strength and extrusion 

velocity of the extrudate was observed where a high extrusion velocity, the green strength 

of extrudate decreases because of high shear and ineffective particle arrangement.  

SEM images showed a reduction in agglomerate size and porosity as a result of 

high water content. Varying the extrusion velocity has a large effect on the spatial variation 

of porosity of extrudate. Image analysis showed a low porosity in the sheared region (at 

the die wall) compared to an unsheared region for samples that were extruded at a low 

velocity. Conversely, high porosity is observed in the sheared region (at the die wall) 

compared to an unsheared region for samples that were extruded at a high velocity. 
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1. Introduction  

Environmental pollution has been a major concern for the past few decades. The 

air pollution has posed environmental issues since the industrial revolution. On a daily 

basis there are dozens of harmful gases contribute in climate change and global 

warming [1, 2]. The harmful emissions can be purified using catalytic converters and 

membranes [3, 4]. Extrusion processes are used to produce a honeycomb catalytic 

converters to support an active component [3-5].  

Extrusion processes can cause inhomogeneity and microstructural variations in a 

material. High quality extrusion products depend on die geometry, extrusion velocity, and 

paste rheology properties [6]. The production processes can cause severe variations in the 

microstructure which can lead to fractures, uneven pores, and agglomerations especially in 

a complex system. The agglomerations can impede the active sites of catalysts [7]. The 

selectivity and activity of the catalysts is highly dependent on porosity and pore size 

distribution in the catalysts [8]. Additionally, species diffusivity in catalysts materials is 

influenced by many factors such as pore volume and distribution [8-11].  

1.1. Capillary, Torque Rheometer, and Paste Flow 

In assessing the extrudability of a paste, common analytical methods include both 

torque and capillary rheometer. The torque rheometer uses to evaluate the rheological 

behavior of the mixture [12]. The capillary rheometer is a common means of analyzing the 

shear rate behavior of a paste. Here, the paste flows through a varying die geometry and 

extrusion can be performed at varying extrusion velocities. The extrusion pressure- time/ 

displacement profiles represent the flow behavior as shown in Figure 3 in section 2.3.[6, 

13] 
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During extrusion, the solid and liquid phase are forced by a driving force for solid 

deformation and liquid movement. The liquid phase mobility is higher than the solid phase 

under an extrusion force. The liquid tends to fill the pores and redistribute. The 

redistribution is controlled by the permeability of a paste and liquid viscosity. The 

permeability of solid phase is determined by the stress that is generated during the extrusion 

process [6, 13]. However, the driving force of solid deformation is impeded by the 

frictional force between the particles, at the die, and barrel wall [13]. The paste is subjected 

to a shear along the die, barrel wall, and a deformation at the die entry as shown in Figure 

1 [14]. The shear along the die land is a function of extrusion velocity. The deformation of 

the materials in the die entry is inhomogeneous [15]. 

 

Figure 1: Shows a capillary rheometer with shear effect and die entry deformation. 

1.2. Paste Formulation  

The batch materials typically are water, binder, and micron or submicron 

particulates of powder all of them that form the paste. The batch materials could play an 
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important role in determining the green strength of extruded materials and the pore volume, 

pore distribution, and particle arrangement of extrudates. 

Catalysts are produced using Titanium dioxide (TiO2) have applications such as oil 

refining and energy production [5, 16]. Titanium dioxide (TiO2) is used as a catalyst 

support because of its desirable properties such as high catalytic activity, and excellent 

thermal and chemical stability [7]. 

Previous studies have been done on the paste behavior and phase migration during 

the extrusion process without considering the microstructure and green strength. The water 

redistribution within the paste is related to initial water content, extrusion rate and die 

geometry [14]. Three materials (porcelain, earthenware, and terracotta) were studied 

in [17], the study showed that the ability of materials to be extruded is dependent on the 

plasticity of these materials that related to the initial composition and processing [17]. 

The challenges that are associated with the extrusion process are inhomogeneity, 

agglomeration, phase migration, and air bubbles. The water movement in the rheometer 

can cause pressure variations and surface defects as suggested in [18]. 

