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ABSTRACT 

KUNCHALA, PRAGNYA., M.S., May 2018, Mechanical Engineering 

Slurry Jetting Printing of Ceramics with Nanoparticle Densifiers 

Director of Thesis: Keerti Kappagantula 

Additive manufacturing, though found to be an attractive alternative to make 

ceramics with complicated geometry, presents low mechanical properties due to high 

porosity. Literature showed introducing nanoparticle densifiers into the printed part as an 

effective way to improve its mechanical properties. However, focused investigation of the 

influence of variation in densifier content on the ceramic part properties is currently lacking 

in research pertaining to additive manufacturing. The current work addresses these issues 

in the additive manufacturing of ceramics by adding alumina nanoparticles (densifier) to 

the printing liquid.  

The slurry-jetted samples were characterized for density, porosity and compressive 

strength with increasing densifier content in the printing slurry. The presence of the 

nanoparticle densifiers had a marked effect on the physical and mechanical properties of 

the slurry-jetted samples. Bulk density of slurry-jetted samples increased by about 29.6% 

while porosity of cured parts decreased by about 35.7% with increasing densifier 

concentration from 0 - 15 wt.%. Additionally, compressive strength of the samples 

improved from 76 kPa to 641 kPa. Surface tension of the printing slurry decreased from 

43.7 mN/m to 22.6 mN/m as the densifier concentration was increased from 0 - 15 wt.%. 

It was evident that the concentration of densifiers is a limiting factor as it decreases the 

penetration depth of printing slurry in the filler particles with decreasing surface tension.   
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CHAPTER 1: INTRODUCTION 

Advanced engineering ceramics are versatile materials, have excellent mechanical, 

thermal, chemical, and electrical properties [1] and are used in various applications such 

as cutting tools [2], [3], car clutches/brakes [4], dental crowns [5], capacitors [6], 

semiconductors [7], and piezoelectric materials [8]. Popular conventional methods used to 

manufacture ceramic parts include casting [9], CNC machining [10], and extrusion [11]. 

These processes are cost effective in the production of large-scale goods, but are 

inappropriate for producing small quantity parts like replacements or prototypes [12].  

On the other hand, most small scale ceramic part production uses subtractive 

methods where the material is removed from a bulk block until the desired shape is 

obtained such as drilling [13], [14], grinding [15], [16], milling [17], [18], lathe cutting [2], 

[19], flame cutting [20], [21] and electric discharge machining [12]. However, this 

approach involves cost intensive issues of unwanted material wastage as well as tool wear 

[22]. Recent advances in additive manufacturing processes offer economically viable 

alternatives for small scale ceramic part synthesis with desired material properties [23]. 

Additive manufacturing (AM) is a component building technique through 

incremental material addition, typically layer by layer [23]. It was introduced by Charles 

Hull in the early 1980s [24]. Since AM is an automated process, it fabricates parts directly 

from solid modeling data. Manual calibration errors, part specific fixtures and tool 

requirements used in the traditional manufacturing process are eliminated in AM [25]. AM 

applications can be found in almost all the sectors like education, aerospace, defense, 

automobile industry, medical, sports and architectural fields [26], [27], [28], [29]. Different 
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types of additive manufacturing techniques used to fabricate intricate ceramic parts are 

stereolithography, poly jet, fused deposition modeling (FDM), selective laser sintering 

(SLS) and binder jetting printing (BJP) [30].  

BJP is a powder based AM process developed in 1991 by Sanchs and Haggery at 

Massachusetts Institute of Technology [31]. In this process, structural material in the form 

of powder is connected with the help of binder deposited by a print head resembling that 

of an inkjet printer in selective regions which is then subjected to post processing to make 

the final part [32].  

BJP can be used to manufacture parts made with a wide range of materials 

including, but not limited to, metals, ceramics, and polymers [24], [30], [33], [34]. In other 

AM processes, material melting point, electrical conductivity, thermal conductivity, optical 

reflectivity, and reactivity are limitations while selecting the materials. On the other hand,  

BJP works by binding particles with an adhesive without the involvement of any external 

heat or pressure on the filler particles [34]. Among all the methods, binder jetting is found 

to be more suitable for forming complex ceramic parts due to its faster manufacturing time 

with low operation cost and ability to print any ceramic powder [32]. 

 Applications of BJP are found in almost all the sectors like teaching, architecture, 

industry and medical fields [24], [26]. BJP is used to produce prototypes for surgical 

reference, tissue engineering scaffolds, implants, dental crowns and prosthetics which 

involve complex ceramic structures [24], [35], [36]. BJP is used to synthesize production 

tools like patterns, fixtures, jigs, sand cast molds, and design prototypes [37]. All the parts 

printed using BJP need to be subjected to post processing methods to densify the parts. 
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Infiltration, and sintering are the regularly employed post processing methods in BJP [38], 

[39]. Sintering is the most common method of densifying cast or printed ceramic parts. 

When binder jetted green ceramic parts are sintered, powder particles adhered by the binder 

are welded locally by the application of heat below the melting point of the ceramic. 

Surface energy of the powder particles is minimized at the higher temperatures and they 

favor a lowered surface area configuration. Consequently, ceramic particles coalesce at 

their points of contact owing to solid state diffusion, reducing the total surface area of the 

particles and increase density [40]. The main disadvantage with sintering is that the final 

treated ceramic part demonstrates shrinkage leading to both dimensional inaccuracy and 

creep [41]. In addition, pores formed between the powder particles during the printing 

process (called inter-particulate pores) are not reduced, leaving the part with considerable 

amount of porosity [42]. 

Infiltration is a post processing technique used to densify binder jetted parts. It 

involves immersing the printed part in a solution containing a secondary material, called 

infiltrant, such that it “infiltrates” the pores of the printed part via capillary action. The 

infiltrant can be either a suspension with solid loadings or molten materials such as metal 

or polymer [43]. Usually ceramic and metal ceramic composites are subjected to infiltration 

to reduce the porosity, improve mechanical performance, and sometimes to synthesize 

cermets or alloys [44]. Infiltration can be performed for both sintered or green ceramic 

parts. 

Though infiltration decreases porosity of the post-processed part and subsequently 

enhances its mechanical properties like compression strength and hardness [45], there are 
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a few disadvantages associated with the process. The first drawback is the insufficient 

penetration of the infiltrant into pores with size smaller than the average particle size of the 

solid loadings [46]. Similar problems are noticed when the viscosity of the infiltrant 

increases either with the increase in the solid loadings or with the use of a viscous liquid 

metal or polymer. Additionally, the effectiveness of infiltration depends on the connectivity 

of the pore network developed in the printed part. Those pore clusters that are not connected 

to the outer surface of the printed part via channels to allow proper infiltration typically to 

remain unfilled with the infiltrant. All of these issues lead to having areas of inhomogeneity 

due to pockets of pores resulting in localized stress concentrations [47] which is detrimental 

to part performance.  

In the recent years, BJP gained recognition for producing low volume ceramic parts 

and achieved significant market penetration [48]. Though BJP is successful in producing 

complex shapes irrespective of the size of the part, the applications of the end products are 

limited to prototypes due to the inability of the printed parts to meet performance 

certification standards. This is attributed to the presence of high volume of pores in the 

printed parts consequently resulting in low density of the ceramic green parts [49]. The 

cause for this porosity is the limited packing factor of the powder particles. Subsequently, 

high volume shrinkage is observed during post-processing resulting in dimensional 

inaccuracy and creep formation [34]. Also, the presence of porosity makes the printed parts 

brittle and leads to poor mechanical properties like compression strength, flexural strength, 

and bending strength [46], [50], [51]. There is a critical need to improve the BJP process 

such to overcome the disadvantage of porosity and improve the density of green ceramic 
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parts. The density of a part can be represented in three different ways- bulk density, 

theoretical density, and relative density. Theoretical density (TD) is the true density of the 

material given by the Equation 1.1. Bulk density is the measured density of the sample 

which is the measure of weight of solid material per unit volume. It considers both solid 

material and pore spaces in the sample. Relative density is the ratio of bulk density to the 

theoretical density. Unless specified as theoretical or relative density, the term density is 

always referred to bulk density of the part. 

𝑇𝐷 =
(𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 × 𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙)

(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 × 𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟)
Equation (1.1) 

In this research project, it is hypothesized that addition of nanoparticles to the 

printing liquid will lead to their deposition in the inter-particulate pores in the BJP parts 

decreasing the porosity of the green part and enhancing their mechanical performance. Also 

addition of nanoparticles through the printing slurry overcomes the problem of improper 

penetration during infiltration and also acts as sintering aid with increased contact points 

lowering the sintering temperatures and improving dimensional accuracy [56], [57].  The 

printing liquid in the binder jetting process is proposed to be replaced with a slurry of 

ceramic nanoparticles to transform the manufacturing process to slurry jetting printing 

(SJP). 

