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Silicon carbide (SiC) and aluminum nitride (AlN) exhibit a combination of thermal 

and mechanical properties that are relevant to applications in electronics, aerospace, 

defense and automotive industries. However, the successful translation of these 

properties into final applications lies in the net-shaping of these ceramics into fully 

dense microstructures. Increasing the packing density of the starting powders is one 

effective route to achieve high sintered density and dimensional precision. The current 

research presents an in-depth study on the effects of nanoparticle addition on the 

powder injection molding (PIM) of SiC and AlN powder-polymer mixtures. In 

particular, bimodal mixtures of nanoscale (n) and sub-micrometer (µ) particles were 



found to have significantly increased powder packing characteristics (solids loading) 

in the powder-polymer mixtures.  

The influence of nanoparticle addition on the multi-step PIM process was examined 

by comparing the rheological and thermal properties of the novel bimodal µ-n powder-

polymer mixtures to conventional monomodal µ powder-polymer mixtures. 

Additionally, the effect of nanoparticle addition on the mold filling behavior of the 

powder-polymer mixtures was examined. Subsequently, the effects of increased 

powder content and reduced particle size owing to nanoparticle addition were studied 

in the context of the polymer removal kinetics. Finally, nanoparticle addition was 

found to expedite the liquid phase formation during the sintering stage. The sintered 

parts of bimodal µ-n mixtures exhibited higher sintered densities, lower shrinkage and 

better thermal properties than the corresponding monomodal powder mixtures. The 

above results provide new perspectives which could impact a wide range of materials, 

powder processing techniques and applications. 
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CHAPTER 1 

Introduction 

Silicon carbide (SiC) and aluminum nitride (AlN) have a useful combination of properties 

including high thermal conductivity, low coefficient of thermal expansion, mechanical strength 

and chemical inertness. In order to translate these properties into demanding applications in 

electronic, energy and transportation sectors, it is necessary to develop net shaping processes that 

result in fully dense microstructures.  

Chapter 2 of the dissertation reviews and compares the net-shaping techniques available to 

fabricate SiC and AlN. Among the techniques, powder injection molding (PIM) is considered to 

be well-suited for mass production of dimensionally precise, complex part geometries. PIM is a 

multi-step process that combines the processability of plastics and superior material properties of 

metals and ceramics to form high performance components. Ceramic or metal powder is 

compounded with polymers and used to mold parts in an injection molding machine, in a manner 

analogous to the forming of conventional thermoplastics. The molded part is then subjected to 

polymer removal (debinding). The debound part is then sintered under controlled time, 

temperature and atmospheric conditions to get the final part of desired dimensions, density, 

microstructure and properties. However, the successful application of PIM to SiC and AlN faces 

many hurdles, which are addressed in this thesis. Similar to the polymer injection molding, 

defects are possible in the injection-molded components. During debinding, the goal is to remove 

the polymers in the shortest time with the least impact on the molded part. Additionally, SiC and 

AlN cannot be sintered easily due to covalent bonding. Additives are used in such systems to 

drive the densification by forming a liquid phase. The literature review presented in the Chapter 

2 has been accepted for publication in the journal, “Materials and Manufacturing Processes”. 

The review helped in selecting the sintering additive content and sintering conditions in the 

present thesis. 

Irrespective of the fabrication techniques, prior reports focused on achieving maximum sintered 

density, a precursor to sintered properties. Previous studies explored this issue by varying 

sintering additives and sintering conditions. The concept of powder bimodality based on 

nanoparticle additions is specifically explored in the current dissertation. Chapter 3 focuses on 

the advantages and limitations of using nanoparticles. This detailed review on the ceramic 

nanoparticles has been accepted for publication as an invited chapter in the book, “Application of 

Nanomaterials” (American Scientific Publishers). 
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The primary focus of this dissertation is to study the effects of nanoparticle addition on the PIM 

of SiC and AlN. In Chapter 4, bimodal microscale (µ) and nanoscale (n) powder mixtures of 

AlN and SiC were mixed in different ratios along with a polymer phase. The effect of the 

nanoparticle content on powder packing was studied and the bimodal µ-n powder mixture 

providing the maximum powder-binder mixture density was determined. These experiments show 

a surprising result that mixtures of fine particles with poor packing characteristics display vastly 

increased powder content in the polymer mixtures. Additionally, a comparative study between the 

monomodal and bimodal powder-binder mixtures was performed to understand the effect of 

nanoparticle addition on the rheological properties. Results from Chapter 4 were presented in 

international conferences including, NSTI Nanotech 2010 and PowderMet 2010. A research 

article based on the findings reported in this chapter is currently under preparation for submission 

to Journal of Nanomaterials. 

A detailed comparative study of the thermal, rheological and pressure-volume-temperature (PVT) 

properties of the monomodal and bimodal SiC and AlN feedstocks is presented in Chapter 5. 

Additionally, simulation studies based on the above properties on the mold filling behavior were 

conducted. The research work presented in Chapter 5 has been published as a research article in 

the journal PIM International and distributed to the attendees of the Powder Metallurgy World 

Congress in Florence, Italy by the publisher. 

A series of injection molding experiments was performed with monomodal and bimodal AlN and 

SiC powder-polymer mixtures. Following injection molding, the polymer phase is removed 

(debinding) prior to the sintering stage. In the current research, a multi-step debinding process 

consists of solvent debinding followed by the thermal degradation was used. This initial binder 

removal leaves interpenetrating pore channels through which the decomposed gas escapes during 

the subsequent thermal debinding step. The effect of nanoparticle addition over the solvent 

debinding kinetics of injection molded AlN and SiC is presented in Chapter 6. It was observed 

that the bimodal powder mixtures demonstrated reduced rates of binder removal from the 

injection molded SiC and AlN parts, most likely due to the reduced pore size and porosity. The 

work was also extended to studying the variations in the residual binder content due to 

nanoparticle addition during the thermal debinding cycle. The results in Chapter 6 were 

published in the conference proceedings, „Advances in Powder Metallurgy and Particlate 

Materials”. A research article based on the findings reported in this chapter is currently under 

preparation for submission to Journal of American Ceramic Society. 
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Thermally debound SiC and AlN samples were sintered at different time-temperature 

combinations. The sintering experiments were designed based on the conditions shortlisted from 

the literature review (presented in Chapter 2). The advantage of using nanoscale sintering 

additives was demonstrated with a decrease in the temperature for liquid phase formation for both 

SiC and AlN systems relative to larger particle size sintering additives, present in the literature. In 

addition to the above observation, Chapter 7 compares the densification, shrinkage, and weight 

loss during sintering of monomodal and bimodal SiC samples. The nanoparticle addition was 

found to increase relative density yet reduce the shrinkage. The sintered samples were also 

characterized for their mechanical and thermal properties. A research article based on the findings 

reported in this chapter is currently under preparation for submission to Science of Sintering. 

Yttrium oxide (Y2O3) is the pre-dominantly reported sintering additive for the AlN densification. 

Changes in density, shrinkage, and weight loss for the bimodal AlN samples with nanosized Y2O3 

as the additive are reported in Chapter 8. Results from the sintering experiments and ensuing 

properties were compared with the previously reported values and the effect of nanoparticle 

addition on the AlN system is discussed. A research article based on the findings reported in this 

chapter is currently under preparation for submission to Science of Sintering.  

To conclude, all the findings from Chapters 4-8 are summarized in the Chapter 9 and directions 

for future research are presented. The experimental data discussed in the Chapters 4 -8 are 

presented in the Appendices A - I.  
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CHAPTER 2 

Review of Net Shape Fabrication Techniques for Silicon Carbide and 

Aluminum Nitride 

 

Abstract 

Silicon carbide (SiC) and aluminum nitride (AlN) have a combination of thermal and mechanical 

properties that are useful for applications in electronics, automotives, defense, and aerospace 

industries. However, successful conversion of these properties into final applications lies in the 

fabrication of these ceramics into fully dense microstructures. The current article reviews near-

net-shape fabrication processes that have been developed to produce SiC and AlN components. In 

addition, prior studies on the densification of SiC and AlN are reviewed to understand the effect 

of materials and process parameters on the sintered microstructure and properties.  
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2.1. Introduction 

Silicon carbide (SiC) has found many applications since the original development byAcheson in 

the late 19th century [1]. However, recent improvements in SiC fabrication along with property 

improvements such as hardness (22 GPa) have extended applications in many sectors including 

wear, ballistics, and automobiles [2-4]. SiC also displays high thermal conductivity (120 W/m.K) 

and high temperature stability (1600 °C) making it useful for linings in the foundry and glass 

industries [5-6]. Another emerging application of SiC is in the semiconductor industry where its 

wide band gap (3.2 eV) has been utilized in MOSFETs and Schottsky diodes [7-8]. The 

semiconducting behavior of SiC has also been used in power monitors in the nuclear reactors [9]. 

SiC exhibits polymorphism and is reported to have more than 200 polytypes [10-11]. Table 2.1 

lists the characteristic features of the most commonly available SiC polytypes, 3-C, 4-H and 6-H 

[12]. The stacking sequences of Si and C in these polytypes are discussed elsewhere [11, 12]. 