1.3. Extrusion Velocity 

The extrusion pressure is a contribution of die entry pressure (die entry 

deformation) and die land pressure (wall shear) [5, 19].  One of these pressures can be 

dominated depending on the paste formulation such as the binder and water content [19]. 

In general, the pressure at a high extrusion velocity increases rapidly. The increase in 

pressure is because of high deformation at the die entry and/or high frictional shear along 

the die land [14, 18, 20]. Particles within the paste tend to pack effectively at a slower 

extrusion velocity and low shear stresses. Due to high shear stresses at the die wall, particle 
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packing is not effective [14, 18, 20]. There is a maximal liquid migration at a lower 

extrusion velocity as result of a high relative velocity of water within the paste; however, 

there is a liquid rheology dependence on liquid migration such as liquid viscosity [6, 13, 

14, 18, 20]. A thin film of the liquid forms along the die land due to liquid migration at low 

extrusion velocities which provides a lubrication effect  [6, 15, 19, 20]. This layer reduces 

the wall frictional shear at low velocity, but has no effect on the paste deformation at the 

die entry [15]. Although, the lubrication could cause extrusion failure as suggested in [19, 

21]. 

The shear effect has been investigated in many studies without considering its effect 

on the microstructural, pore distribution, pore interconnectivity, and green strength. Non-

uniform surface and macro defects in the extrudate can be linked to the extrusion velocity. 

Surface fracture happens at low and high velocities depending on the paste rheology [5, 

18].  

1.4. Image Quantitative Analysis and ImageJ 

The conventional approach to investigating porosity in extruded materials is either 

mercury or helium porosimetry, but this technique does not provide a quantitative analysis 

of the pore spatial distribution. It can quite often lead to an underestimation of porosity 

because the fluid does not intrude the isolated pores [22, 23]. Image analysis techniques 

can be used to analyze a sequence of images and provide quantitative information on 

particle shape, porosity, and pore size distribution. The accuracy of the image analysis 

depends on image resolution, brightness/ contrast, and type segmentation approach 

followed [23]. There are several image analysis software available for 2 dimensional 

analysis ImageJ (National Institutes of Health, USA) being one of them. It is an open 
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platform Java based software and compatible with most of the image formats and operating 

systems. ImageJ has widely been used in a variety of applications to provide a quantitative 

analysis [23-26]. 

A number of segmentation approaches have been developed for image analysis [22, 

23, 26, 27]. Such segmentation tool is thresholding. Thresholding an image is based on 

identifying individual pixels based on its intensity [28]. The pixel intensity is represented 

by a histogram. Phases, features, and points can be differentiated from each other based on 

the pixel intensity. The drawbacks of ImageJ thresholding are the lack of trustworthy, auto-

assessment, and human interpretation [22, 26, 28].  

1.5. Research Plan 

1.5.1. Objective One: Optimal Formulation and Water Effect 

The optimal formulation of TiO2 paste was determined. The effect of varying the 

water content in the extruded TiO2 will be shown to affect pore volume, densification, 

agglomeration size, and visible microdefects. A relationship between water content, 

mixing torque, extrusion pressure, green strength, and microstructural variability will be 

presented. 

1.5.2. Objective Two: Extrusion Velocity Effect 

The extrusion shear is influenced by many factors such as paste rheology and 

extrusion conditions. This section aims to understand the effect of extrusion velocity on 

the green strength as well as the microstructural variations in the sheared region (i.e. at the 

die wall) compared to an unsheared region.  To quantify the porosity distribution, a number 

of images were extensively analyzed using a segmentation approach developed using 

ImageJ and Adobe Photoshop CC (Adobe Systems Inc., USA). 
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2. Experimental 

2.1 Paste Formulation 

2.1.1. Objective One: Optimal Paste Formulation and Water Effect 

In this objective, G2 TiO2 powder (Cristal Global, France) was mixed with sodium 

carboxymethyl cellulose (CMC) binder (Sigma-Aldrich, USA), and water to form a paste 

as shown in Table 1. To achieve an extrudable paste, the materials were pre-mixed in the 

dry state then pre-mixed by in a container with a spatula with water to form a wet mixture.  