The effectiveness of the SJP process in synthesizing was tested in the present work 

by measuring the mechanical properties of the slurry jetted ceramic parts namely density, 

porosity and compressive strength. Adding nanoparticles to the printing liquid will affect 

its properties such as surface tension, viscosity, and wettability, and ultimately the SJP 

process. To ensure that the nanoparticle addition to the printing formulation will improve 
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mechanical properties of the printed part without compromising the effectiveness of AM 

process, their influence on surface tension of the printing slurry will be measured and 

correlated to the ability of the slurry to penetrate a powder layer. 
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CHAPTER 2: OBJECTIVES 

The central objective of this project is to explore the use of nanoparticle densifiers 

to decrease the porosity of additively manufactured ceramic parts fabricated using powder 

printing techniques, and the effects this technique will have on the 3D printing process.  

Objective 1: 

The first objective of this research project is to determine the effect of nanoparticle 

densifiers on the density of slurry-jetted alumina parts. Samples made with alumina fillers 

containing nanoparticle densifiers with concentration varying from 0 – 15 wt.% will be 

evaluated. 

Objective 2: 

The second objective is to determine the effect of nanoparticle densifiers on the 

strength of a green slurry-jetted alumina part. Samples made with alumina fillers containing 

nanoparticle densifiers with concentration varying from 0 – 15 wt.% will be evaluated. 

Compressive strength will be determined for each sample concentration. 

Objective 3: 

The third objective of this work is to determine the effect of nanoparticle densifiers 

in the printing slurry on its surface tension. Printing slurry with alumina nanoparticle 

densifiers of average particle size less than 50 nm with concentration varying from 0 – 15 

wt.% suspended in a solution of polyvinyl alcohol dissolved in deionized water will be 

evaluated.  
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CHAPTER 3: LITERATURE REVIEW 

This chapter describes state-of-the-art literature available on the BJP process and 

the commonly used materials, sources of porosity during binder jetting and their 

remediation approaches. 

3.1.Materials in BJP 

Powder formulation is an important consideration when designing BJP process. In 

a printed part, on an average, the volumes occupied by printing powder and liquid binder 

before any post processing of the parts are 30% - 75%, and 10%, respectively, and the 

remaining spaces are void spaces (porosity) [54]. The powder material used for BJP 

typically consists of filler and adhesive or binder particles. The filler forms the structural 

material in the printed part providing mechanical and structural integrity, while the binder 

adheres the filler particles in a network. In addition, additives such as fiber particles and 

processing aid can be added to improve the mechanical and structural properties of the final 

specimen [55]. 

Filler particles are either adhesive in nature by themselves or are coated with 

adhesives. They bond with each other once the adhesive is cured. Depending on their 

composition, fillers are comparatively less soluble in a liquid binder than adhesive powder 

[56]. Reactive fillers chemically respond to liquid binder to form a hardened composition 

after being dried and impart mechanical structural integrity to the printed part. Binders are 

highly soluble in liquid binder; they form a solution of low viscosity that penetrates the 

void spaces in the powder bed and forms adhesive bridges between the filler particles [55], 

[57], [58]. It is preferred to use binders with high solid strength as the bridges between the 
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filler particles are the main contributors to green strength of the part before it is post 

processed. 

Printing liquid is the vehicle carrying the binder and is deposited through the print 

head nozzle. Printing liquid should meet specific liquid rheology properties to be 

compatible with the print head of a BJP machine. Printing liquid viscosity depends on the 

pH and solid suspensions in the liquid medium; consequently it can be controlled by 

altering the solid loading or by adding dispersant [33]. Surface tension of the printing liquid 

is an important factor of consideration in BJP. Optimal printing liquid surface tension 

determines its penetration depth in a powder layer and prevents liquid from spreading 

readily from the print head nozzle. Surface tension of a printing liquid can be altered by 

adding a surfactant like sodium benzoate [59], [60].  

3.2.Density and Porosity in BJP 

BJP has gained popularity as preferred AM method for 3D printing ceramics owing 

to its versatility, economic viability, scalability, and ease of operation and maintenance. 

However, a major drawback of binder jetted ceramic parts is the lack of dense packing of 

particles in sample microstructure. This is frequently attributed to friction among the filler 

particles when they are rolled from the powder platform to fabrication platform preventing 

them from close arrangement as well as the absence of any external force to densely pack 

the filler particles in the powder bed.  

As a direct result of the above mentioned reasons, poor powder packing in the 

powder feeding bed with density less than 25% of the theoretical density was developed 

resulting in highly porous structures with low density [61]. Several researchers have 
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documented the low-density and high-porosity properties of binder jetted parts. Yoo et al. 

observed that density of the 3D printed alumina samples prior to any post-processing 

methods was as low as 36% due to the presence of the pores in material microstructure 

[62]. For this study, spherical alumina (30 µm), coarse platelet alumina (30 µm) and spray-

dried alumina (<53 µm) were used. It was observed that the specimen density varied from 

36 to 58%, with spray-dried alumina parts showing the highest and coarse platelet alumina 

parts demonstrating the least density [62]. BJP is suitable to produce porous parts like 

scaffolds which are the elements/framework used to support cellular and tissue growth. 

Ceramics like calcium silicate, hydroxyapatite (HA) and plaster of Paris-based powders 

(calcium sulphate hemihydrate derivatives) are used to make bioimplants. Wu et al. printed 

calcium silicate scaffold with particle size 0.3-5 µm using aqueous solution of PVA with 

15 wt.% of PVA. The porosity of the printed green parts was found to be 65% [63]. 

Suwanprateeb et al. studied different ways of powder bed packing in BJP and its effect on 

the green density and porosity of the printed hydroxyapatite parts using adhesive-coated 

filler particles with an average size of 70 µm. They successfully synthesized printed parts 

with the lowest porosity as high as 51 ± 0.9%, with highest green density of 0.85 mg/m3. 

Although the parts are subjected to sintering at 1300 ⁰C for 1 hour, the binder jetted parts 

achieved only about 50% of the theoretical density [64]. Gonzalez et al. observed that 

alumina parts (filler particle size 53 µm) produced from BJP have very low relative 

densities averaging 64% after sintering at 1600 ⁰C for 16 hours [65]. Melcher et al. showed 

that alumina parts produced from BJP after sintering at 1600 ⁰C for 4 hours have higher 

porosity values (36%) compared to cast alumina parts (28%) after sintering at 1600 ⁰C for 
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1 hour, reinforcing that the porosity of the green parts produced from BJP have lower 

density even after post processing [42], [66]. Maleksaeedi et al. also measured the density 

of the sintered alumina parts (20 - 40 µm) produced from BJP to study the effect of 

infiltration. Relative sintered density of the printed parts before infiltration was found to 

be as low as 38.4% which they attributed to low packing density of the filler particles and 

subsequently and high volume of interparticle pores in the green parts [46]. It was also 

reported that alumina granules packed in the powder bed itself have a porosity of about 

50% which results in parts with much lower porosity [46]. Compared to the high bulk 

densities (>99%) that could be achieved in ceramics manufactured by traditional processes 

like casting or forming, densities achieved in BJP is very less [46].  

3.3.Effect of Porosity on Mechanical Performance of Ceramics 

Porosity has adverse effects on the strength of the high strength ceramics [67], [68], 

[69]. Coble et al. investigated the variation in the flexural strength of the alumina casting 

slip samples as their porosity varied from 35% to 50% and  observed that the flexural 

strength decreased exponentially from 193 - 35 MPa with increasing porosity [70]. Kawai 

et al. also investigated the effect of porosity on flexural strength of the Si3N4 ceramics with 

different grain morphology in the microstructure, namely spherical, columnar and 

combination of the columnar and spherical. Independent of the microstructure of the 

powder grains, highest flexural strength (530 MPa) was observed in samples with least 

porosity (12.1%) while the lowest flexural strength (50 MPa) was observed in samples with 

high porosity 49% [67].  
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Parts printed from BJP generally have high porosity levels in green parts which 

result in high residual porosity when subjected to post processing methods which in turn 

limits the mechanical properties of the printed parts. Chumnanklang et al. observed an 

increase in green 3-point bending strength from 0.18 MPa to 0.7 MPa in printed 

hydroxyapatite parts with decreasing porosity. On increasing the size of spray dried 

hydroxyapatite particles from 38 µm to 83 µm, a decrease in porosity of the sintered sample 

was observed, from 63.66% to 59.43% [71]. Suwanprateeb et al. observed a very low green 

flexural strength of the hydroxyapatite parts of less than 0.5 MPa; post-sintering, flexural 

strength increased to about 12 MPa as a result of 20% reduction in the porosity [64]. In 

another study by Klammert et al., cylindrical samples with brushite (CaHPO4.2H20) and 

monetite (CaHPO4) powders were printed. Green parts of brushite were observed to have 

a compressive strength of 23.4 MPa with porosity of 38.8 vol% while green parts of 

monetite were observed to have a compressive strength of 15.3 MPa and microporosity of 

43.8 vol% [72]. Castilho et al. also observed a low compressive strength in calcium 

phosphate cylindrical parts equal to 23.8 MPa, for a porosity of 43.1% [73]. Wu et al. 

showed that calcium silicate scaffolds with pore size of 1 × 1 mm had a total porosity of 

65% resulting in a very low compressive strength of 3.6 MPa [63]. Results from Tarafder 

et al. demonstrated that reduction in porosity enhances the compressive strength of the 

tricalcium phosphate (TCP) scaffolds. Cylindrical scaffolds with varying pore sizes of 500, 

750 and 1000 µm were printed in this study, to identify differences in compressive 

strengths of pure TCP and TCP doped with strontium oxide and magnesium oxide. 