From Table 2.1 it can be inferred that the polytype of the starting materials affect the final 

properties and thus applications.  

Similar to SiC, aluminum nitride (AlN) is another widely studied non-oxide ceramic. AlN has a 

high thermal conductivity (170 W/m.K) equivalent to Al and a low CTE (10-6/°C) equivalent to 

Si, making it useful for thermal management in electronics [13-15] and automotive industries [16-

17]. Unlike SiC, AlN is reported to have only one crystal structure (Wurtzite, Hexagonal). Table 

2.2 confirms the superiority of AlN and SiC in the properties including thermal conductivity, 

CTE matching that of Si, electrical insulation and mechanical strength relative to other options 

[18-20]. Additionally, SiC and AlN do not pose health hazards compared to beryllia (BeO) in the 

RoHs directed global market for the electronic devices [21-22]. 

A key barrier for translating the tabulated properties of SiC and AlN into final applications lies in 

their net shaping into fully dense microstructures [23].Extensive research has been done on 

fabricating SiC and AlN  by slip casting [24-25], tape casting [26-27], hot pressing (HP) [28-29], 

hot isostatic pressing (HIP) [30-31] and cold isostatic pressing (CIP) [32-33]. Methodologies of 

these techniques are detailed elsewhere [34]. In addition, techniques including ceramic injection 

molding (CIM), plasma pressure compaction and pyrolysis of cast pre-ceramic polymers have 

been recently explored for the net-shaping SiC and AlN. The present review focuses on these 

recent methods since few reports have comparatively discussed these methods. The characteristic 

features of fabrication techniques along with their pros and cons from  production perspectives 

are tabulated at the end of the section. 
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Achieving a high sintered density with controlled microstructure is crucial to improving the 

thermal and mechanical properties in SiC and AlN. Ceramic densification during net-shaping is 

achieved by a thermal process called sintering. During sintering, ceramic particles bond into a 

coherent, predominantly solid structure by mass transport [35]. This process takes place by 

reduction of particle surface area followed by mass transport by diffusion. The latter is enhanced 

by raising the temperature whereas the former depends upon surface and grain boundary energies, 

εs and εb respectively [36]. The ratio εb/εs for SiC and AlN is around 0.97 [37] due to covalent 

bonds. As εb/εs approaches unity, achieving full densification becomes difficult. Consequently, 

several alternative techniques have been developed to improve the densification of SiC and AlN. 

Fully dense SiC and AlN can be produced by the addition of sintering additives/additives. These 

sintering additives reduce the εb/εs ratio to below 0.7 [37] and drive densification.  

Initially, the sintering of SiC was achieved by adding boron (B) and carbon (C) as sintering 

additives [38-40]. B reduces εb, thus providing a driving force for sintering similar to an external 

isostatic pressure. C increases εs by reacting with impurities such as elemental Si and SiO2 and 

prevents them from impeding densification [38]. As sintering occurs  by the solid-state diffusion 

of atoms, this mechanism is called as solid state sintering. Typical temperatures for sintering SiC 

using B and C as additives are around 2100 °C [38-40]. The solid-state sintering route offered the 

advantage of superior creep resistance at high temperatures, through retention of intrinsic 

properties of SiC, as dictated by its high degree of covalency (up to 85%) [38]. However, the 

major drawbacks of this processing method are the sintering temperatures greater than 2000°C 

and grain growth. These limitations were overcome by using a liquid phase sintering, a technique 

widely used for the past two decades. 

In liquid phase sintering, sintering additives forms a liquid phase, which penetrates between the 

solid grains, dissolves the sinter bonds, and induces grain rearrangement. Further, because of 

solid solubility in the liquid, the liquid improves transport rates responsible for grain coarsening 

and densification. The surface energy associated with pores leads to their annihilation, while there 

is progressive microstructure coarsening and bonding to increase rigidity [41-42]. Liquid phase 

sintering of SiC and AlN has been explored in detail in the past by varying material and process 

parameters. The second section of the review involves a detailed tabulated literature review on 

the liquid phase sintering of SiC and AlN. The effects of material parameters and process 

conditions on the densification of these ceramics are summarized in this section. In this manner, 

the current work  fills an important void in the literature, owing to the absence of any such prior 

reviews on these thermally conducting ceramics. 
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In addition to the density, microstructure controls the properties of sintered materials. However, 

the microstructure of SiC and AlN tends to evolve throughout the sintering stage. In practice, a 

„„final‟‟ microstructure is never noticed in liquid-phase sintered materials, so what is observed is 

a glimpse of a slowly evolving structure [42]. With prolonged sintering, the terminal condition 

would consist of a single grain with an associated liquid. However, years are required to 

transform micrometer-sized SiC and AlN into a single grain. Thus, similar to the sintered density, 

microstructures of SiC and AlN can be varied depending on material parameters and process 

conditions. Substantial performance differences are exhibited by a ceramic with varied 

microstructures, especially in properties such as hardness, toughness and thermal conductivity. 

The current review compares the role of process conditions and methods on the microstructures 

and properties of sintered AlN and SiC reported in the literature. 

 

2.2. Net-shaping of thermally conducting ceramics 

Near net-shaping generally involves few/no post-sintering machining, surface preparation or 

cleaning prior to final application. However, there has been a great challenge to economically net-

shape SiC and AlN components with closer dimensional tolerance and defect-free 

microstructures. As mentioned earlier, slip and tape casting and pressing are the most explored 

net shaping techniques on SiC and AlN until date. The current section briefs the recently 

investigated net-shaping techniques including ceramic injection molding (CIM) and plasma 

assisted powder compaction.  

2.2.1. Ceramic Injection Molding (CIM) 

The injection molding of ceramics is similar to metal injection molding and normally consists of 

five steps as follows: i) material selection ii) powder-binder compounding, iii) injection molding, 

iv) debinding and v) densification by sintering [43-46]. The control of each of these process steps 

and appropriate selection of the starting material (powder and binder) are critically important for 

the overall process success [18].  

An initial powder-binder mixture with a high powder content (solids loading) is preferred to 

avoid defects and obtain parts with a low dimensional scatter [47]. A smaller particle size 

provides better sinterbility however, the solids loading could be less due to agglomeration. On the 

other hand, a larger particle size exhibits lower inter-particle friction leading to slumping and 

shape distortion during debinding [48]. Therefore, powder selection during the materials design 

phase involves a careful consideration of conflicting requirements. Once the powder of suitable 
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size is selected, it is mixed with the binder to determine the appropriate feedstock composition. 

The binder is usually of multi-components – a backbone polymer that provides strength (e.g. 

polypropylene), a filler phase that is easily extracted in the first phase of debinding (e.g. paraffin 

wax) and a lubricant (e.g. stearic acid) [49-52]. 

Prior to powder- binder compounding, it is necessary to determine the critical solids loading (Фc) 

where the powder particles are tightly packed and all the space between particles is filled with the 

binder. In practice, a solids loading (Ф) (less than Фc) is generally selected to facilitate successful 

injection molding of the feedstock to minimize large fluctuations in viscosity due to small 

changes in powder content in highly concentrated suspensions. Following the molding stage, the 

binder is removed (referred to as debinding) from the part prior to sinter densification. There are 

various debinding routes reported until date, primarily falling under three categories: solvent [49-

52], thermal [53-55] and catalytic debinding [56-57]. One or more debinding techniques are 

selected and their conditions are optimized, to retain the part shape without the formation of 

defects [23]. These debound samples are then sintered under controlled time, temperature and 

atmospheric conditions to get the final part of desired dimensions, density, microstructure and 

properties. Controlling the sintering atmosphere is also vital to avoid any oxidation at high 

temperature [35]. 

2.2.2. Field assisted sintering (FAS) 

This technique covers several related processes such as plasma pressure compaction and spark 

plasma sintering.  In this technique, the ceramic powder to be compacted is filled in a graphite die 

and placed between two electrodes as shown in the Figure 2.1. When pulsed electrical power is 

applied, the current does not flow freely through the powder compact since an effective current 

path has not yet been established due to the voids inside the powder. The oxide layer on the 

surface of the powder particle acts as an insulator at the particle contact. This causes a charge 

buildup at the inter-particle gaps between powder particles [58-61].  

As charge builds up, the voltage difference becomes sufficiently large to generate sparks that 

trigger an ionization process [58-61]. It has been hypothesized that an inter-particle plasma is 

generated that activates the surface of the powder particles by removing the oxide and other 

contaminants. At this stage, the powder compact is heated to higher temperatures so that any 

adsorbed gas and/or moisture is released. This is usually indicated by a drop in the initial vacuum 

level [62-66]. At this stage, uniaxial pressure is applied to facilitate sufficient current path 

through the powder compact. The pulse current is applied until the vacuum has reached its initial 
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value. In the following stage, a constant current is applied to achieve the sintering temperature by 

Joule heating.  

Direct application of the current and external uniaxial pressure accelerates densification of the 

material by inducing resistance heating and causing plastic deformation at the inter-particle 

contact surfaces [63]. The resistance heat serves to concentrate the heat at inter-particle points of 

contact and the concurrent application of light pressure results in densification of the compact 

[66]. The amount of pressure applied and direct current required to reach the sintering 

temperature are determined by various factors such as the conductivity of the powder, particle 

size and dimensions of the graphite dies used [64-66]. 