Table 1: Paste Formulations to study the effect of water content 

CMC (%) H2O (%) 

1.5 50.0-56.4 

4.0 50.0-56.4 

        * (%) based on G2 weight 

The wet mixture was mixed using a mixer to form a paste. The moisture content of 

pre-mixing and post-mixing materials was measured using a Computrac Moisture Analyzer 

(Arizona Instrument LLC, USA) to ensure that the water within the mixture and paste was 

constant. 

2.1.2. Objective Two: Extrusion Velocity Effect  

In Formulation A as shown in Table 2, G2 TiO2 powder (Cristal Global, France) 

was pre-mixed with Hydroxypropyl Methylcellulose (HPMC) binder (The Dow Chemical 

Company, USA) in a dry state using Resodyn Acoustic mixer (ResodynTM Acoustic 

Mixers Inc., USA) at 100% intensity for 2.5 mins to obtain a well-mixed binder- powder 

distribution. Resodyn Acoustic mixer induces micro mixing zones. The mixer generates a 

mechanical resonance through the entire material [29]. Then, the blended powder is pre- 

mixed with H2O by a container with a spatula to form a wet mixture.   



7 
 

 

In Formulation B as shown in Table 2, an aqueous of carboxymethyl 

cellulose (CMC) binder (Sigma-Aldric, USA) was used. A 1.5% CMC was mixed with a 

56.4% H2O using a magnetic stir for 10 min to form a high viscosity liquid. The resulting 

liquid has a higher viscosity than the water and this reduces the liquid migration during the 

extrusion process [20, 21]. The resulting liquid was pre-mixed with G2 TiO2 powder with 

a spatula to form a wet mixture.  

Table 2: Paste Formulations to study the effect of extrusion velocity 

A B 

Dry mixture ( TiO2 and 2.4% HPMC 

binder) + 56.4% H2O 

Liquid ( 56.4% H2O with 1.5% CMC 

binder) + TiO2 

    * (%) based on G2 weight 

Then, the wet mixture was also loaded into a mixer to form a paste. The pastes were 

aged and sealed in a container at room temperature for 2 hr. to allow for the water 

equilibration within the paste [14]. The moisture content of pre-mixing, post-mixing, and 

post-aging materials were monitored using a Computrac Moisture Analyzer. 

2.2 Torque Rheometer 

The mixing behavior was monitored by a Haake Rheocord 9000 Torque 

Rheometer (Haake Buchler, USA). The mixer consists of a pair of sigma blades, a chute 

that provides the ability to load the wet mixture, and a water cooling system. Sigma blades 

shear and dispersive the materials between the blades and the wall of the chamber to form 

an extrudable paste. The water cooling system was used to mitigate the frictional heat 

challenge since the low temperature of mixing is important to get a homogenous and well 

binder- powder dispersion [30]. The temperature was monitored to keep it within a certain 

range (30.0-40.0) °C. The mixing time and speed were held constant at 100.0 RPM for 

35.0 min to reach a degree of an acceptable mixedness. 
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Figure 2 shows the typical mixing behavior using a torque rheometer showing the 

loading peak torque as well as steady state mixing torque. The torque of mixing is the 

resistance of the mixture to the shear of the rotating blades. The lower torque value 

indicates a deagglomerated paste [30, 31]. 

 

Figure 2: A typical mixing profile shows the mixing regions. 

2.3 Capillary Rheometer 

The extrusion experiments were conducted on the pastes at a constant velocity of 

5 mm/min for extrusion experiment of objective one. The experiments were conducted at 

varying piston velocities (shear rate) (5.0, 10.0, 20.0, 30.0) mm/min for extrusion 

experiment of objective two.  In this work, an RH2000 Capillary Rheometer (Malvern 

Instruments Ltd., UK) was used to study the rheology of the pastes. They were extruded 

through a cylindrical die with an 8.0 mm length, a 2.0 mm diameter, and an 180.0° die 

entry. 
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The precision of repeated measurements is 0.5% accurate for pressure transducers, 

less than 0.1% for piston velocity, 0.1% for temperature, and 5.0 microns for die precision. 