Porosities (37.01 - 50.19%) of the sintered samples corresponding to the three different 
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interconnecting pore sizes was found to increase with increasing pore size. Highest 

compressive strength (12.01 MPa) was observed in doped TCP scaffolds having lowest 

porosity (37.01%) [74]. Liu et al. observed the effect of porosity varying from 33% to 78% 

on the compressive strength of the hydroxyapatite ceramics, typically used in bone 

implants. It was noted that the compressive strength varied exponentially with porosity in 

case of smaller pore diameters (~0.093 mm) and linearly for larger pores (diameters ~0.42 

mm) [75]. Figure 3.1 shows the results from several studies, compiled by Zocca et al., 

correlating the compressive strength of additively manufactured parts on their porosity. 

 

 
Figure 3.1: Variation in compressive strength with respect to porosity in ceramic parts 

fabricated using BJP (P-3DP), selective laser sintering (P-SLS), stereolithography (SL), 
direct ink writing (DIW) and conventional methods (non-AM processing) [61]. 

 

3.4.Methods Adopted to Densify and/or Decrease Porosity of the Printed Parts 

Common post processing methods adopted to reduce porosity and improve the 

density of the green printed samples are infiltration, sintering, and hot isostatic pressing 
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(HIP) [46]. Gaytan et al. studied the effect of sintering temperature on binder jetted barium 

titanate samples on density and porosity. Sintering temperature was varied from 1260 - 

1400 °C at constant binder saturation level of 60% and porosity was observed to decrease 

from 31% to 7% while part shrinkage increased from 20.12% to 29.45% [76]. In the work 

of Tarafder et al., two different types of sintering methods were tested on doped TCP 

scaffolds. Raw filler powder for printing was prepared by adding strontium oxide (1 wt.%) 

and magnesium oxide (1 wt.%) to the TCP powder. It was observed that microwave 

sintering achieved higher bulk density (52.84% vs. 45.06%) and lower porosity (37.01% 

vs. 41.63%) compared to conventional sintering. Shrinkage measured in microwave 

sintering (33.2%) was higher compared to conventional sintering (29.8%) [74]. Sintering 

processes demonstrated high linear shrinkage which results in dimensional inaccuracy and 

creep formation during post processing which is undesirable for industrial applications 

[34], [41] and needs to be overcome. Melcher et al. binder jetted alumina samples 

infiltrated with molten copper to make a cermet, which was sintered at 1600 °C for 4 hours. 

This decreased the porosity in the sintered alumina part post binder jetting to 36%, and 

then infiltrated with Cu/Cu2O after sintering [77]. The alumina-copper parts before and 

after sintering and infiltration was shown in Figure 3.2 demonstrating dimensional changes 

in the binder jetted part during post-processing. 
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Figure 3.2: Printed green part of alumina (left), sintered alumina part (middle) and copper 

infiltrated alumina part (right) [77]. 
 

Maleksaeedi et al investigated the effect of infiltrating binder jetted samples with 

ceramic slurries during post-processing [46]. In this study, binder-jetted alumina parts were 

infiltrated with slurry containing alumina powder with average particle size of 0.32 µm. 

As the alumina content in slurry was increased from 0 to 50% by volume, relative green 

density of infiltrated samples increased from 25% to 50% while sintered sample density 

increased from 38.4% to 85% of theoretical density. Micro-computed tomography (micro-

CT) imaging showed that samples infiltrated with slurries containing >40 vol.% alumina 

particles showed inhomogeneous porosity due to limited penetration of highly viscous 

infiltrant [46]. Kerman et al. and Kumar et al. used a combination of sintering with hot 

isostatic pressing for post-processing their binder-jetted samples and almost achieved 

theoretical density for tungsten carbide-cobalt and alumina parts respectively [78], [79]. 

However, they noted that though HIP is successful in improving density effectively albeit 

with high shrinkage, it is very expensive compared to other post processing methods. 
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Another approach to improving green part density during binder jetting is to use 

multimodal powders. Filler powder particles with an average particle size greater than 20 

µm are easy to spread while particles smaller than 5 µm occupy the interstitial positions 

between the larger particles, decreasing porosity as shown in Figure 3.3 [80]. Lanzetta et 

al. observed improved surface finish by introducing 2.5 µm size platelet-shaped alumina 

powder additives and 5 µm equiaxial alumina powder to 20 and 30 µm spherical alumina 

powder [80]. They observed that binder-jetted samples with bimodal powder had better 

surface finish compared to unimodal powder because of the movement of fines towards the 

exterior surface of the printed profiles [80]. From Figure 3.3, bimodal distribution of 

alumina powders of sizes 20 µm and 5 µm in a printed line on the powder layer in BJP 

process can be visualized. 

 

 
Figure 3.3: SEM image of line formed by bimodal powder of 20 µm spherical and 5 

µm equiaxial alumina powder (12.5 wt%) [80]. 
 

Gonzalez et al. studied the effect of particle size on the density of the final printed 

part. They used aluminum oxide powders of three different sizes: 53 µm, 45 µm, and 30 
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µm. Individual samples of each particle size and sample with mixed particle sizes were 

printed and then heat-treated for two hours at 195 °C to cure the binder. The cured samples 

were then sintered at two different time intervals of 2 hours and 16 hours and their density 

and compressive strength were determined. It was observed that mixed particle size sample 

had a high relative density of 96.51% while samples with particle size of 53 µm had a low 

relative density of about 64%. From the compression test, it was observed that mixed 

powder samples sintered for 16 hours had highest compressive stress value of 146.6 MPa 

[65].  

Crane et al. added iron nanoparticles to the printing liquid during binder jetting and 

printed steel parts. Parts subjected to sintering tend to have high shrinkage as a consequence 

of high porosity, leading to creep deformation under self-weight of the part. Crane et al. 

reported that shrinkage rate and deformation depends on the bond size between the filler 

particles. Addition of nanoparticles into the skeleton of the part being printed through 

printing liquid increases the size and number of bonds, reducing both creep and shrinkage. 

Variation in shrinkage reduction was decreased from 2.75% to 1% with increase in content 

of the nano-iron (0 - 2.7 wt.%) in printing liquid. The parts with highest wt.% of iron 

nanoparticles were observed to have 60% reduction in shrinkage  and 95% decrease in the 

creep deflection compared to the parts printed without nanoparticles [81]. Nanoparticles 

tend to occupy inter-particulate pores in powders dispersions and improve the density of 

the green printed parts, resulting in reduced shrinkage and improved mechanical properties 

after post processing. Bai et al. showed that silver parts printed with the printing liquid 

containing 20% silver nanoparticles by weight have less shrinkage and distortion on 
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sintering with sharper corners compared to the parts printed using printing liquid without 

nanoparticles [52]. In addition, they demonstrated that including nanoparticles increased 

sample green density from 2.116 g/cm3 to 2.184 g/cm3 and an increased engineering tensile 

strength from 46 to 55 MPa after sintering at 850 ⁰C for 20 minutes [52]. Figure 3.4 shows 

the change in dimensions in their samples and substantial decrease in the shrinkage of the 

printed parts due to the addition of nanoparticles to the printing liquid.  

 

 
Figure 3.4: Substantial difference in the shrinkage of the sintered parts printed without 

(top) and with nanoparticles (bottom) [52]. 
 

Zhao et al. used a 10 wt.% zirconia nanoparticle suspension in the printing liquid 

to print zirconia ceramic samples [82]. They showed that by increasing the binder content 

(amount of printing liquid dispensed into each layer of powder bed) from 50% to 125%, 

the relative density of the printed parts increased from 75.2% to 86.8% while linear 

shrinkage decreased from 22.3% to 10.6% after sintering [82].  

3.5.Effect of Nanoparticle Suspensions on the Powder-Binder Interaction 

Optimal powder-binder interaction is crucial for achieving ideal structural integrity 

in a binder-jetted part. The ability of the printing liquid to penetrate a layer of filler particles 
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in the powder bed is an important factor for determining green strength and printing 

accuracy of the binder-jetted part. Washburn et. al showed that the penetration depth of a 

liquid in a powder bed is directly proportional to the interparticle pore size, as well as 

surface tension and wettability of the fluid, and inversely proportional to fluid viscosity 

[83]. High penetrability leads to excessive spreading of the printing liquid and results in 

poor printing accuracy with respect to part dimensions. In contrast, insufficient penetration 

of the filler particles by the printing liquid causes improper bonding between adjoining 

layers, resulting in poor green strength of the printed part [35], [80], [84].  