2.2.3. Pyrolysis of cast pre-ceramic polymers 

Since the last 2 decades, organometallic compounds have been developed as precursors to 

ceramics. For example, non-crosslinked polysilazanes have been widely explored pre-ceramic 

polymers for fabricating SiC and/or Si3N4 ceramics [67-72]. These pre-ceramic polymers have 

bee used in the ceramic fabrication in two modes, directly cast [67-70] or as a replacement for 

organic binders [71-72].  

Irrespective of the modes mentioned above, it has been prescribed by prior reports to crosslink the 

oligomeric polysilazane to an infusible solid [68-69]. Compounds such as dicumyl peroxide, 

potassium hydride, platinum and lithium based organo-metallic compounds have been used as 

initiators for cross-linking at various concentrations [71-73]. The crosslinking of polysilazane 

occur by vinyl polymerization, dehydro-coupling or desilylzation, which are detailed elsewhere 

[73-74]. The cross-linked samples are then pyrolyzed to form the ceramics, a step similar to that 

of thermal debinding in CIM. The pyrolyzed sample is then sintered at different conditions to 

form the final SiC part. An important advantage of this technique is the ability to cast pre-ceramic 

polymers of relatively low viscosity into complex shapes. However, the inability to retard the 

formation of Si3N4/SiC composite constitutes an important limitation of the technique [70]. Table 

2.3 lists the pros and cons of using polysilazane as the replacement for the organic binders in the 

SiC fabrication. 

With the capability of CIM and FAS as production level methods, it is necessary to compare their 

pros and cons with already existing pressing and slip/tape casting techniques. Table 2.4 lists the 

characteristics features of various fabrication techniques to net-shape SiC and AlN. From the 

table, CIM can be the method of choice for economically fabricating complex geometries at a 

high production rate. For relatively simple shapes and smaller production throughputs, FAS and 
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HIP can be chosen to fabricate SiC ceramics to provide enhanced densification and greater 

control over grain size. Additional research on pre-ceramic polymers is required in order to 

develop niche applications.  

 

2.3. Literature review on the densification of SiC and AlN 

Irrespective of the net-shaping techniques discussed in the previous section, achieving a high 

sintered density is crucial to realizing the property benefits of SiC and AlN. Thus, in addition to 

the fabrication techniques, prior investigations explored the densification behavior of SiC and 

AlN. The literature review presented in the Tables 2.5 and 2.6, summarizes the effects of several 

material and process parameters on the densification of SiC and AlN [75-128].  

2.3.1. Material Parameters: 

Variations in the materials used for SiC and AlN sintering can be broadly classified as starting 

ceramic powders and sintering additives. Starting particle size and polytype (in SiC) are two 

important powder variations that have been studied in the past. For example, Y.W. Kim et al [87] 

(Figure 2.2) studied the effect of starting particle size on SiC densification and inferred that the 

smaller particles provide higher sintered density. Under similar sintering conditions, the smaller 

SiC particles led to a finer microstructure as final grain growth during hot-pressing was reduced. 

As shown in the Figure 2.3, the grain size tends to increase with increasing particle size and has a 

positive impact on fracture toughness (Figure 2.5). These results can also be extended to the 

speculation that involvement of smaller SiC particles might achieve higher hardness due to higher 

grain boundaries. 

The effect of using different SiC polytypes on the final microstructure and properties was studied 

by Nader et al [102]. For a given sintering temperature-hold time combination, an Ar atmosphere 

was found to support the transformation of β–SiC into elongated α–SiC grains (Figure 2.4b). 

Additionally, increasing the β–SiC content in the initial powder mixture resulted in α–SiC grains 

of high aspect ratio (Figure 2.4c). For comparison, samples prepared with pure α–SiC reveals a 

globular microstructure as shown in the Figure 2.4a. Similar to the results observed by Y.W. 

Kim et al [87], a higher aspect ratio of SiC grains (lesser grain boundaries) leads to higher 

fracture toughness and flexural strength as shown in the Figure 2.5. In summary, smaller size α-

SiC when sintered under Ar atmosphere leads to finer microstructures with larger grain 

boundaries and thus can be utilized for higher hardness applications. On contrary, applications 
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involving higher fracture toughness and flexural strength can be achieved by transforming β-SiC 

into long aspect ratio α-SiC grains under Ar atmosphere.  

As mentioned earlier, sintering additives are generally used to drive the densification of SiC and 

AlN. The effects of varying the composition and amount of sintering additives on the 

densification, microstructure and properties of SiC and AlN have been analyzed in detail in the 

past. For example, Y. Zhou et al compared the efficiency of different rare earth additives as the 

sintering aid for SiC [86]. Zhou et al concluded that Y2O3 when combined with Al2O3 forms a 

better sintering aid for SiC compared to other alternatives including La2O3, Yb2O3 and Nd2O3. 

However, the other rare earths also yielded relative density > 98% for SiC. It was concluded that 

the densification of the SiC powder with all Al2O3–RE2O3 (RE - La, Nd, Y, Yb) additives 

proceeded  by the same solution-reprecipitation mechanism (Ostwald ripening). During heating, 

Al2O-RE2O3 mixtures and the surface SiO2 react and form rare earth alumino-silicate glass melt. 

Subsequently, with the dissolution of the small SiC particles, the resulting liquid could be 

regarded as RE-Si-Al-O-C glass melt. On cooling, the RE-Si-Al-O-C constituted the inter-

granular phases in the SiC ceramics. Even though widely used for SiC densification, Al2O3-Y2O3 

has been reported to have a few limitations. She and Ueno [89], Grande et al [92], Guo et al [93], 

Suzuki and Sasaki [96] report the secondary reactions  (Equations 2.1-2.2) of Al2O3 with SiC at 

sintering temperatures to form gaseous species leading to weight loss and formation of new pores. 

Using AlN-Y2O3 as a sintering aid has been suggested as a partial solution to the weight loss 

problem by Biswas et al [75] and Rixecker et al [101], where the presence of excess Al2O3 is 

avoided.  

( ) 2 3( ) ( ) 2 ( ) ( )s s g g gSiC Al O SiO Al O CO   
      (2.1) 

( ) 2 3( ) ( ) ( ) ( )2 4s s g g gSiC Y O SiO YO CO   
       (2.2)

 

Yoshioka et al [24], Surnev et al [26] and Du et al [27] conducted a similar research on the AlN 

densification. Table 2.6 lists several sintering additives that have been studied in the literature. In 

particular,Y2O3 and CaO have been widely studied sintering additives for the AlN system and 

have been compared by Molisani et al [119]. The common sintering mechanism involves the 

reaction of Y2O3 or CaO with the Al2O3 layer on the surface of the AlN particles forming 

secondary phases that promote the densification at lower temperatures than AlN without additive. 

Equations 2.3-2.7 explain the formation of major liquid phase, yttrium aluminum garnet (YAG) 

(Y3Al5O12) and other secondary phases by reacting Y2O3 and Al2O3.  

   2 3 2 3 3 5 123 5 2Y O Al O Y Al O 
                         (2.3)
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     2 3 2 3 32Y O Al O YAlO 
                               (2.4)

 

   2 3 2 3 4 2 92Y O Al O Y Al O 
                              (2.5)

 

    3 5 12 2 3 35Y Al O Y O YAlO 
                            (2.6)

 

     3 2 3 4 2 92YAlO Y O Y Al O 
                            (2.7)

 

The lowest reported eutectic temperatures in Y2O3–Al2O3 and CaO–Al2O3 systems are around 

1760 °C and 1390 °C, respectively [119]. Considering that the sintering temperature decreases 

with diminishing liquid-phase formation temperature, it is expected that AlN with CaO may 

achieve full density at significantly lower temperatures than AlN with Y2O3. However, it has been 

observed that both AlN with Y2O3 and CaO reach full density around 1800°C. These results have 

shown that the densification of AlN with CaO additive is slow, even though its liquid phase 

formation temperature is low. Additional research by Molisani et al [121] indicated that CaO 

tends to exhibit weight loss forming new pores at sintering temperatures. These pores are 

detrimental to the sintered density and thus final properties. For example, Surnev et al compared 

the effect of different sintering additives on the density and thermal conductivity of AlN [26]. 

From Figure 2.6, it can be seen that Y2O3 promotes nearly full AlN densification with a thermal 

conductivity > 110 W/m.K. 

The densification of SiC and AlN is affected by not only the chemistry but also the amount of 

sintering additive. Panchula and Ying [124] and Olhero et al [128] studied the effect of varying 

the sintering aid content on the densification of AlN. Both reports suggested that while increasing 

sintering additive amounts increase densification, they can be detrimental to properties due to a 

higher secondary phase content. This observation was confirmed by Lopez et al where the 

presence of excessive inter-granular glassy phase reduced the thermal conductivity, hardness and 

fracture toughness of the sintered SiC samples [91]. A similar behavior was noticed in the Al2O3-

Y2O3 system by L.S.Sigl (104), She and Ueno [89], and Surnev et al [26] (Figure 2.7). From  the 

prior reports, it can be concluded that 4-5 wt. % of Y2O3 and 10 wt. % of AlN-Y2O3 are preferred 

amounts of sintering additives for the AlN and SiC densification, respectively [75-128]. 