So, there is less than 5.0% off from repeated measurement (Malvern Instruments Ltd., UK). 

The barrel was filled with the paste. The paste was tamped using a rod to remove 

the trapped air and compact the paste in the barrel. The ram was slowly lowered until it 

comes in contact directly with the top surface of the paste in the barrel pre-performing the 

test. 

Figure 3 shows a typical extrusion profile for all pastes. At the outset of the 

extrusion, the pressure increases rapidly as the paste is compacted in the barrel under an 

extrusion velocity and pushed along the die wall. The pressure decreases at a point where 

the barrel wall shear is at a minimum. This point is measured as the extrusion pressure. 

Extrusion pressure then increases rapidly due to a high shear and extensive phases 

movement [5]. In some cases, there are fluctuations in the steady state pressure because of 

the phase migration, water redistribution, and trapped air [13]. The extrudates were 

collected prior to the rapid increase in pressure to minimize the influence of other high 

shear based factors on the microstructure. The extruded materials were placed in 

Thermolyne mechanical oven for about 24.0 hrs at 100.0 °C to ensure that the moisture 

was removed and the binder was not degraded. 
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Figure 3: A typical extrusion profile. 

2.4 Green Strength Measurement 

The green strength of dried samples was measured using Kinexus Rotational 

Rheometer (Malvern Instruments Ltd, USA). The green strength measurement approach 

was developed in agreement with ASTM D6175-03 as described in [32]. Six cylindrical 

samples with approximately 2.0 mm diameter were selected randomly. The samples were 

sectioned into length between (2.0-4.0) mm to keep the length to diameter ratio equal or 

greater than 1:1 ratio [32]. The dried samples were placed between two flat surfaces, the 

top geometry (PU25) moves toward a stationary geometry (PL25) as shown in Figure 4. 

 

Figure 4: Schematic shows the top geometry (PU25) and the stationary geometry (PL25) 

of Kinexus Rotational Rheometer. 
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The green strength is described as force per extrudate length (F/L) as a function of 

the change in the extrudate diameter as shown in Figure 5. 

 

Figure 5: Extrudate image was acquitted using Keyence optical microscope (Keyence, 

USA) at 20.0x mag (left) and A typical green strength measurement profile (right). 

2.5 Thermogravimetric Analysis 

For further experiments, the binder must be removed. TGA (Thermogravimetric 

analysis) was conducted using the SDT Q600 (TA Instruments, USA) to determine the 

temperature of degradation that should be reached prior to the onset of sintering which 

typically begins above 750.0°C. The condition of the experiment was 10.0°C/min to 

1400.0°C. The result indicates that the temperature of degradation is 650.0°C where the 

residual is about 23.0 wt% for CMC and about 4.0 wt.% for HPMC as shown in Figure 6. 

For subsequent handling, all extrudates were heat treated to 650.0°C in air. 

 

Figure 6: A degradation behavior of the binders. 
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2.6 Epoxy Infiltration Technique, Polishing, and Ion Milling 

In binder free and dry extrudates, the porous microstructure was evaluated. This is 

challenging as the extrudate is weak. A metallurgical epoxy was used to fill the pores and 

allow for polishing and examination. This epoxy in addition to providing strength to the 

extrudate providing contrast with the titania and other phases for scanning electron 

microscope (SEM) analysis. Spurr’s Kit (Electron Microscopy Science, USA) was used to 

embed the samples following the mix formula: 23.0% of ERL 4221, 18.0% of diglycidyl 

ether of polypropylene glycol (DER 736), 58.0% of nonenyl succinic anhydride (NSA), 

and 0.693% of dimethylaminoethanol (DMAE). The viscosity of epoxy was lowered at 

60.0 °C for 15.0 min. The samples were kept under vacuum for 45.0 min to remove the 

bubbles that are formed within the epoxy. The infiltrated samples were cured at 70.0°C for 

10.0 hrs. Infiltrated extrudates were mechanically polished using abrasive papers of 350, 

600 and 1200 grits and (1.0, 0.25 and 0.05) µm diamond suspensions [24].  