While penetration depth has not been examined extensively from a BJP standpoint 

for ceramic samples, each of the individual factors affecting penetration depth of a fluid in 

a powder bed have been explored in other contexts. Nanoporous alumina, typically used as 

bioceramics [85], has been demonstrated to be a hydrophilic material [86] in that it has a 

contact angle with water which is less than 90⁰. These results were confirmed by Tasaltin 

et al. [87]  and Shatty et al. [88]. Tasaltin et al. showed that porous alumina is hydrophilic 

in nature with a water contact angle of 82.9 ± 3° [87]. Shatty et al. measured the static 

contact angle of films containing alumina nanoparticles (2 wt.%) with water and found it 

to be as low as 22 ± 2⁰ [88], establishing that the wettability of alumina by water is high.  

Several researchers have demonstrated that addition of alumina nanoparticles to 

water increases the viscosity of the suspensions. Viscosity of water at room temperature 

(20 ⁰C) is typically measured to  be 1.002 × 10-3 Pa.s [89]. Ewais et al. observed that 

addition of alumina nanoparticles with a mean particle size 5 µm by 65 wt.% to deionized 

(DI) water in the presence of surfactant Duramax C, increased the viscosity to 3500 – 4000 
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Pa.s. The increase in the concentration of the surfactant was observed to reduce the 

viscosity of the solution but the lowest viscosity of alumina slurry was still greater than 

that of water [90]. It was found that content of surfactant and solid loadings in the slurry 

has significant effect on the viscosity of the printing slurry. Keeping the surfactant content 

constant, Subbanna et al. showed that the viscosity of the alumina suspension increases 

with the increase in the solid loadings of alumina. The alumina suspension was found to 

be highly viscous at 40 vol.% solid loading even after adding optimal concentration of 

surfactant [91]. Palmqvist et al. showed that increased concentration of alumina 

nanoparticles in DI water in the presence of surfactants such as polyacrylic acid and 

lignosulphonate increases the viscosity of the resultant slurry. They observed an increase 

in viscosity from 1.5 Pa.s to 10 Pa.s with increase in solid loadings from 55 to 59 vol.% 

[92]. Similar results were shown by Michalkova et al. [93], Ohji et al. [94], Harikrishnan 

et al. [95], and Murshed et al. [96] where they attributed the increase in the viscosity of the  

slurries with increase in the solid loadings  to the increase in the packing of number of solid 

particles per unit area [94].  

While the trends of wettability and viscosity have been extensively established for 

the interaction between water and nanoparticles, similar results have not been documented 

for the surface tension of a slurry with nanoparticle inclusions. Adding nanoparticles can 

both decrease or increase the surface tension of a fluid, depending on the interaction 

between the adhesive forces in the fluid and the surface functionalities on the nanoparticles. 

Kim et al. observed an increase in surface tension of alumina/DI water slurry to 75 mN/m 

on addition of 0.1 vol.% alumina nanoparticles at room temperature from 72.6 mN/m [97]. 
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Similarly, Murshed et al. observed increase in surface tension  of water with carbon 

nanotubes at 0.1 vol.%  compared to the base fluid (deionized water) without nanoparticle 

inclusions by approximately 19% [98]. On the other hand, Bello et al. showed that the 

addition of 1 wt.% magnesium oxide nanoparticles to RP2 fuel decreased the surface 

tension of the base fluid from 24.01 mN/m to 23.18 mN/m [99]. Similarly, Harikrishnan et 

al., and Murshed et al. showed that the surface tension of water decreased with the addition 

of titanium oxide by 0.1 vol.% and silver nanoparticles by 2 vol.% to 64 mN/m and 35 

mN/m respectively at room temperature. They hypothesized that this may be due to the 

formation of monolayer of nanoparticles at the fluid - gas interface which may have 

disrupted the adhesive forces between the fluid molecules [95], [96], [100]. Till date, there 

are no defining studies on the surface tension of alumina slurries with different surfactants, 

which is a critical need for understanding the penetration depth of the binder slurry in the 

powder bed.  

Most of the current research focused on improving density and related mechanical 

properties of binder-jetted specimens by including nanoparticles in the printing liquid 

examined the effects of binder saturation level and post processing parameters such as 

sintering profiles on mechanical performance of the samples. However, the effects of 

nanoparticle densifier concentration in the printing liquid on porosity, density and 

mechanical performance are still largely unexamined. There is a critical need to bridge this 

knowledge gap in order to effectively design additive manufacturing process such that parts 

manufactured possess optimal performance parameters desired for the variegated 

applications.  
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CHAPTER 4: EXPERIMENTAL SETUP 

This section describes the materials used in the sample preparation, testing 

techniques, and characterization methods to analyze the samples for their mechanical and 

structural properties.  

4.1.Materials 

Alumina (Al2O3) powder (AdValue Technology, USA, 99.9% purity) with mean 

particle diameter of 40 µm was used as the filler material in this study. Alumina 

nanoparticles (Sigma-Aldrich, USA) with a particle size less than 50 nm were used as 

nanoparticle densifiers. Polyvinyl alcohol (PVA) (Sigma Aldrich, USA, Mw: 9,000-10,000 

g/mol, 80% hydrolyzed) was used as both binder and dispersant/surfactant. Deionized (DI) 

water was used as the solvent in the printing liquid. The filler powder was sieved through 

150 mesh and the rest of the materials were used as received. 

4.2.Sample Preparation 

To prepare the printing liquid, requisite quantities of PVA and water were mixed 

with a stirrer for 60 minutes at room temperature until the PVA powder completely 

dissolved in water. Alumina nanoparticle densifiers were then dispersed in the printing 

liquid using a Qsonica Q500 ultrasonic processor with a titanium microtip for 12 minutes 

such that the nanoparticles are homogenously distributed in the printing liquid without any 

agglomerations. DI water and PVA quantities were maintained at a weight ratio of 9:1 in 

the printing liquid. Four different printing slurries were prepared with the nanoparticle 

densifier concentrations of 0, 5, 10 and 15 wt.%. 
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In this study, alumina samples were prepared manually such that the synthesis 

process resembles the BJP process by layering filler particles and depositing printing slurry 

on them in the desired geometry. After printing slurry was deposited over each powder 

layer, samples were vibrated for 45 seconds on a Vortex Genie Mixer2 at 2240 rpm. 

Layering process was repeated till the desired sample height was achieved.  

Two types of cylindrical samples were made for density testing and compression 

test testing as per ASTM B962-15 and ASTM E9. Density test samples were made with an 

aspect ratio (diameter/length) of 0.5, while the compression test samples were synthesized 

with an aspect ratio of 2. Each type of sample was made with the four types of the printing 

slurries to make slurry-jetted alumina samples with varying densifier content. The 

dimensions and composition of filler, printing liquid and densifier of each type of sample 

is provided in Table 4.1. All the samples were synthesized to have a constant printing slurry 

volume of 2 mL per gram of filler particles per layer. The synthesized green alumina 

samples with varying densifier content were then cured on a Corning PC-420D hot plate 

as per temperature profile shown in Table 4.1.  

 

Table 4.1: Experimental parameters considered for sample synthesis. 

Sample type 
Length 
(mm) 

Diameter 
(mm) 

Filler 
per 

layer 
(g) 

Curing 
time (h) 

Curing 
temperature 

(°C) 

Density test 
samples 7.7 15.5 0.5 2 60 

Compression test 
samples 31 15.5 1 12 60 
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4.3.Characterization 

4.3.1. Bulk Density and Porosity Testing 

To measure the bulk density of the printing slurry, a 1 mL volume pipette was filled 

with requisite volume of the fluid and deposited into a beaker placed in a Ohaus Discovery 

DV214C analytical balance with an accuracy of 0.1 mg to measure its weight. Bulk density 

of the printing slurry (ρPS) was then calculated from the measured volume and weight of 

the samples.  

Bulk density of slurry-jetted alumina samples with and without nanoparticle 

densifiers was measured using Archimedes’ principle according to ASTM B962-15. Mass 

of the samples in air (m) and in vegetable oil (M) (with a bulk density equal to 8921 kg/m3 

(ρ)) was measured using the analytical balance. Bulk density of the alumina samples (ρa) 

was determined as shown in Equation 4.1 below. 

𝜌𝑎 =  [
𝑚

𝑚 − 𝑀
] 𝜌 Equation (4.1) 

Porosity of the slurry jetted alumina samples was determined using a TriFoil 

Imaging eXplore CT 120 X-Rayscanner with a resolution of 25 µm. Alumina samples were 

irradiated with 80 kV energy for 120 minutes to obtain their 3D images. Using BoneJ 

plugin of the ImageJ open source software, alumina material volume fraction (vf) of each 

sample was estimated. Consequently, volume fraction of pores, also referred to as porosity 

(p) was determined using Equation 4.2. 

𝑝 = 1 − 𝑣𝑓 Equation (4.2) 
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4.3.2. Compressive Strength Test 

 Compressive strength of the slurry jetted alumina samples was characterized per 

ASTM E9 using an MTS Q25 load frame as shown in Figure 4.1. Ram displacement speed 

was maintained at 0.5 mm/min and compressive load was gradually applied axially on both 

the lateral sides of the slurry-jetted alumina samples. The maximum load (F) carried by the 

sample before complete fracture was recorded during testing. Subsequently, compressive 

strength of the sample was obtained by dividing load at sample fracture by the cross-

sectional area of the sample as shown in Equation 4.3.  