2.3.2. Process Parameters: 

Liquid phase sintering has typically been reported to be initiated with the formation of eutectic, 

yttrium aluminum garnet (YAG) at 1720-1760 °C for both SiC and AlN. The eutectic formation 

is followed by microstructural coarsening primarily by solution-reprecipitation (Ostwald 

ripening), where larger grains grow at the expense of the smaller ones [129]. H. Xu et al proposed 
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a model for coarsening in liquid phase sintered SiC [97]. The relatively high positive curvature of 

the smaller grains is thought to provide the driving force for their preferential dissolution, setting 

up a concentration gradient in the liquid phase. This results in the diffusion of the dissolved 

species towards the larger grains, and their reprecipitation onto those larger grains. Thus, the 

grain growth/sintering kinetics is controlled by two factors, temperature and time making them 

the most studied process parameters in SiC and AlN densification.  

From prior reports, processing windows were constructed for short-listing the sintering conditions 

for SiC (Figure 2.8a) and AlN (Figure 2.8b). The sintering temperatures are in the range of 

1800-2000 °C for SiC and 1700-1900 °C for AlN with upto 4 hrs hold time each. For example, 

Magnani et al [95] (Figure 2.9) reported an increase in the grain size of SiC with sintering 

temperature. Liquid phase formation and the grain growth also accompany the elimination of 

pores leading to dimensional shrinkage. Such a mechanism was confirmed by an increase in the 

AlN density with the increase in the sintering temperature as reported by Li et al [115] and Zhou 

et al [123]. In contrast, She and Ueno [89] reported a reduction in the sintered density by 

increasing the sintering temperature above a certain temperature. The side reactions of sintering 

additives (along with their amount) explained in Equations 2.1 and 2.2 leading to new pore 

formation at sintering temperatures might thus be detrimental for the densification. Such a 

negative impact of elevating the sintering temperature over the densities of SiC have also been 

reported by Izhevskyi et al [88], Grande et al [92] and Rixecker et al [101] (Figure 2.10). 

As mentioned in the introduction section, the microstructure tends to evolve throughout the 

sintering stage, because of which, Xu et al [120] (Figure 2.11), Nakano et al [126] for AlN and 

Ye et al [85], Rodriguez et al [109] for SiC, reported the positive impact of sintering time over the 

grain growth. For example, Rodriguez et al (Figure 2.12) reported that the SiC grain size has 

nearly tripled with the hold time of 7 hrs [109]. Additionally, Kume et al noticed an increase in 

the AlN density with hold time at the sintering temperature [122].  

Another parameter studied from the processing perspective for the SiC and AlN densification is 

the role of pressure during sintering. Pressing (HP, HIP), fielded assisted sintering (FAS) and 

pressureless sintering are the widely investigated sintering techniques. Table 2.7 reviews the pros 

and cons of these techniques. For components with geometric intricacies such as those produced 

by CIM, pressureless sintering is the best-suited sintering technique. In addition, even though 

application of external pressure reduces the influence of hold time, it limits the grain growth. The 

retarded grain growth with pressure reported by Bothara (Figure 2.13) [105] in plasma pressure 

compacted SiC can thus be used for high hardness applications. On the other hand, grain growth 
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reported in pressureless sintered AlN (Figure 2.11) and SiC (Figure 2.12) can be preferred for 

thermal management applications. 

Argon and nitrogen atmospheres have generally been used in the past for sintering SiC and AlN, 

respectively [75-128]. However, when sintering β-SiC in an N2 atmosphere, nitrogen dissolves 

into the liquid-stage intergranular phase as well as into the SiC grains. The  dissolved N2 helps to 

stabilize the β-SiC, thereby suppressing the β→α phase transformation responsible for the 

anisotropic grain growth. Thus, as reported by Ortiz et al in the Figure 2.14, N2 atmosphere can 

be used to retard the grain growth of the β-SiC [98]. 

 

2.4. Conclusions 

The net-shaping of SiC and AlN to fully dense microstructures will ensure maximum sintered 

property levels and facilitate a wide range of applications. Processing techniques including 

ceramic injection molding and field-assisted sintering have been reviewed for the fabrication of 

SiC and AlN parts. In addition, a review on the effects of material parameters on the densification 

of SiC and AlN examined the chemistry and amount of sintering additives. Processing windows 

were constructed to shortlist the sintering conditions for SiC and AlN. This  review is expected to  

facilitate the selection of fabrication routes for achieving final properties by tuning the 

microstructure with the variations in the process parameters.   
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Figure 2.1: Schematic of a plasma-pressure compaction apparatus [63] 

 

 

 

 

 

 

 

 



22 
 

 

Figure 2.2: The effect of initial particle size on the densification and fracture toughness of SiC 

(Courtesy: Y.W. Kim et al, 2000, [87]) 
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Figure 2.3: Densification of SiC with an initial particle size, a. 0.4 µm (sintered grain size: 0.7 

µm), b. 0.5 µm (sintered grain size: 1.1 µm) and c. 0.7 µm (sintered grain size: 1.5µm),  

indicating that a smaller particle size leads to finer microstructures (Courtesy: Y.W. Kim et al, 

2000, [87]).  
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Figure 2.4: The effect of using different SiC polytypes on the microstructure indicating that the 

aspect ratio of the grains increases with increase in β–SiC content. (Courtesy: Nader et al, 1999, 

[102]). 
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Figure 2.5: The effect of initial β-SiC content (wt.%) on fracture toughness and flexural strength 

(Courtesy: Nader et al, 1999, [102]). 
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Figure 2.6: The effect of different sintering additives on the density and thermal conductivity of 

AlN (Courtesy: Surnev et al, 1991, [26]) 
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Figure 2.7: The effect of sintering additive concentration on the thermal conductivity of SiC and 

AlN 
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Figure 2.8a: Processing window for sintering conditions for SiC 
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Figure 2.8b: Processing window for sintering conditions for AlN 
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Figure 2.9: Growth of SiC grains with the increase in sintering temperature;  a. 1850 °C, b. 1875 

°C, c. 1900 °C, d. 1950 °C (Courtesy: G. Magnani et al, 2005, [95]) 
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Figure 2.10: The effect of sintering temperature on the weight loss experienced during SiC 

sintering 
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Figure 2.11: Growth of AlN grains with an increase in the hold time (1830 °C); a. 25 min, b. 100 

min, c. 240 min, d. 720 min (Courtesy: X.Xu et al, 2003, [120]) 
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Figure 2.12: The effect of hold time on the size and aspect ratio of SiC grains pressureless 

sintered at 1950 °C    (Courtesy: et al, Rodriguez et al, 2006, [109]) 
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Figure 2.13: SiC sintering at 1700 °C for 60 minutes  by plasma pressure compaction with an 

external pressure of a. 10MPa, b. 30 MPa, c. 50 MPa (Courtesy: Manish Bothara, 2007, [105]) 
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Figure 2.14: β-SiC sintered at 1950 °C for 60 minutes in, a. Ar atmosphere, b. N2 atmosphere 

(Courtesy: Ortiz et al, 2004, [98]) 
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Table 2.1: Characteristics of SiC polytypes 

Property 3C-SiC (β) 4H-SiC  6H-SiC (α) 

Crystal Structure 
Zinc Blende 

(Cubic) 
Hexagonal 

Wurtzite 

(Hexagonal) 

Density(g/cc) 3.21 3.21 3.21 

Bandgap (eV) 2.36 3.23 3.06 

Breakdown electric field (106V/cm) - 2.22 2.5 

Bulk Modulus(GPa) 250 220 220 

Thermal Conductivity (W/m.K)   

(@ 25°C) 
360 370 490 

Coefficient of thermal expansion 

(10-6/°C) (@ 25°C) 2.9 4.2 4.68 
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Table 2.2: Quantitative comparison of the properties of thermally conducting ceramics 

Property Al2O3 ZrO2 Si3N4 BeO SiC AlN 

Density (g/cc) 3.96 6 3.29 2.86 3.2 3.26 

Thermal Conductivity (W/m.K) 35 2 30 260 120 170 

Thermal Diffusivity (mm2/s) 6 1 12 80 56 64 

Heat Capacity (J/g. K) 0.88 0.45 0.75 1.12 0.67 0.72 

CTE (10-6/°C) 8.1 10.3 3.3 8.7 4 4.5 

Vicker‟s Hardness (GPa) 14 12.8 15 12 22 10.4 

Fracture Toughness (MPa.m0.5) 4 13 6.1 - 4.5 2.6 

Flexural Strength (MPa) 379 900 830 240 450 320 

Poisson‟s Ratio 0.22 - 0.27 0.26 0.17 0.24 

Volume Resistivity (Ω.cm) >10^14 >10^14 >10^14 >10^3 10^4 >10^14 
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Table 2.3: Comparison of the processing of organic binders and pre-ceramic polymers 