Ion milling technique was conducted for (3.5 – 4.0) hrs using a Hitachi IM 4000 

ion mill (Hitachi, Japan). This step was applied to study objective two in this thesis. Surface 

imperfections such as pullouts and scratches can pose inaccuracies with image analysis. 

They increase human error and user bias. The quality of surface can improve image 

analysis and provide more reliable data. We have found that the mechanical polishing 

technique provides inaccuracies with image analysis; however, ion mill approach provides 

a high quality surface improving our image analysis.  

The samples were fixed to the SEM stubs with carbon tape and coated with 15.0 nm 

of the gold layer to mitigate the charging issues.   
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2.7 Image Acquisition and Analysis 

Images were acquitted using a Field Emission Scan Election Microscope 

(FESEM) (Zeiss, USA). The backscatter electron detector was used to provide a high 

contrast between different phases in the sample. Images were an indexed color mode with 

1024 x 768 pixels and 8-bit channel. Images were obtained sequentially for each extrudate 

from the die wall (sheared region) to the center of the cross section with a 0.03 mm step 

using an FESEM stage navigator as shown in Figure 7. For the sake of simplicity, we 

assumed that the pore distribution is axisymmetric because of an axisymmetric die 

geometry was used. 

 Imaging was conducted at the same magnification, brightness, and contrast.  A 

higher magnification FESEM (10.0K) was used to provide a high confidence in which the 

smaller pores included in the image with a reasonable number of images. 

 

 

Figure 7: Extrudate cross section shows scanning direction and imaging step. 

The intensity of pixels is between the low intensity dark pixel and high intensity 

bright pixel. The intensity values are between 0 (completely black) and 255 (completely 

white). Each pixel holds information that describes the image content. The intensity is 

affected by the brightness and contrast of the image [28]. The brightness and contrast were 

0.03 mm 

At the die wall 
Center  

Dia. ~2 mm 

Distance  



14 
 

 

adjusted using Adobe Photoshop CC to improve the user’s acuity, segmentation accuracy, 

lower the uncertainty, and reduce the over-segmentation [23, 33]. The brightness and 

contrast adjustment was kept the same between the images. 

The pore, crack, and epoxy pixel were assigned a single color. So, images can be 

parted into solid class (TiO2) and pore/crack/ epoxy class. The darker pixels (low intensity) 

belong to the pore/ crack/ epoxy class and it distinctly different from the brighter pixels 

(high intensity) that belong to the solid class. “Intermediates shades of gray represent the 

transition in brightness that occurs as the solid component terminates into pores” [23, 33]. 

Based on that, the assumption was that the pixel color of pore/ crack/ epoxy has a certain 

range of the gray scale as indicated in Figure 8. This was applied for all images to keep the 

consistency and lower the user bias. 

 

Figure 8: Shows typical phases of extrudate with distinguishable pixels (left) and the 

gray scale of the images as shown in Adobe Photoshop CC (right) where the pore/crack/ 

epoxy phase are black and near black pixels and TiO2 phase is the brighter pixels. 

The steps of segmentation are described: 

1. Crop image to remove the information bar of the FESEM image. The image pixel 

will be 1024 x 692. This can be recorded and automated using Adobe Photoshop 

CC action. 

 

Pore/ 

Crack/ 

Epoxy 

Over- 

Segmentation 

TiO2 

Pore/Crack 

Pore/Epoxy 
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2. The image must be converted to the grayscale mode in Adobe Photoshop (Image > 

mode> grayscale with 256 intensities as shown in Figure 9. This can be automated 

as well.  

3. The brightness and contrast of gray level images can be adjusted in Adobe 

Photoshop CC (Image> Adjustments> Brightness/ Contrast). It must be kept the 

same among all the images. This step also can be automated in Adobe 

Photoshop CC. 