𝜎𝑐 =
𝐹

𝐴
Equation (4.3) 

where A is the cross-sectional area of the sintered sample, σc is the compressive 

strength of the sintered sample and F is the maximum force applied on the sample before 

fracture.  

 

 
Figure 4.1: Experimental set up for compressive strength using MTS machine; enlarged 

view of the sample in the inset. 
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4.3.3. Printing Slurry Surface Tension 

 Surface tension of the printing slurry was measured using pendant droplet test 

method [101]. The apparatus shown in the schematic in Figure 4.2 consisted of a syringe 

pump housing a syringe with the printing slurry connected to a needle clamped to a stand. 

The syringe pump was adjusted to produce a static droplet hanging from the needle. A 

photography LED light source with 5500K output and 120 degrees beam angle was focused 

from behind the droplet. Image of the largest droplet is taken to minimize the measurement 

error. 

 

 
Figure 4.2: Schematic of pendant droplet test set up. Inset shows the image of a droplet 

captured during testing, showing the equatorial and selected-plane diameters.  
 

 At the beginning of the experiment, the image of the static printing slurry droplet 

suspended from the needle was captured using a Canon EOS 80D DSLR camera at an f-

stop of 1.8 placed at a distance of about 0.5 m from the clamp stand. Using ImageJ 

software, droplet images were analyzed and equatorial diameter (de) and selected-plane 

diameter (ds) of the droplet were measured. Selected-plane diameter is defined as the 
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smallest diameter of the droplet formed after the necking region between needle tip and 

droplet, and equatorial diameter is the largest diameter of the droplet as shown in the Figure 

4.2. Surface tension (ɤ) of the printing liquid was calculated from the Equations 4.4 – 4.6 

[101], [102]. 

𝛾 =  
(𝜌𝑃𝑆 − 𝜌𝑎𝑖𝑟)𝑔𝑑𝑒

2

𝐻
 Equation (4.4) 

𝑆 =
𝑑𝑠

𝑑𝑒
Equation (4.5) 

1

𝐻
=

0.3161

𝑆2.6040
Equation (4.6) 

where ρair is the density of air, g is the acceleration due to gravity, S is the shape 

factor of the suspended droplet, and H is the shape function obtained from shape factor 

through power law fitting. 

4.4.Statistical Analysis 

One-way analysis of variance (ANOVA) methodology was used to evaluate data 

collected from all the experiments in this study. One-way ANOVA is typically used to 

determine if the variances of a data set are equal assuming a certain confidence interval to 

ascertain if the selected sample size is optimal. In this study, ANOVA analysis was used 

to test the statistical significance of the reported experimental variables at a confidence 

interval of 95% (i.e. α = 0.05). In this project, four different printing slurries were prepared 

with increasing alumina nanoparticle densifier concentrations implying that there were four 

data sets for each experiment performed. Hence the source of variation in this evaluation 

was considered to be the concentration of alumina nanoparticle densifiers in the printing 

liquid. The null hypothesis in this study was stated as “there is a lack of significant 
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differences in the averages of the data sets obtained in each experiment with varying 

concentration of alumina nanoparticles suspended in the deionized water”. On the other 

hand, the alternate hypothesis was framed as “there is a significant difference among the 

averages of the data sets obtained in each experiment with varying concentration of 

alumina nanoparticles suspended in deionized water”.  

To perform the analysis, initially, grand mean (�̅�𝐺𝑀) of all the data values recorded 

from all the data sets was calculated. Grand mean is the average of each data set means 

which is given by the Equation 4.7, 

�̅�𝐺𝑀 =
𝛴𝑛�̅�

𝛴𝑛
Equation (4.7) 

where �̅� is the mean of the data values from each data set, and n is the number of 

samples in each data set. Subsequently, between group variation (BGV) defined as the 

variation between the sum of squares between different data sets, denoted as SSB, was 

calculated as given by the Equation 4.8. 

𝑆𝑆𝐵 =  𝛴𝑛(�̅� −  �̅�𝐺𝑀)2 Equation (4.8) 

Degrees of freedom (dfB) was then obtained as given by Equation 4.9, 

𝑑𝑓𝐵 = 𝑘 − 1 Equation (4.9) 

where k is the number of data sets used, which in this study is equal to 4. Following 

this, variance in mean squares between the different groups, denoted as MSB, was 

calculated as shown in Equation 4.10. 

𝑀𝑆𝐵 =  
𝑆𝑆𝐵

𝑑𝑓𝐵
Equation (4.10) 
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Degrees of freedom within the data set (dfW) was then calculated by subtracting 

number of data sets from total number of samples from all the data sets (N) as shown in 

Equation 4.11. Sum of the squares within the data set (SSW) and mean of the squares (MSW) 

within the data set were calculated using Equations 4.12 and 4.13 respectively. 

𝑑𝑓𝑊 = 𝑁 − 𝑘 Equation (4.11) 

𝑆𝑆𝑊 =  ∑ ∑(𝑥𝑖𝑗 −  �̅�𝑀)
2

𝑁𝑗

𝑖=1

𝑘

𝑗=1

Equation (4.12) 

𝑀𝑆𝑊 =  
𝑆𝑆𝑊

𝑑𝑓𝑊
Equation (4.13) 

where i is the group number, and j is the observation number. Next, total variation 

(SST) was obtained by adding the variations in sum of the squares of both between and 

within groups as shown in Equation 4.14. Total degrees of freedom (dfT) was calculated as 

the summation of degrees of freedom within and between the groups as shown in Equation 

4.15. Next, F-value was obtained as shown in Equation 4.16. 

𝑆𝑆𝑇 =  𝑆𝑆𝐵 +  𝑆𝑆𝑊 Equation (4.14) 

𝑑𝑓𝑇 =  𝑑𝑓𝐵 + 𝑑𝑓𝑊 Equation (4.15) 

𝐹 =  
𝑀𝑆𝐵

𝑀𝑆𝑊
Equation (4.16) 

Finally, Fcritical and P-values were obtained based on the degrees of freedom 

between and within the groups from the table of Fcritical for a critical significance level of 

α = 0.05 using the MSB, MSW, dfB and dfW values calculated during the analysis.  

For a given data set in an experimental test, the effect of increasing alumina 

nanoparticle densifier concentration in the printing slurry on the response was considered 
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highly significant, if the calculated F-value was greater than or equal to Fcritical value, and 

subsequently, the null hypothesis was rejected. On the other hand, if the calculated F-value 

was less than the Fcritical value, then the null hypothesis was considered as highly significant 

[103].  

As a follow up to One-way ANOVA, post hoc analysis was performed to identify 

where the differences occurred between the groups of datasets. Post hoc analysis was 

performed only after the null hypothesis was rejected from One-way ANOVA. Tukey’s 

honestly significant difference (HSD) analysis is a single step method which performs 

multiple comparisons to find the means of data sets that are significantly different from the 

means of the remaining datasets for a given experimental setup. It uses the studentized 

range distribution (SRD) for making pairwise comparisons between the datasets. 

Studentized range is obtained from the difference between the highest and lowest 

observations among the data sets in terms of standard deviations. SRD is the probability 

distribution generated using the studentized range. The SRD is used to identify the Q-value 

which is compared against the calculated HSD value to test the significance of difference 

observed between individual datasets, as shown below.  

The number of combinations that are possible from k datasets taken r at a time is 

given by the Equation 4.17. 

𝐶 (𝑘, 𝑟) =  
𝑘!

𝑘! × (𝑘 − 𝑟)!
Equation (4.17) 

Tukey’s formula used to run the test was given by Equation 4.18. 

𝐻𝑆𝐷 =
�̅�𝐴 −  �̅�𝐵

√𝑀𝑆𝑊 𝑛⁄
Equation (4.18) 
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where Q is the upper critical value of the SRD obtained from the Q table at α = 0.05 

using k and dfW values. The obtained Q-value is compared with the HSD. The averages of 

two data sets A and B in a pair-wise comparison are said to be significantly different when 

the HSD is greater than the Q-value obtained from the Q table at a confidence interval of 

95%. 
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CHAPTER 5: PROPOSED PLAN OF WORK 

This chapter reviews the plan of work to fulfil each of the thesis objectives. 

5.1.Objective 1 

The first objective of this research project is to determine the effect of nanoparticle 

densifiers on the density of slurry-jetted alumina parts. Samples made with alumina fillers 

containing nanoparticle densifiers with concentration of 0 – 15 wt.% will be evaluated. 

5.1.1. Objective 1 Plan of Work 

Density testing of slurry-jetted alumina samples with nanoparticle densifiers will 

be performed as per ASTM B962-15. Results of each test will be used to determine the 

relative density of each sample as a function of alumina nanoparticle content. A minimum 

of three test samples of each nanoparticle concentration will be tested to evaluate standard 

error and ensure repeatability of results. 

5.2.Objective 2 

The second objective is to determine the effect of nanoparticle densifiers on the 

strength of a green slurry-jetted alumina part. Samples made with alumina fillers containing 

nanoparticle densifiers of with concentration of 0 – 15 wt.% will be evaluated. 