Organic Binder Pre-ceramic Polymer Comment 

Hot Mix/Cold Mold Cold Mix/Hot Mold 

Pros with 

polysilazane 

usage 

Less green density More green density 

High shrinkage after sintering Lower shrinkage after Sintering 

Completely removed before sintering 
Binder pyrolyzed to ceramic 

Sinters into Si3N4/SiC composite 
Cons with 

polysilazane 

usage Overall process is quick 
Slow ramping rate to sintering  temperature 

makes the process comparatively slower 
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Table 2.4: Comparison of ceramic net-shaping processes 

Characteristics 
Hot 

Pressing 

Slip/Tape 

Casting 
Machining CIM 

Field 

Assisted 

Sintering  

Pyrolysis of 

Polysilazanes  

Density 95-100% 95-99% 100% 90-100% > 99% >95% 

Surface Finish < 2 µm 3 µm 0.4-2 µm 0.4 -0.8 µm < 2 µm - 

Secondary 

Machining 
Required Required - Nil Required Nil 

Wall Thickness >2mm >5mm >2mm 10 µm >0.5 mm >0.5 mm 

Dimensional 

Tolerance 
Poor Poor Poor Close Close Close 

Shape 

Complexity 
Medium Medium High High Low High 

Production Rate Medium Low Low High High Low 
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Table 2.5: Prior reports on additive-assisted sintering of SiC 

Ref. # Author 
SiC Particle Size 

(µm) 

Sintering aid Net shaping and 
densification  by 

 (with pressure in MPa) 

Sintering Conditions   
% relative 

density 
Nature % content Size (µm) Atm. 

Temp  
(°C) 

Hold time 
(hrs) 

Pressure 
(MPa) 

31 J.K. Lee et al α - 0.45 YAG 10 - HIP Ar 1850 0.5 200 99% 

75 Biswas et al α - 0.51 AlN-Y2O3 5.3-7.3 4.48-0.92 HP Ar 2000 1 10 100% 

76 Y. Zhou et al β -0.3 Y2O3 - La2O3 1-1 - HP Ar 2000 4 40 97.1% 

77 Sciti and Bellosi - 
Al2O3-Y2O3 6-4 - 

HP - 
1780 0.5 

30 
98.5% 

Y2O3 - La2O3 3-3 - 1820 1 94.2% 

78 S.G. Lee  et al β -0.27 Oxynitride- Al2O3 10-5 - HP N2 1800 1 25 99.2% 

79 Y-W. Kim et al α - 0.9%; β - 85.6%, 
Size: - AlN-Y2O3 2.9-10.6 - HP N2 1900 1 25 98.1% 

80 Manojkumar et al β -0.27 AlN-Y2O3 1.26-1.74 - HP N2 2050 6 25 98% 

81 Balog et al - Al2O3-Y2O3-Yb2O3 13 - HP 
Ar 

1850 1 30 96.5% 

85 Ye et al α - 0.7 Al2O3-Y2O3 5-5 - HP Ar 1900 0.5 25 98.5% 

86 Y. Zhou et al β -0.3 

Al2O3-La2O3 3.19-1.81 

- HP Ar 

1780 

1 40 

98.1% 

Al2O3-Nd2O3 3.25-1.75 1720 98.3% 

Al2O3-Y2O3 3.28-1.72 1760 98.5% 

Al2O3-Yb2O3 3.49-1.51 1750 98.2% 

87 Y-W. Kim et al 

α -0.42 

YAG-SiO2 7.2-4.8 - HP Ar 1850 1 25 

99.8% 

α -0.5 99.9% 

α -0.71 99.1% 
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Table 2.5: Prior reports on additive-assisted sintering of SiC (continued) 

Ref. # Author 
SiC Particle Size 

(µm) 

Sintering aid Net shaping and 
densification  by 

 (with pressure in MPa) 

Sintering Conditions   
% relative 

density 
Nature % content Size (µm) Atm. 

Temp  
(°C) 

Hold time 
(hrs) 

Pressure 
(MPa) 

82 Y. Lee et al 0.02 Al2O3-Y2O3-CaO 7-2-1 - HP - 1750 0.5 20  98% 

83 Y-W. Kim et al α ; Size: - AlN-Y2O3 - - HP Ar 1900 1 25 97% 

84 He et al β -0.8 MgO-Al2O3-Y2O3 6-1-1 - HP Ar 1800 1 20 97% 

88 Izhevskyi et al α - 10%; β - 90%, 
Size: - AlN-Yb2O3 5-5 - UP (50) + CIP (200) N2 2000 16 0 99.8% 

89 She and Ueno α - 0.6 Al2O3-Y2O3 6.25-3.75 0.5 UP (3) + CIP (200) Ar 2000 1 0 98% 

90 Gao et al - Al2O3-Y2O3 5-5 - UP (25) + CIP (200) N2 1900 1.5 0 98% 

91 Lopez et al - Al2O3-Y2O3  - UP (50) + CIP (350) 
Ar 

1950  2 0  100% 

92 Grande et al α - 0.6 Al2O3-Y2O3 4.72-2.73 0.45-0.25 UP (312) + CIP (350) Ar 1950  6 0  100% 

93 Guo et al α - 0.75 Al2O3-Y2O3 6.25-3.75 - UP (100) + CIP (250) Vac. 1860 0.75 0 96.1% 

94 Pujar et al α ; Size: - Al2O3-Y2O3 12.5-7.5 - UP (50) + CIP (350) Ar 1900 0.5 0 96% 

33 Fukushima et al β -0.3 Al2O3-Y2O3 2.4-1.6 - UP (40) + CIP (100) Ar 1800 2 0 70% 

95 Magnani et al β -0.72 Al2O3-Y2O3 6--4 0.3-3.9 UP (67) + CIP (250) Ar 1875 0.5 0 97.1% 

96 Suzuki & Sasaki β ; Size: - Al2O3 15 - UP (20) + CIP (200) N2 1950 5 0 97% 

97 H. Xu et al 
α - 0.6 

Al2O3-Y2O3 14.92-11.22 
- 

UP (50) + CIP (350) Ar 1950 0.5 0 
- 

β -0.5  - 

98 Ortiz et al β ; Size: - Al2O3-Y2O3 14.92-11.22 - UP (50) + CIP (350) Ar 1950 1 0 98% 

99 Zawrah and Shaw α -0.75 Al2O3-Y2O3-CaO 7-2-1 - UP (50) + CIP (350) Ar 1800 - 0 97% 

100 X. Guo et al α -0.75 TiN-Al2O3-Y2O3 5-4.3-5.7 - UP (100) + CIP(250) Vac. 1950 0.25 0 98% 



42 
 

 

 

Table 2.5: Prior reports on additive-assisted sintering of SiC (continued) 

Ref. # Author 
SiC Particle Size 

(µm) 

Sintering aid Net shaping and 
densification  by 

 (with pressure in MPa) 

Sintering Conditions   
% relative 

density 
Nature % content Size (µm) Atm. 

Temp  
(°C) 

Hold time 
(hrs) 

Pressure 
(MPa) 

101 Rixecker et al α - 0.51;  β -0.89 AlN-Y2O3 0.92-4.48 0.92 -4.48 CIP (240) N2 2000 0.5 0 99.6% 

102 Nader et al α ; Size: - AlN-Y2O3 2.95-10.34 - CIP (630) N2 1925 14 0 - 

103 J.K. Lee et al α - 80%; β - 80%, 
Size: α -0.42; β – 0.44 YAG 10 - CIP (200) Ar 1850 0.5 0 98% 

104 L.S.Sigl α ; Size: - Al2O3-Y2O3-AlN - - CIP (200) Ar 1930 0.5 0 - 

105 Manish Bothara α - 0.75 AlN-Y2O3 5--5 .035 - .020 PAC Ar 1700 1 50 99.5% 

106 Wetzel et al β -0.05 Al2O3-Y2O3 5-5 0.02-0.05 

UP (90) + CIP (210)+  
Sinter Forging Ar 1850 1 

40 99% 

HP Ar 1660 1 
40 97% 

UP (90) + CIP (210)+ 
GPS N2 1900 1 

10 100% 

107 Can et al α ; Size: - Al2O3-Y2O3 
3.25-6.75 - HP  

Ar 

1975 0.5 30 100% 

5-5 - CIP (250) + GPS 1925 1 8 98.8% 

108 Hermann et al α - 0.55 

Al2O3-Y2O3 3-7 - 0.9 

PAC - 

1900 

0.1 50 

97% 

Al2O3-Y2O3-TiC 3-7-1 -0.9- 1800 97.5% 

Al2O3-Yb2O3 3-7 - 1800 96.5% 

109 Rodriguez et al α ; Size: - Al2O3-Y2O3 5--5 - UP Ar 1950 

1 

Pressureless 

98.8% 

3 97.3% 

5 96.7% 

7 94.9% 

110 Clemens et al α -0.6 C-B4C - - Extrusion  
(Powder: 52 vol.%) Ar 2180 0.5 Pressureless 92.4% 

111 Onbattuvelli et al α -0.75 AlN-Y2O3 5--5 - PIM 
(Powder: 53 vol.%) Ar 1950 0 Pressureless 94% 

112 Zhang et al α - 0.5 Al2O3-Y2O3 4.5-4.5 1.5 -0.5 - N2 2000 1 - 98% 
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Table 2.6: Prior reports on additive-assisted sintering of AlN 

Ref. # Author 
AlN 

Particle 
Size (µm) 

Sintering aid Net shaping and 
densification  by 

 (with pressure in MPa) 

Sintering Conditions   
% relative 

density 
Nature % content Size (µm) Atm. 