4. The images must convert back to the indexed color mode with a gray level in Adobe 

Photoshop CC (Image>mode> Indexed Color). The indexed color images allow 

having a table of all the colors that is seen in an image. This step can be recorded 

using Adobe Photoshop CC action to automate it.  

5. As we assumed above and shown in Figure 8 that the pore/ crack/ epoxy pixel color 

range is black to near black color. Using Adobe Photoshop (Image> Mode> Color 

Table) allows changing the color of these pixels without affecting other pixels. In 

this work, the pixels were colored with a blue color (#0000ff). The idea is coloring 

certain pixels with a distinguishable color and to show that on the intensity of 

ImageJ histogram as shown in Figure 9. This can be automated using Adobe 

Photoshop. This must be applied to all images. The only factor that will play a role 

here is the amount of pore, crack, and epoxy are seen in an image. This minimizes 

user bias. 

6. To determine the porosity in ImageJ (Image> Adjust> Threshold), the colored 

pixel then can be easily distinguished and thresholded. It based on the colored 
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intensity as shown in Figure 9. The percentage of the pixel can be input and used 

for other purposes. 

 

Figure 9: Shows segmentation details. 
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3. Results and Discussion 

3.1. Objective One: Optimal Formulation and Water Effect 

The results represent the mixing torque, extrusion pressure, green strength, and 

microstructure as a function of variation in water content. In this research objective, we 

will consider the high water (56.4%) and the low water (50.0%) content. 

3.1.1. Torque Rheometer Analysis 

Figure 10 below shows the peak torque of the high binder mixture is higher than 

the peak torque of the low binder mixture as it was expected. The high water content shows 

a lower peak torque. The low water mixture shows a higher steady state torque and a longer 

time to achieve steady state. On the contrary, the high water mixture shows a lower steady 

state torque and a shorter time to achieve steady state.  

 

Figure 10: Mixing torque profile of varying water content for 1.5% and 4.0% CMC 

binder content. 

A water range between high (56.4%) and low (50.0%) for the high and low binder 

mixture was investigated to study the steady state torque as shown in Figure 8. As the water 

content increases, the steady state torque decreases as shown in Figure 11. 

1.5% CMC  4.0% CMC  
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Figure 11: Steady state torque as a function of water content for 1.5% and 4.0% CMC 

binder content. 

3.1.2. Capillary Rheometer Analysis 

Figure 12 shows the capillary rheometer results for the different pastes examined. 

The results show that the extrusion pressure of high water paste is higher than the extrusion 

pressure of low water paste with both low and high binder. The increase in pressure might 

be due to a high die entry deformation. The steady state pressure duration is longer in the 

high water paste. The steady state extrusion pressure of the high water paste shows 

fluctuations because of phase movement and air bubbles.  

The quality of the high water extrudate for high binder content was improved 

because there is enough water to form a thin layer of lubrication which lowered the effect 

of the extrusion shear along the die land. 

1.5% CMC  4.0% CMC  
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Figure 12: Extrusion profile of varying water content for 1.5% and 4.0% CMC binder 

content. 

3.1.3. Green Strength Measurement 

Figure 13 below shows that the green strength of high water extrudate is higher 

than the strength of low water extrudate. Previously as shown in Figure 12 that the 

extrusion pressure of the high water paste is higher and vice versa. The high binder 

extrudate has lower green strength comparing to low binder extrudate. 

 

Figure 13: Shows the green strength of the low H2O vs high H2O for the low and high 

binder content. 

3.1.4. Microstructural Variations 

Figure 14 and Figure 15 show cross sections of low and high water extrudates. 

There are noticeable differences in the microstructure due to the water variations. The low 

1.5% CMC  4.0% CMC  

1.5% CMC  4.0% CMC  
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water extrudates have cracks and uneven pores size comparing to the high water extrudate. 

These defects can impact the green strength of the extrudates as shown in Figure 13. 

In Figure 14 and Figure 15, the high water extrudate with low or high binder 

content are densified when compared to the low water extrudate with low or high binder 

content. The agglomerations size is larger in the case of the low water extrudate with low 

and high binder content. 

 

Figure 14: FESEM images of the extrudate cross section of low water content (left) vs 

high water content (right) for low binder content (1.5% CMC). 