Compressive strength will be determined for each sample concentration. 

5.2.1. Objective 2 Plan of Work 

Compressive testing of the slurry-jetted alumina samples with varying nanoparticle 

densifier content will be determined as per ASTM E9. Stress-strain curves from each test 

will be used to determine the compressive strength of the alumina samples.  A minimum 

of three test samples of each nanoparticle concentration will be tested to evaluate standard 
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error and ensure repeatability of results. 

5.3.Objective 3 

The third objective of this work is to determine the effect of nanoparticle densifiers 

in the printing slurry on its surface tension. Printing slurry with alumina nanoparticle 

densifiers of average particle size less than 50 nm with concentration varying from 0 – 15 

wt.% suspended in a solution of polyvinyl alcohol dissolved in deionized water will be 

evaluated.  

5.3.1. Objective 3 Plan of Work 

Images of static printing slurry droplets will be obtained using a droplet pendant 

test procedure. ImageJ software will be used to measure droplet dimensions. Results from 

the images will be used to determine the surface tension of the printing slurry. A minimum 

of ten test droplets of each printing slurry with varying nanoparticle concentration will be 

tested to evaluate standard error and ensure repeatability of results. 
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CHAPTER 6: RESULTS AND DISCUSSION 

This chapter describes the results obtained after the performance of experiments as 

per the plan of work towards the completion of each research objective described in 

Chapter 3.  

6.1.Objective 1: Density and Porosity of Slurry-Jetted Alumina Samples 

Figure 6.1 shows the bulk density of cured, slurry-jetted alumina samples as a 

function of varying nanoparticle densifier content. The error bars in Figure 6.1 indicate the 

standard deviation in the density values depicting the standard error in measurement 

calculated as recommended by ASTM E2655. Theoretical density of alumina is 3987 kg/m3 

[104]. As the concentration of densifier in the printing slurry was increased from 0 to 15 

wt.%, results show a linear increase in the bulk density from 2008.8 kg/m3 to 2605 kg/m3 

which is an overall increase of 29.6%. 

 

       
Figure 6.1: Bulk density of alumina samples as a function of nanoparticle densifier 

content varying from 0 to 15 wt.% in the printing slurry. 
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 Three test specimens per concentration of the nanoparticle densifier were tested to 

ensure repeatability. The results of One-way ANOVA analysis are shown in Table 6.1. P-

value was calculated to be less than 0.05 indicating that the null hypothesis can be rejected 

and the sample size selected was sufficient to support the hypothesis. From Tukey’s HSD 

method, the calculated Q-value was 4.5. The results of post hoc analysis are provided in 

Table 6.2. From the pair wise comparisons, it was revealed that the average densities of the 

pairs Sample 5% - Sample 10% and Sample 10% - Sample 15% are not significantly 

different and the remaining pairs have significant difference in densities.  

 

Table 6.1: One-way ANOVA analysis of data sets in density test. 
Source of 
variation 

Sum of 
squares 

Degrees of 
freedom 

Mean of 
squares F Probability 

value (P) Fcritical 

Between 
groups 385.7 3 128.6 

28.1 13.5 × 10-5  4.1 Within 
groups 36.7 8 4.6 

Total 422.3 11  
 

Table 6.2: Post hoc analysis of data sets in density test. 
Comparison (A-B) HSD 

Sample 0% - Sample 5% 5.0 
Sample 0% - Sample 10% 9.2 
Sample 0% - Sample 15% 12.1 
Sample 5% - Sample 10% 4.2 
Sample 5% - Sample 15% 7.1 
Sample 10% - Sample 15% 2.9 

 

Linear regression was performed to evaluate the statistical relation between the 

nanoparticle densifier content (x) and density of slurry jetted sample (y). The linearity 

between the nanoparticle densifier content and bulk density is shown in Equation 6.1. The 
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coefficient of determination (R2) indicates the effectiveness of the linear fit i.e. the 

‘goodness’ of linear fit increases as the R2 value approaches unity. An R2 of 987 × 10-3 

indicates that the linear regression closely fits the data points.  

y =  1.0x +  51.3 Equation (6.1) 

Adding nanoparticle densifiers to ceramic substrates for improving their overall 

density has been a prevalent practice. Assaedi et al. showed that as clay nanoparticle 

content increased from 0 to 2 wt.%, density of the fly ash samples was increased from 1.84  

g/cm3 to 2.05  g/cm3 [105]. Wu et al. demonstrated that addition of fine alumina particles 

with 50 nm size to a micron-sized ceramic slurry of alumina with particle size of 9 µm 

improved the relative density of the parts produced by stereolithography by almost 39% 

[106]. Similar results were observed in a study conducted by Zhao et al. when they 3D 

printed zirconia parts using a suspension of zirconia nanoparticles as the printing liquid. 

As the printing liquid content (binder saturation level) was increased from 50% to 125%, 

while maintaining the densifier content at 10 wt.%, the relative sintered density of the 

zirconia samples increased from about 75% to nearly 87% [82]. 

With the addition of nanoparticles in the printing liquid, higher volume fraction of 

material in the samples and lower porosities were observed when compared to the samples 

without nanoparticle densifiers in the present study. Samples without nanoparticle 

densifiers showed a high amount of porosity of 58.2%. These were in the form of lack-of-

fusion pores, distributed around the sample volume. Additionally, there were large isolated 

pores, possibly occurring due to gases released from the samples during curing. As the 

concentration of nanoparticle densifiers in the samples was increased to 15 wt.%, porosity 
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of the slurry-jetted alumina samples was found to be 37.4%, which is a decrease of about 

35.7%. Alumina samples with 15 wt.% nanoparticle densifiers showed a more uniform 

pore distribution with much fewer lack-of-fusion pores. 

Figure 6.2 shows the microCT images with only the pores highlighted in 3D using 

Avizo Lite FEI 9.1.1 software. Close examination of Figure 6.2 shows that the nanoparticle 

densifiers occupy the interparticle voids between the fillers. This, in turn, decreases the 

porosity of the green samples while enhancing their density prior to post-processing.  

 

 

      
Figure 6.2: Seperation of pore phase (shown in red) from the solid phase (shown in grey) 
in the binder-jetted alumina samples. A. Alumina with 0 wt.% nanoparticle densifiers and 

58.2% porosity (top); and B. Alumina with 15 wt.% nanoparticle densifiers and 37.4% 
porosity (bottom).   
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Similar trends were seen by Maleksaeedi et al. whose alumina samples showed a 

gradual decrease in porosity on vacuum infiltration with alumina slurries. As the 

concentration of alumina powder acting as densifier in the infiltrate was increased from 0 

to 50 vol.% , the porosity of the parts gradually decreased from ~75% to ~43% [46]. 

Another study by Li et al. proved that nanocomposites prepared by adding 0.5 wt.% surface 

treated carbon nanotubes (20 nm - 40 nm) to a Portland cement paste (water/cement/sand) 

reduced the pore volume of their samples from 17.76% to 10.8% [107]. 

Ceramic samples made from consolidated powders have been shown to improve 

density and mechanical performance when the particle precursors were chosen to have a 

bimodal distribution with an order of magnitude difference in their average particle sizes. 

While it is easy to assume that similar results may be seen when 3D printing ceramics by 

BJP using nanoparticles and micron particle precursors as the fillers placed together in the 

printing bed, literature shows that there is a non-uniform distribution of the particles. This 

is because incorporating the densifier with the fillers in the fabrication bed of the BJP will 

lead to the nanoparticles settling at the bottom of the fabrication platform by effectively 

getting sieved from through the pores between the micron particles causing density 

inhomogeneities along the vertical axis in the 3D printed parts. The approach of using 

nanoparticles to densify the ceramic parts during 3D printing is effective when they are 

delivered to the samples in situ when the pores are formed in each layer.  

6.2.Objective 2: Compressive Strength of Slurry-Jetted Alumina Parts 

Axial compressive strength of the slurry-jetted alumina samples with and without 

nanoparticle-densifiers measured as per ASTM E9 is shown in Figure 6.3. In this 
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experimental setup three samples of each composition were tested to ensure repeatability.  

The error bars in Figure 6.3 indicate the standard deviation of the testing results obtained. 

The results show that compressive strength of the alumina samples improved linearly with 

increasing nanoparticle densifiers content, from 76 kPa at 0 wt.% to 641.5 kPa at 15 wt.%, 

which is an increase of over 740%. 

 

 
 

Figure 6.3: Compressive strength of alumina samples as a function of varying 
nanoparticle densifier content in the printing slurry. 

 
 

The results of One-way ANOVA analysis are shown in Table 6.3. P-value from 

statistical analysis was found to be less than α = 0.05 determining that the difference in 

means at each concentration was significant [108]. Using Tukey’s HSD method, the Q-

value was calculated to be 4.5. As noted in Table 6.4, the pairwise comparisons of the 

datasets yielded the HSD values to be greater than 4.5, which implied that the differences 

in compressive strengths were significant.  
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Table 6.3: One-way ANOVA analysis of data sets in compressive test. 