Temp  
(°C) 

Hold time 
(hrs) 

Pressure 
(MPa) 

28 
 

Surnev et al - 

CaO 3 

- HP N2 - 0.5 40 98% 
 

Y2O3 4 

CaF2 3 

CaC2 1 

29 Du et al - 

Y2O3-CaO 1-0.5 

- HP N2 

2000 5 

- 

98.5% 

Yb2O3-CaO 1-0.5 
1950 10 

96% 

Er2O3-CaO 1-0.5 97% 

30 Li et al 2 La2O3 5 - HIP N2 1700 0.83 5000 99% 

113 Liu et al 2.04 YF3-CaF2 4--2 - UP N2 1650 6 hr - 99% 

114 Y. Liu et al 2.04 Dy2O3-CaO-Li2O 7-0.5-0.5 - UP N2 1600 1.75 - 98% 

115 X. Li et al 0.5 - - - UP(150)+HP  N2 1700 1.25 4750 99.8% 

116 Zhao et al - CaF2 4 - SPS N2 1650 0.08 30 98.14% 

117 Cheng et al 1.5 - - - UP (30)+CIP (280)  + 
Microwave (2.45 GHz - 6 kW) N2 1850 1 - 99.5% 

58 Xiong et al - 

- - 

- 
PAC 

N2 
1850 0.03 

30 

99% 

CaF2 3 99% 

- - HP 1900 1 91% 

59 Khor et al 3.5 CaF2 1 - PAC Vac. 1900 0.08 45 96% 

60 He et al 1 Sm2O3 2% - PAC N2 1700 0.16 40 99% 

61 Khor et al 2.77 Sm2O3 3 - PAC Vac. 1500 0.05 - 98% 
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Table 2.6: Prior reports on additive-assisted sintering of AlN (continued) 

Ref. # Author 
AlN 

Particle 
Size (µm) 

Sintering aid Net shaping and 
densification  by 

 (with pressure in MPa) 

Sintering Conditions   
% relative 

density 
Nature % content 

Size 
(µm) 

Atm. 
Temp  
(°C) 

Hold time 
(hrs) 

Pressure 
(MPa) 

24 Wu et al 1.99 Dy2O3-CaO 5--1 - Tape Casting N2 1850 4 Pressureless 99% 

25 Luo et al 1.7 Y2O3-Dy2O3 10.2-1.53 - Tape Casting N2 1800 6 Pressureless - 

27 Suzuki & Sakka 0.7 Y2O3 5  Slip Casting N2 1900 2 Pressureless - 

13 Lin et al 1.5 Y2O3 3% 44 PIM - 78.35 wt.% powder N2 1800 2 Pressureless - 

14 Junior & Shanafield 1.35 (C3H70)-Y 10 - UP (30)+CIP (300) N2 1850 2 Pressureless 99% 

32 Medraj et al 0.3 Y2O3 5 1.8 UP+CIP N2 1850 1 Pressureless 100% 

118 Qiu et al 0.9 Y2O3-CaO 3.53-2 - UP (10)+CIP (140) N2 1600 6 Pressureless 100% 

119 Molisani et al - 
Y2O3 4 5.3 UP(10)+CIP(150) N2 1850 1 Pressureless 

99% 

CaO 4 5.7 97% 

120 X. Xu et al 1.67 1.67 Sm2O3 8 - CIP(200) N2 1830 12 Pressureless 

121 Molisani et al 0.92 0.92 CaCO3 1.8 5.6 UP (10)+CIP 
(150) N2 1700 1 Pressureless 

122 Kume et al - - Y2O3 5 - UP+CIP(100) N2 1900 2 Pressureless 

123 Zhou et al 2.7 B2O3-Y2O3 2.4-1.6 - - N2 1850 4 Pressureless 98% 

61 Khor et al 2.77 Sm2O3 3 - PAC Vac. 1500 0.05 - 98% 

127 L. Qiao et al 1.46 Y2O3-CaF2- 
Li2CO3 

2-2-2 - 
 UP N2 1650 8 Pressureless - 
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Table 2.6: Prior reports on additive-assisted sintering of AlN (continued) 

Ref. # Author 
AlN 

Particle 
Size (µm) 

Sintering aid Net shaping and 
densification  by 

 (with pressure in MPa) 

Sintering Conditions   
% relative 

density 
Nature % content 

Size 
(µm) 

Atm. 
Temp  
(°C) 

Hold time 
(hrs) 

Pressure 
(MPa) 

124 Panchula & Ying - Y2O3 
4 - UP(7)+CIP(400) 

N2 1900 2 
Pressureless 98% 

5  HP 100 98% 

125 Chen et al 1.22 Y2O3 2 - UP (170) N2 1810 
2 Pressureless 

 

98.8% 

8 99.6% 

126 Nakano et al - Y2O3 4 - UP (10)+CIP (150) N2 
1800 1 

Pressureless - 
1900 100 

128 Olhero et al 0.33 YF3-CaF2 

3-2 - 

UP (90)+CIP (200) N2 1750 2 Pressureless 100% 4-2 - 

4-3 - 
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Table 2.7: Pros and cons of applying external pressure to densify SiC and AlN 

Method Principle Pros Cons 

Hot 

Pressing 

Simultaneous application of heat and 

pressure 

Fast,100% 

densification 

possible 

Minimal grain 

growth, not for 

intricate geometries, 

poor production rate 

Hot 

Isostatic 

Pressing 

Application of heat over the sample 

placed inside a fluid pressurized 

vessel 

Plasma 

Pressure 

Compaction 

Resistive heating of the powder 

compact by passing electric current 

through it in the presence of pressure 

Pressureless 

sintering 

Heating  to sintering temperature 

with or without hold time 

Increased grain size, 

product shape 

independence, high 

production rate 

Additional hold time, 

incomplete 

densification 
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CHAPTER 3 

Sintered Nanoscale Powders 

Abstract 

 

The property benefits of nanoscale powders are well recognized. However, translation of 

properties into final applications lies in net-shaping of the nanoscale powders into fully dense 

structures. The current article reviews near-net-shape fabrication processes that have been 

recently developed to produce components via sintering nanopowders. In addition, prior studies 

on the densification of nanoscale powders are reviewed to understand the effect of materials and 

process parameters on the sintered microstructure and properties. 
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3.1. Introduction 

The role of sintering technologies for the net shape production of complex engineering 

components from powdered materials that are difficult to machine or cast – ceramics, 

intermetallics, refractory metals, thermosetting plastics, and composites continues to grow. Hence 

it is of great interest to extend the concept of sinter manufacturing to nanoscale particles, 

especially for microminiature components where the particle size has to be at least an order of 

magnitude less than the minimum feature size  [1]. The application of sintered materials to 

microminiature components is widespread. Some of the devices are used in lighting systems, 

semiconductor assembly tools, optical transmission networks, digital light projectors, 

telecommunication systems, minimally invasive surgical tools, circuit board micro drills, radio 

isotope containers, and automotive sensors [2,3]. A good example for the use of tungsten powder 

as tungsten collimators (current submicrometer sized powders limit the hole diameter to 10 µm) 

is in PET (positron emission tomography) where image resolution is strictly limited by the feature 

size in the tungsten collimators. Likewise, in other miniature devices, refractory materials (such 

as Ta, Mo, Ti) or their compounds (carbides, nitrides, borides, oxides) would be the material of 

choice because of density, wear resistance, radio opacity, arc resistance, inertia, stiffness, 

hardness, biocompatibility, strength, thermal expansion coefficient, or vapor pressure are 

favorable factors in making such devices.  

Table 3.1 lists the literature available on synthesizing ceramic nanoparticles. Curiously, the 

availability of nanoscale powders have been reported since the 1960s [2-7], yet advantages are 

poorly realized from these powders. Small particles are required for both geometric and 

performance attributes. However, besides printed circuit drills [8], where 200 nm WC-Co 

powders are used to fabricate 70 µm diameter drills, the fabrication of microminiature devices by 

traditional press-sinter cycles has lead to disappointing properties. 

Thus, in spite of nanoscale powder availability, sintered nanonmaterials have not yet seen 

widespread application. A major difficulty is from rapid microstructure coarsening during 

processing. To overcome grain growth in sintering, novel consolidation processes have been used 

to lower the densification temperatures [9-15]. Even so there is difficulty in attaining dense 

products from nanoscale systems with grain sizes below 200 nm [15-18]. This has led to recent 

suggestions that nanoscale microstructures will be inaccessible in some cases [19], but those 

calculations assume standard processing cycles, a route not useful with nanoscale powders. The 

present review examines the work to date and provides insight to accelerate manufacturing 
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research in nanoscale processing by predicting the routes that will lead to new property 

combinations, new product performance levels, and new designs.  