50.0% H2O 56.4% H2O 
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Figure 15: FESEM images of the extrudate cross section of low water content (left) vs 

high water content (right) for high binder content (4.0% CMC). 

3.2 Objective Two: Extrusion Velocity Effect 

The following results represent the extrusion velocity effect on both green strength 

and spatial variation of porosity. Although the aim is not to compare two different pastes, 

our observations on paste quality and extrudability will be mentioned briefly in this section. 

3.2.1. Capillary rheometer Analysis 

Figure 16 shows the extrusion pressure as a function of extrusion velocity. In the 

extrusion experiment with paste A, the extrusion increases at high extrusion velocity, 

although the increase is not as much as in B. The extrusion pressure is a combination of 

die entry deformation and frictional die wall shear. In some cases, one of them would 

dominate. Surface imperfection at a high velocity was observed as a consequence of 

frictional die wall shear. The layer of lubricating liquid was absent at high velocity due to 

50.0% H2O 56.4% H2O 
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a limited liquid migration. These results suggest that the frictional die wall shear is higher 

comparing to die entry deformation.  

 In the extrusion experiment with paste B, the extrusion pressure increases as the 

extrusion velocity increases. The increase might be because of a high die entry deformation 

compared to the frictional die wall shear. A wet extrudate surface and drops of water at the 

die exit were observed. Hence, paste B shows a liquid migration effect compared to 

paste A. The layer of lubrication helps to mitigate the frictional die wall shear. The water 

movements at the die entry can increase the pressure as shown in section 3.1.2.  It is 

interesting here to mention that the paste B is not as extrudable as paste A. 

 

Figure 16: Extrusion pressure of paste A and paste B as a function of extrusion velocity, 

the error bars are 5% delta based on the precision of repeated measurement as discussed 

in section 2.3. 

3.2.2. Green Strength Measurement  

Figure 17 shows that the green strength of extrudate decreases as the extrusion 

velocity increases. The particles (powder and binder) do not densify effectively at a higher 

velocity as much as at the lower velocity. The low green strength might trace back to the 

frictional wall shear and die entry deformation. 

Paste B Paste A 
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 It is interesting to note that the handling strength of extrudate of paste A was higher 

compared to the extrudate of paste B. This observation is reflected in the green strength 

data of dried extrudate as shown in Figure 17. 

 

Figure 17: Green Strength of an extrudate of paste A and paste B as a function of 

velocity, the error bars represent the standard deviation error for n= six samples/batch. 

3.2.3. Microstructural Spatial Variations 

 Figure 18 shows a histogram of porosity distribution from at the die wall 

toward the center of the extrudate cross section for both paste A and B. 

 

Figure 18: Spatial variations of porosity at the die wall (distance is around 0 mm) 

toward the center of extrudate cross section (distance is around 0.9 mm). 

Paste A: In Figure 19, samples that were extruded at a velocity of 5 mm/min shows 

a lower porosity at the die wall when compared to the center region of extrudate cross 

section (unsheared region). On the contrary, samples that were extruded at a velocity of 10 

Paste B Paste A 

Paste A Paste B 

Uneven pore  
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mm/min show a high porosity at the die wall compared to the center region of extrudate 

cross section (unsheared region).  

There is no trend in the spatial variations of porosity for samples that were extruded 

at velocities of (20 and 30) mm/min, although at the die wall shows a high porosity 

comparing to samples that were extruded at a velocity of 5 mm/min.  

Paste B: In Figure 20, samples that were extruded at velocities of (5 and 

10) mm/min show a lower porosity at the die wall, but there is no trend compared to the 

center of the extrudate cross section (unsheared region). Conversely, for samples that were 

extruded at velocities of (20 and 30) mm/min shows a high porosity at the die wall 

compared to the center of extrudate cross section (unsheared region).  

Samples that were extruded at high velocity show a high porosity at the die wall 

compared to the low velocity extrudate. The FESEM images show that the high velocity 

extrudate is not as densified as the low velocity extrudate. The samples that were extruded 

with paste B show uneven pores as shown in the histogram of pore distribution in Figure 

18.  