Source of 
variation 

Sum of 
squares 

Degrees 
of 

freedom 

Mean of 
squares F Probability 

value (P) Fcritical 

Between 
groups 5.2 × 1011  3 1.7 × 1011  

62.4 6.8×10-6 4.0 Within 
groups 2.2 × 1010  8 2.7 × 109  

Total 5.4 × 1011  11  
 

Table 6.4: Post hoc analysis of data sets in compressive test. 
Comparison (A-B) HSD 
Sample 0% - Sample 5% 5.5 
Sample 0% - Sample 10% 10.5 
Sample 0% - Sample 15% 18.6 
Sample 5% - Sample 10% 5.0 
Sample 5% - Sample 15% 13.1 
Sample 10% - Sample 15% 8.0 

 

The linearity between the nanoparticle densifier content and compressive strength 

is shown in Equation 6.2. An R2 of 978 × 10-3 indicates that the linear regression closely 

fits the data points.  

y =  36.2x +  68.9 Equation (6.2) 

 Compressive strength of a part is dependent on its porosity [109]. Material around 

pores in sample microstructure has higher stress than the material in the microsctructure 

without pores due to granular arrangement. On the application of compressive forces, due 

to the granular movement as well as load distribution mechanisms, areas around pores 

become regions for crack formation [110].  

During the application of the uniaxial compressive loads, stresses are formed 

around the void spaces which are determined from the stress components of compressive 
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stress. These stress components control the forces that deform voids and cause failure. 

Jaeger et al. showed that at the walls of pores, [111] stresses developed in material 

microstructure are maximized; away from pore walls, intensity of the stress decays. 

Therefore, at the pore walls, tensile stresses are concentrated in a direction perpendicular 

to external compressive loads applied which lead to the development to cracks due shear 

failure. As porosity increases in the ceramic microstructure, distance between the pores 

decrease resulting in higher stress concentrations in the material and therefore, the part 

failure occurs at lower confining stress [110]. The results observed in this work adhere to 

the theory constructed by Jaegar et al. in that samples with low nanoparticle densifier 

content and high porosity demonstrated lower compressive strength compared to samples 

with higher densifier content, and correspondingly low porosity. The nanoparticles 

embedded between the fillers act as load bearing elements in addition to densifying the 

samples as well as decreasing porosity. The PVA effectively transfers the load from the 

filler microstructure to the nanoparticles whose large surface area to volume ratio as well 

as inherent high strength enables them to bear the applied compressive stresses. This is also 

another contributing reason for increased compressive strength of the slurry-jetted alumina 

samples at increased nanoparticle densifier concentrations.  

Similar improvement in compressive strength with addition of nanoparticles was 

observed by Fathy et al. They made copper composites infused with alumina nanoparticles 

of an average particle size of 30 nm using a thermo-chemical processing route and showed 

that as the concentration of alumina nanoparticles was increased from 0 to 12.5 wt.%, 

compressive strength of their samples was increased from 300 MPa to 650 MPa by about 
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117% [112]. A study conducted by Assaedi et al. to test the mechanical performance of 

clay nanoparticles infused in geopolymer paste made primarily of fly-ash particles showed 

that compressive strength was directly proportional to density and inversely proportional 

to porosity. They demonstrated that the compressive strength of the fly-ash samples 

increased from 37.2 MPa to 47.9 MPa as the clay nanoparticle concentration increased 

from 0 to 2 wt.% with a corresponding increase in density from 1.84 g/cm3 to 2.05 g/cm3 

while porosity decreased from about 22% to 20% [105].  

Relation between bulk density and compressive strength of the slurry jetted samples 

was studied by plotting a graph between them. Figure 6.4 shows the correlation between 

bulk density and compressive strength of the slurry-jetted samples. A positive correlation 

was observed which shows an increase in the compressive strength with increase in the 

density of the samples. The bulk density is assumed to be homogenous throughout the 

volume of the synthesized samples. With the addition of the nanoparticle densifiers, for 

samples of identical heights and cross-sectional areas, the increase in density can be 

attributed to the improved particle packing per unit cross-sectional area. This results in 

lower porosities (as discussed earlier in section 6.1), and higher cohesive strength between 

the powder particles. Consequently, the reduced stress concentrations and improved load 

transfer capabilities in the substrate aids in improving the compressive strength of the 

sample. 
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Figure 6.4: Compressive strength of slurry-jetted alumina samples as a function of 

varying bulk density of the slurry-jetted alumina samples. 
 

6.3.Objective 3: Surface Tension of Printing Slurry with Nano-Densifiers 

Table 6.5 presents the printing slurry density as a function of nanoparticle densifier 

concentration. As anticipated, addition of nanoparticles to the printing slurry increased its 

density. These values were used in the determination of printing slurry surface tension. 

 

Table 6.5: Density of printing slurry shown with respect to the nanoparticle 
densifier content. 

Printing slurry Nanoparticle densifier 
content (wt.%) Density ρPS (mg/mL) 

PS1 0 1004.7 ± 0.7 
PS2 5 1007.0 ± 1.0  
PS3 10 1012.7 ± 1.7 
PS4 15 1019.7 ± 1.8 

 

Since the printing slurry is to be deposited via an extruder onto the powder layers 

during SJP, the ease of printing slurry delivery was estimated as a function of nanoparticle 
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densifier content in terms of surface tension, and correlated to penetration depth of printing 

slurry in the powder layer. Figure 6.5 shows the variation in surface tension of the printing 

slurry as a function of nanoparticle densifier concentrations. Surface tension of the printing 

liquid without nanoparticles was found to be 43.7 mN/m. As the concentration of 

nanoparticle-densifier was increased from 0 to 15 wt.%, surface tension of the printing 

slurry (PVA + DI water + alumina nanoparticles) decreased from 43.7mN/m to 22.6 mN/m 

as shown in Figure 6.5. The error bars in the Figure 6.5 indicate the standard deviation in 

the test results. 

 

 

 Figure 6.5: Surface tension of printing slurry as a function of varying nanoparticle 
densifier content. 

 

Surface tension of 10 droplets for each concentration of the densifier was measured 

which gave a P-value less than 0.05 ensuring the difference between the data sets to be 

significant. One-way ANOVA results are shown in Table 6.6. From Tukey’s HSD method, 
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the calculated Q-value was 3.9. The results from the Tukey’s HSD method are shown in 

Table 6.7. The pairwise comparisons indicated that the difference in surface tension 

between all the pairs was significant, as their HSD values are all greater than 3.9.  

 

Table 6.6: One-way ANOVA analysis of data sets in surface tension measurement. 

Source of 
variation 

Sum of 
squares 

Degrees 
of 

freedom 

Mean of 
squares F Probability 

value (P) Fcritical 

Between 
groups 2759.5 3 919.8 

711.7 4.3 × 10-32 2.9 Within 
groups 46.5 36 1.3 

Total 2806.0 39  
 

Table 6.7: Post hoc analysis of data sets in surface tension measurement. 
Comparison (A-B) HSD 
Sample 0% - Sample 5% 6.4 
Sample 0% - Sample 10% 13.7 
Sample 0% - Sample 15% 58.9 
Sample 5% - Sample 10% 7.3 
Sample 5% - Sample 15% 52.5 
Sample 10% - Sample 15% 45.1 

 

In a droplet, liquid molecules are pulled towards each other equally from all the 

directions resulting in zero net force. These attractive intermolecular forces are called as 

cohesive forces [113]. However, liquid molecules present on outer surfaces of droplets are 

subjected to a predominantly inward pull by the internal molecules. This builds an internal 

pressure causing a contraction of the molecules to maintain low surface area to minimize 

surface free energy resulting in surface tension of the droplet [114]. 
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Surface tension is mainly dependent on gravitational force and surface energy 

forces [115]. The addition of nanoparticles to the printing liquid affects the weight of the 

droplet as well as its surface energy. The nanoparticle densifiers disrupt the cohesive forces 

holding the water molecules together, resulting in a decreased surface tension. As the 

concentration of the nanoparticles in the printing slurry increases, the number of 

nanoparticles driven towards the liquid-gas interface of the printing slurry droplet increases 

and consequently, surface tension of the printing slurry decreases. 

Zhu et al. also observed similar trends in surface tension of slurries containing alumina 

nanoparticles with an average particle size of 40 nm. As concentration of alumina nanoparticles 

increased from 0.1 to 0.5 vol.%, surface tension was found to decrease from 63 mN/m to 52 

mN/m, which is a total reduction of 19.8% [116]. This was interpreted as a result of the 

disturbances in the interaction forces in the base fluid layer (water) due to the addition of 

nanoparticles [116]. Similarly, a decreasing trend in surface tension of alumina nanofluids 

(10 - 20 nm) was observed by Wang et al. as the alumina content in the nanofluid was increased 

from 2 to 2.5 vol% [117].  Vafaei et al. found a decreasing trend in surface tension of slurries 

with nanoparticles of average size of 2.4 nm with the increasing concentration of bismuth 

telluride (Bi2Te3) nanoparticles from 3.09 × 10-6 to 3.18 × 10-3 g in 1 g of water [118]. A 

maximum reduction of 50% in surface tension was observed in this work. However, contrary 

to the present results, the surface tension gradually decreased until it reached a minima at the 

negative logarithm (concentration) equal to 8.5 and then increased with increasing concentration 

of the nanoparticles [118]. They hypothesized that a saturation in surface tension was achieved 

in nanofluids at the minima; the subsequent increase in the nanoparticles concentration develops 



55 
 

dominating van der Waals forces between the nanoparticles, resulting in an increase in the 

surface energy at gas-liquid interface [118]. 