 

3.2. Nanoscale Powder Consolidation Processes 

The attributes of common shaping techniques used in the net-shaping of ceramics are listed in 

Table 3.2. Following shaping, sintering is an important step common to all processes. 

Maintaining the grain size to <100 nm while attaining complete densification are important goals 

for sintering nanoscale powders. Prior investigations explored the densification and grain growth 

behavior of ceramic nanoscale powders by varying the process and material parameters. 

Densification of ceramics can be broadly classified as pressurized and pressureless sintering.  

Hot pressing, hot isostatic pressing and sinter forging have been extensively studied over the 

years. The applied pressure acts as an external sintering driving force accelerating densification 

and retarding grain growth [39]. As a result, densification might be complete faster and at 

relatively lowers sintering temperatures. Thus, in addition to the grain boundary diffusion and 

volumetric diffusion one should consider the inclusion of creep/plastic deformation as the rate-

controlling factor [40]. A summary of data from the literature on the densification of nanoscale 

powders using these conventional methods is listed in the Table 3.3. 

Recently, techniques that involve other dominant sintering driving forces in addition to the 

external pressure were developed. These include, plasma assisted compaction, microwave 

sintering and dynamic compaction. Table 3.4 summarizes selected data from the literature on the 

densification of nanoscale powders by these methods. Some salient features of these recent 

methods are summarized below: 

3.2.1. Field-assisted compaction (FAC)  

In this technique, the ceramic powder to be compacted is filled in a graphite die and placed 

between two electrodes. When pulsed electrical power is applied, the current does not flow freely 

through the powder compact since an effective current path has not yet been established due to 

the voids inside the powder. The oxide layer on the surface of the powder particle acts as an 

insulator at the particle contact. This causes a charge buildup at the inter-particle gaps between 

the powder particles, with one particle to be negatively charged with respect to the other particles 

that are in contact with it [41-44]. As the charge builds up, the voltage difference becomes 

sufficiently large to generate sparks that trigger an ionization process [41-44]. The resultant inter-

particle plasma serves to activate the surface of the powder particles by removing the oxide and 
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other contaminants. At this stage, the powder compact is heated to higher temperatures so that 

any adsorbed gas and/or moisture is released. This is usually indicated by drop in the initial 

vacuum level [45-48]. At this stage, uniaxial pressure is applied to facilitate sufficient current 

path through the powder compact. The pulse current is applied until the vacuum has reached its 

initial value. In the following stage, a constant current is applied to achieve the sintering 

temperature. Direct application of the current and external uniaxial pressure accelerates 

densification of the material by inducing resistance heating and causing plastic deformation at the 

inter-particle contact surfaces [46]. The resistance heat serves to concentrate the heat at inter-

particle points of contact and the concurrent application of light pressure results in densification 

of the compact [47]. The amount of pressure applied and direct current required to reach the 

sintering temperature are determined by various factors such as the conductivity of the powder, 

particle size and dimensions of the graphite dies used [47,48]. 

3.2.2. Microwave sintering 

Unlike FAC, in microwave sintering the heat is generated in the bulk of the material through 

electromagnetic radiation absorption [49]. Thus, the microwave sinterability of a given nanoscale 

powders depends on its absorption rate of microwave energy, which is proportional to the 

microwave frequency and dielectric electric factor. In simpler terms, higher the microwave 

frequency, better is the sinterability. With grain boundaries being the primary location for electric 

dipoles, a rapid heating of nanoscale powders with higher surface area is possible. Possibility of 

heating rate > 1000 °C/min with nearly no hold time suppresses the surface diffusion thereby 

retarding the grain growth. In summary, microwave sintering can be 10 times faster than the 

conventional sintering while consuming only 5% of the energy required [50-52]. As an additional 

note, for the nanoscale powders such as Al2O3 or TiO2, which does not couple with microwaves, 

susceptor plates (generally SiC) are embedded for microwave heating [51,52]. One major 

limitation of microwave sintering is the difficulty experienced in controlling the grain growth 

when aiming for full densification [50-54]. A proposed solution to this issue involves a 

microwave sintering of nanostructures to 90% densification followed by prolonged hold at 

relatively lower temperature to achieve full density yet with limited grain growth. Additional 

limitations including poor temperature control and inability to sinter complex geometries are 

mentioned in the prior reports. Further fundamental understanding of the interactions between the 

microwave and nanoscale powders are still needed to further advance this technique.  
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3.2.3. Explosion/shock wave compaction 

The explosion compaction method consisting of a ceramic powder surrounded by a proper type 

and amount of explosive is an inexpensive method to achieve high densities close to theoretical 

density103. The explosive's parameters have to be adjusted to the type of the powder to be 

compacted. Detonation of these explosive creates a shock wave that travels downward. This 

shockwave rearranges particles to denser packing and brings them into contact at high pressures 

to bond at contact surfaces [55-57]. The explosive's pressure required for packing is linearly 

related to the Vickers hardness of the ceramic particles. Under these high pressure and heat, the 

ceramic nanoscale powders undergo plastic deformation. The pores in the green compacts thus 

collapse leading to inter-particle friction and point defects. Prior investigations have reported a 

successful shock wave compaction of Al2O3 nanoscale powders and particulate composite 

materials [55-57]. Further research on this technique can be possible with overcoming the current 

issues including heat dissipation, cracking and non-uniform microstructures. 

3.3.   Attributes of Nanoscale Powder Sintering 

Prior sintering studies on nanoscale powders have generated several relevant observations 

[8,12,14,17-19,77-101]: 

• a smaller final grain size gives a higher strength and hardness, and other metals, no breakdown 

in the Hall-Petch strengthening has been reported for the W, Mo, Ta, ZrO2, or WC materials 

• nanoscale powders exhibit high sintering rates, but faster sintering has failed to directly deliver 

property gains because of poor grain size control 

• grain growth inhibitors are effective, but they must be dispersed homogeneously in the powder 

prior to the press-sinter cycle 

• sintering temperatures below 1100°C may give densification, but the properties often are 

unattractive due to residual impurities that do not evaporate at lower temperatures  

• densification at temperatures below approximately 1000°C require high compaction pressures or 

pressure-assisted sintering  

There is much difficulty in converting nanoscale powders into 3D bulk engineering products with 

minimized grain coarsening. The scientific challenge is how to consolidate these powders, 

especially for use in microminiature devices where classic press-sinter processing cycles are 

inappropriate. There is a need to explore nanoscale powder processing over a broad range of 

consolidation conditions to derive and validate robust processing models. For nanoscale powders, 
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grain growth in sintering is so rapid that pores become stranded in the microstructure, resulting in 

incomplete densification. Even if the product is dense, then the grain size is large, denying access 

to the property gains from small grain sizes. An additional dilemma arises with sintering many 

metals since historically refractory metal processing relied on high sintering temperatures to 

evaporate contaminants, yet these same cycles induce microstructure coarsening.  

The surface area of a nanoscale powder increases the impurity burden, while the high sintering 

activity traps contaminants prior to evaporation. We need to know what combinations of process 

parameters lead to real property gains from nanoscale powders; what are the basic processing 

rules? Early on, this research will conduct a broad study designed to generate a spectrum of 

density-microstructure responses as required to model the processing. Several processing models 

have been postulated [102-114], but some of these are invalid. Further research is needed to 

couple modeling to experimentation (shown in flow chart below) to predict properties from 

simple input parameters such as material composition, powder characteristics, and pressure-time-

temperature parameters.  

For nanoscale powders, traditional press-sinter processes inherently circumvent important 

material reactivity issues [115]. Consolidation of nanoscale powders involves both size-

dependent and temperature-dependent parameters. For example, the cemented carbide 

composition WC-10Co-0.5VC (wt. %) relies on several temperature- dependent reactions during 

heating. Vanadium carbide is an effective grain-growth inhibitor [77] that segregates to the WC 

interface at high temperatures [78]. But the low concentration of VC (0.5 wt. %) creates 

heterogeneity in the initial microstructure since it is mostly added as an admixed powder. Regions 

far from the VC particles coarsen 3- to 5-times faster than those in proximity to the VC [78,79]. 

Consequently, substantial nonuniform grain growth is detected prior to densification, starting as 

low as 1150°C [8]. At high temperatures the VC is homogenized, but the initial local imbalances 

have already induced exaggerated grain growth. 

Several important thermochemical reactions require high temperatures, independent of the 

microstructure scale [116-118]. Hot isostatic pressing and hot pressing give densification at lower 

temperatures with reduced grain growth, but with a high cost and loss of impurity evaporation, so 

the nanoscale product is not successful [12,14,15,18]. These conflicts between size-dependent 

events and temperature-dependent events create processing imbalances that result in lackluster 

properties, as seen in several refractory systems such as W [18,119], W-Cu [120-126], W-Ni-Fe 

[127], W-Y and W-Y2O3 [128]. Relevant to the proposed research, 20 nm W sinters to near full 

density at temperatures below 830°C [129], but oxide reduction is delayed to higher temperatures. 
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 3.3.1. Material parameters 

Variations in materials parameters can be broadly classified as starting nanoscale powders and 

sintering aids. Nanoscale powder size has been a major material parameter studied in the past. As 

an example, Kim et al [58] studied the effect of starting nanoparticle size on SiC densification 

and concluded that smaller particles provide a higher sintered density. Under similar sintering 

conditions, the smaller SiC particles led to the finer microstructure as the grain growth during 

hot-pressing was minimal. Additionally, the grain size tends to increase with increasing particle 

size [130]. As discussed earlier, agglomeration is a fundamental problem in the compaction and 

sintering of nanoscale powders. Compacting such aggregated powders leads to inhomogeneous 

ceramic green bodies containing large inter-agglomerate pores. Trunec and Maca investigated the 

role of nanoscale powders size in controlling the pore formation in the cold isostatic pressed ZrO2 

green bodies [68]. It was found that under similar compaction conditions, smaller the starting 

nanoscale powders, lower is the pore size. The shifting of Tmax (temperature at which maximum 

densification occurs) towards lower values confirms enhanced sinterability with reduced particle 

and pore sizes.  