The spatial variations of porosity can be affected by varying factors such as liquid 

migration, frictional die wall shear, and die entry deformation. 
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Figure 19: Shows a histogram of pore distribution from at the die wall (left) to the center 

(right) of the cross section for paste A. Typical images of at die wall and the center 

region for various velocities. 
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Figure 20: Shows a histogram of pore distribution from at the die wall (left) to the center 

(right) of the cross section for paste B. Typical images of at die wall and the center 

region for various velocities. 
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4. Conclusions 

4.1. Objective One: Optimal Formulation and Water Effect 

There is a relationship between torque rheometer and capillary rheometer analyses, 

green strength, and microstructural variability for titania pastes and extrudates varying 

water content were showed. The high water content pastes/ extrudates with low or high 

binder content show a lower mixing torque and a shorter time to achieve the steady state. 

The extrusion pressure increases as the water content increases. The high water content can 

result in improved green strength of extrudate. The water content factor can be caused a 

microstructural variability. The microdefects are lowered using a high water content. There 

are variations in densification due to varying water content, with lower water content 

pastes/ extrudates commonly being more porous. 

4.2. Objective Two: Extrusion Velocity Effect 

The relationship between the extrusion velocity, green strength, and spatial 

variations of porosity of extrudate is presented. The extrusion pressure is a combination of 

die entry deformation and frictional die wall shear. One of these would dominate depending 

on the paste formulation. In general, the extrusion pressure increases as the extrusion 

velocity increases. Surface imperfection was observed at a high extrusion velocity. 

A segmentation approach was developed to quantify the spatial variation of extrudate 

porosity. The extrusion velocity can cause a spatial variation of porosity. The low extrusion 

velocity shows a low porosity in the sheared region (at the die wall) compared to the 

unsheared region and vice versa. The green strength of extrudate can be improved at low 

extrusion velocity. 
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Finally, HPMC binder showed a high extrudability and strength compared to CMC binder. 

Therefore, we do not recommend to use CMC binder in extrusion application based on the 

results were showed in this work. 
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5. Future Work 

1. Examine the effect of using an aqueous of varying binder contents and 

compositions on the green strength and microstructural variability of extrudate. The 

rheological properties of liquids, such as viscosity in this study [20], suggest that the 

properties of a paste are related to the liquid rheology. 

2. Aged paste at different stages of paste equilibration should be used to study 

the paste flow, microstructural variability, and green strength of extrudate. What impact 

does aging time have on the spatial variation of porosity? 

3. A chopped fiber, i.e. fiber glass can be added to the paste. Correlate the 

extrusion conditions, such as die geometry and extrusion velocity, and the fiber spatial 

distribution. 

4. Perform torque rheometer using different blade geometries and mixing 

conditions. One suggestion would be to use a roller blade which results in a very high shear 

rate. It may lead to enhanced mixedness and reduce the size of agglomerates. 

5. In a couple of studies [5, 18], a longer die land was found to reduce the 

surface fracture of extrudate. The shear friction of varying die geometries should be 

investigated on the green strength and spatial variation of porosity of the extrudate. 

6. A quantitative method of 2-D visualization and segmentation for non-

axisymmetric die geometry and second phase additive (chopped fiber) should be 

developed.  

7. A quantitative method of 3-D visualization and segmentation could be 

developed. The resulting approach could be used to study the effect of paste formulation, 

mixing, and extrusion conditions on the microstructural variability, porosity distribution, 
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and pore interconnectivity, especially in the sheared region (at the die wall). Mercury 

porosimetry data must be compared with the 3-D image analysis data. 

8. According to Benbow et al. [5], the initial bulk stress (σ°), initial wall shear 

(τ°), and velocity dependence parameters of the flow into the die and along the die land can 

be determined using at least two varying die lengths and extrusion velocities [5]. These 

parameters may depend on paste rheology, mixing, and extrusion conditions. These 

parameters can be correlated to the spatial variations of porosity and green strength of 

extrudate.  
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