In case of powders, Washburn et al. [83] theorized the penetration depth achieved 

by the liquid medium in the powder bodies and is given by Equation 6.3  

𝑙2 =
𝑟𝑡𝛾𝑙𝑣𝑐𝑜𝑠𝜃

2𝜂
Equation (6.3) 

where l is the liquid penetration depth, r is the pore radius of the powder bed, t is 

the time required for penetration, γlv is the surface tension of the liquid, θ is the contact 

angle and, η is the viscosity of the liquid. This implies that the penetration depth of the 

printing slurry in the SJP process is directly proportional to the interparticle pore radius in 

the powder bed, surface tension of the printing slurry, time allowed for slurry penetration, 

cosine of the contact angle, and inversely proportional to the printing slurry viscosity. As 

discussed in the Literature Review section, alumina is hydrophilic by nature. The pore 

radius of the filler powder remains constant for a chosen filler particle size distribution in 

the powder bed. This implies that time to penetration, surface tension of the printing slurry, 

and its viscosity are the dominant variable factors that control penetration depth. However, 

during SJP, time to penetration is desired to be as low as possible and is controlled 

independently. Subsequently, printing slurry viscosity and surface tension remain material 

properties that majorly influence slurry penetration depth and therefore can be tailored to 

achieve desired binding between the filler particles and printing efficiency. It was discussed 

previously in the Literature Review that with the increase in nanoparticle concentration in 

a base liquid, its viscosity typically increases. Therefore, the combined effect of decreasing 

surface tension and increasing viscosity of the printing slurry owing to an increase 
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nanoparticle densifier concentration will lead to a decrease in its penetration depth in a 

layer of filler particles in the powder bed. Lower penetration depth has been shown to cause 

improper binding of the filler powder particles; hence concentration of alumina 

nanoparticle densifiers in the printing slurry, while causing improved mechanical 

performance of the printed parts, may be seen as a limiting factor for the SJP process. 

Therefore, it is important to find an optimum nanoparticle concentration in the printing 

slurry in the design phase such that the surface tension and viscosity of the slurry are ideal 

for the process to achieve high permeability of the printing slurry through the filler powder 

layers for improved printing efficiency. 
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CHAPTER 7: CONCLUSION AND FUTURE WORK 

In this research project, a new additive manufacturing process was suggested to 

synthesize high density green ceramic parts called slurry jetting printing, which resembles 

binder jetting printing (BJP). Slurry-jetted alumina samples were fabricated using alumina 

nanoparticle densifiers as inclusions in DI water in the presence of polyvinyl alcohol 

surfactant, sued as the printing slurry. The effect of varying concentration of alumina 

nanoparticle densifiers in the printing slurry on density, porosity, compressive strength of 

the slurry-jetted alumina samples was evaluated. As hypothesized, adding alumina 

nanoparticle densifiers into the printing liquid showed improvement in both density and 

compressive strength as the concentration of the densifier was increased from 0 to 15 wt.%. 

At highest densifier concentration of 15 wt.%, the bulk density of the slurry-jetted 

cylindrical alumina samples was 2605 kg/m3 with an overall increase of 29.6% compared 

to samples without nanoparticle densifiers with a density of 2008.8 kg/m3. Compressive 

strength of these samples was measured to be 641.5 kPa which is an overall increase of 

740% compared to samples without nanoparticle densifiers whose compressive strength 

was measured to be 76 kPa. Decrease in porosity in samples without and with nanoparticles 

from 58.2% to 37.4%, respectively, demonstrated that alumina nanoparticles deposited via 

the printing slurry may have filled the interparticle void spaces between the filler particles 

in the powder bed.  

Additionally, the effect of the nanoparticle densifier inclusions in printing slurry on 

the viability of the manufacturing process was examined by measuring the surface tension 

of the printing slurry with alumina nanoparticles and examining its effect on the penetration 
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depth of the printing slurry in the filler particle layers in the powder bed during slurry 

jetting. Results showed that increasing the concentration of alumina nanoparticles in the 

printing slurry from 0 to 15 wt.% decreased the surface tension from 43.7 mN/m to 22.6 

mN/m, which is a decrease by 48.4%. This was attributed to the disruption of the adhesive 

forces between the DI water molecules by the alumina nanoparticle densifiers added to the 

printing slurry. Further analysis also showed that owing to this decreasing trend in surface 

tension, the penetration depth of the printing slurry in a layer of alumina filler particles in 

the powder bed will be decreasing with increasing alumina nanoparticle densifier content 

in the printing slurry. These results suggest that the densifier content may be a limiting 

factor during the design of the slurry jetting process protocol. 

The next step in this research is to apply the proposed slurry jetting process using 

a specially designed inkjet head capable of depositing printing slurries with the observed 

surface tension values. The parts printed need to be tested for physical (density, porosity 

and mechanical properties) and microscopic (uniform distribution of the nanoparticle 

densifiers) properties. Additionally, it may be beneficial to evaluate the effect of using 

different surfactants on the wettability and surface tension of the printing slurry. Finally, in 

the future work, it would be interesting to examine if the proposed slurry jetting process 

may be applied to other material systems such as metals and polymers as well as 

composites and cermets, in addition to ceramics for making high density green parts. 
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APPENDIX 

9.1.Copy Right Clearance for the Figures/Tables of Others Work Used in the Thesis 
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9.2.Example Calculation for Statistical Analysis of Density Measurement Using One-

Way ANOVA Test 

Data measured during the density measurements, 

k = Number of groups = 4 

n = Number of observations in each group = 3 

N = Total number of observations from all the groups = 12 

 

Table 9.1: Summary of the data from density measurements. 
Groups Observ-

ation 1 
Observ-
ation 2 

Observ-
ation 3 

Sum Average variance 

Sample
-0 wt.% 

52.1 48.4 51.7 152.2 50.7 4.2 

Sample
-5 wt.% 

55.6 57.8 57.3 170.7 56.9 1.3 

Sample
-10 
wt.% 

60.6 64.2 61.6 186.4 62.1 3.6 

Sample
-15 
wt.% 

69.0 65.3 63.0 197.3 65.8 9.2 

 

�̅�𝐺𝑀 =  
50.7 +  56.9 +  62.1 +  65.8

4
= 58.9 

𝑆𝑆𝐵 = 3 × ((50.7 − 58.9)2 + (56.9 − 58.9)2 + (62.1 − 58.9)2 + (65.8 − 58.9)2)

= 385.7 

𝑑𝑓𝐵 = 4 − 1 = 3 

𝑀𝑆𝐵 =
385.7

3
= 128.6 
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𝑆𝑆𝑊 = ((52.1 − 50.7)2 + (48.4 − 50.7)2 + (51.7 − 50.7)2 + (55.6 − 56.9)2

+ (57.8 − 56.9)2 + (57.3 − 57.0)2 + (60.6 − 62.1)2 + (64.2 − 62.1)2

+ (61.6 − 62.1)2 + (69.0 − 65.8)2 + (65.3 − 65.8)2 + (63.0 − 65.8)2

= 36.7 

𝑑𝑓𝑤 = 12 − 4 = 8 

𝑀𝑆𝑊 =
36.7

8
= 4.6 

𝑆𝑆𝑇 = 385.7 + 36.7 = 422.3 

𝐹 =
128.5

4.5
= 28.1 

Fcritical and P-value were determined from the table of Fcritical for a critical 

significance level of α = 0.05.  

𝐹𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 4.0 

𝑃 − 𝑣𝑎𝑙𝑢𝑒 = 135 × 10−6 

9.3. Example Calculation for Post Hoc Analysis of Density Measurement Using Tukey’s 

HSD Method 

The number of combinations that are possible from 4 groups taken 2 at a time is 

given by the Equation 4.17. 

𝐶 (4,2) =  
4!

4! × (4 − 2)!
= 6  

Tukey’s formula to find the HSD for the used to run the test was given by Equation 

4.18. 

𝐻𝑆𝐷 =
�̅�𝐴 −  �̅�𝐵

√𝑀𝑆𝑊 𝑛⁄
Equation (4.18) 
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where A and B are the 0 % and 5 % wt. datasets that are being compared in this 

case. 

𝐻𝑆𝐷 =
50.7 − 56.9

√4.6 3⁄
 = 5 

Q-value obtained from Q table at α = 0.05 with k as numerator and dfW as 

denominator is equal to 4.5. Since the calculated HSD value is greater than the Q-value, it 

can be concluded that there is significant difference in the averages of the density between 

the compared pair at a confidence interval of 95%.  
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