The successful densification of a given nanopowder is dependent on its packing characteristics 

which in turn relies on the pore size and % porosity. In addition, prior reports by Kim et al [58] 

and Trunec and Maka [68] studied the effects of inial particle size and specific surface area on the 

green density (Table 3.5).The total number of inter-particle contacts tends to increase with 

specific surface area thus extending their frictional resistance to compaction. Thus, smaller 

particle size leads to lower green density (or higher % porosity). In summary, smaller particle size 

tends to decrease the pore size in the green compact, which together increases the sinterability of 

the nanoscale powders at relatively lower temperatures. However, their higher surface area 

reduces the green density, paving path to prolonged sintering and thus possibly grain coarsening. 

Controlling the particle size distribution may solve the above trade-off between the % porosity 

and pore size. Unfortunately, very few reports have addressed this issue till date. Recently, Qiu et 

al [131] and Onbattuvelli et al [132] suggested a bimodal µ-n powder mixture to reduce the pore 

size yet achieve higher green density in AlN ceramics. Further research is required to extend the 

above idea into multimodal nanoscale powder mixtures.  

As mentioned earlier, sintering aids are generally used to drive the densification of covalently 

bonded ceramic oxides (ZrO2, BaTiO3), nitrides (AlN, Si3N4) and carbides (SiC, B4C). For 

example, Y2O3 reacts with the Al2O3 layer on the surface of the AlN particles forming a eutectic, 

yttrium aluminum garnet (Y3Al5O12) which in turn densifies AlN [132]. However, its retention as 
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an intergranular glassy phase proved detrimental to all the sintered properties. Thus, prior reports 

focused on studying the effect of the composition and amount of the sintering aid(s) over the 

densification of difficult to sinter ceramics. Prior reports by G. Skandan [64] on n- ZrO2 and Kim 

et al on n-SiC
 
[58] discussed the faster dissolution of nanoscale powders into the liquid phase due 

to their higher surface area. On contrary, Qiu et al [131] confirmed that the mechanism involved 

in the eutectic formation is independent of the initial particle size. However, there is an absence 

of any literature on employing nanosized sintering aids, making it an area worthy of future 

research. 

3.3.2. Process parameters 

 Sintering is accompanied by the reduction of surface area as result of mass transport via 

diffusion. Surface diffusion is often dominant at lower sintering temperatures. However, at 

elevated temperatures, inter-particle bonds grow larger, impinging on each other forming a 

network of pores connected by grain boundaries along which atoms are transported. Such 

impingements are expedited when the nanoscale powders with higher surface area are used [68]. 

In simple words, smaller particle size and higher temperatures speeds the particle bonding 

process. The above discussion can also be correlated to the substantial difference witnessed in the 

densification of SiC nanoscale powders [58]. These particle bonds generally result in the 

reduction of particle surface energy, which in turn reduces the grain boundary energy. Thus in 

addition to the elimination of pores, higher sintering temperatures also accompanies grain growth 

[63]. Employing higher heating rate and/or application of external pressure (for sintering via 

creep) are generally suggested for complete densification yet retard the grain growth132. During 

sintering, loss of grain boundaries near the pores generally slows the densification. Slower 

heating rate and/or isothermal heating at sintering temperatures for extended time are suggested 

as the solutions to the above-mentioned issue. For example, the sintered density of nano-ZrO2 

tends to increase when held at 1100 °C for 4 hr [68].  However, the grain growth is found 

inevitable with both the solutions even though their effect of densification is promising. For 

example, Rodriguez et al [133] demonstrated the growth of SiC grains with increase in the hold 

time at sintering temperature. As evident from the Table 3.4, the recent research work combat the 

grain growing issue by involving additional densification sources such as external pressures, 

plasma and microwaves. Additionally, two-step sintering was suggested for retarded grain growth 

during pressureless sintering. The reheating of a partially sintered sample during the second step 

is found to suppress the grain-boundary migration while promoting grain-boundary diffusion [63]. 
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This is in turn reduces the grain size of sintered ceramics. Additionally, higher heating rates are 

also made possible with the two-step sintering. 

With techniques including HP, HIP, FAC being used for sintering nanoscale powders, the role of 

external pressure over densification and grain growth should be understood. Application of 

pressure during the sintering leads to various mass transport mechanisms such as plastic yield, 

diffusion controlled creep and grain boundary sliding. Thus, the near elimination of volumetric 

diffusion during pressurized sintering diminishes the requisite for higher temperature or hold 

time. Higher pressures are proved beneficial during initial and intermediate stages of sintering 

through nanoscale powders rearrangement, plastic deformation and pore shrinkage [134, 135]. As 

a case in point, a reduction of grain size from 700 to 500 nm was observed with increased 

pressure during the FAC of n-SiC ceramics [136].  

 

3.4. Sintering Models 

Several models have been proposed and extended into the nanoscale size range. From a 

manufacturing viewpoint, the critical need is to predict the final dimensions and performance. In 

turn, this requires analysis of the powder densification and microstructure development using 

input parameters such as the particle size, agglomeration level, compaction pressure, heating rate, 

peak sintering temperature, and sintering time. Some of the models are based on classic material 

data [137,138], yet several parameters must be extracted via experimentation; for example, the 

grain growth exponent and anisotropic shrinkage during sintering. Other unknown factors include 

the agglomeration size effect, change in grain boundary diffusion due to impurities, and 

agglomerate strength. Assumptions are made on how the material parameters change with 

temperature, density, and grain size. However, actual data are required to accurately handle these 

problems if we are to predict component size, density, and properties. This is the area not well 

explored and denies solving relevant manufacturing problems. Many of these issues are simply 

handled by broad assumptions. For example, Iyer and Sastry [106] have a model that requires 

approximately 70 input parameters, a critical one being the assumption of faster grain boundary 

diffusion (and faster sintering) in nanoscale powders due to higher impurity levels. However, 

often oxides have the opposite effect [139]. Other unrealistic assumptions are problems, such as 

an assumed lack of particle size effect on compaction; which is contrary to experimental 

observations, since at 160 MPa a 46 nm tungsten powder presses to 41% green density, a 110 nm 

powder presses to 47%, and a 490 nm powder presses to 50% [140].  
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Modeling the sintering behavior of nanoscale powders has a strong foundation in press-sinter 

simulations to predict component size, shape, as well as density, and properties. Prior efforts 

[102-113,141-143] have formulated constitutive equations for powder packing, compaction, 

sintering densification, sintering distortion, microstructure coarsening, and properties. These are 

coupled into finite element packages to predict component size, shape, warpage, density, or 

properties for three-dimensional shapes [141-144]. Input parameters for the models are a large 

barrier, so a need is to generate algorithms or to recognize patterns that help estimate the required 

parameters with reduced experimentation.  

The major challenge for understanding the sintering behavior of nanoscale powders will be to 

adapt and integrate the models into a form that handles the special densification, coarsening, 

agglomeration, and other features associated with the press-sinter processing of nanoscale 

powders. This requires a critical assessment of options to isolate the appropriate models based on 

the experimental data. As several materials are processed, an understanding will emerge to 

integrate and generalize the models, allowing first guesses on processing parameters as new 

nanoscale powders emerge. 

When a powder is loaded into compaction tooling it packs at the apparent density. A small 

quantity of polymer is coated on the tooling for lubrication. During pressurization the powder 

exhibits a declining rate of densification. Typical compaction models rely on the apparent density 

as the zero-pressure density, and include a means to account for particle rearrangement, porous 

body plastic deformation, and work hardening [145,146]. These factors give the pressed density 

as a function of the compaction pressure based on a model that requires at four to six independent 

parameters. Plotted below (a) is the Shima and Oyane [147] model as compared to the 

compaction curves for four tungsten powders. This model has been verified for a wide range of 

nanoscale powders with typically 1 % error. 

Green strength is critical to handling pressed powders. Compact handling requires a green 

strength of 20 MPa range, but values as low as 3 MPa can be accommodated in special situations. 

Green strength arises from the inter-particle locking, deformation, and cold welding during 

compaction [113,141,146]. For nanoscale particles pressed at low pressures, the green strength is 

unacceptable, so manufacturing viability depends on exceeding a minimum green strength. This 

is a particular difficulty with nanoscale powders, requiring high green densities from high 

compaction pressures to obtain handling strength, as treated in a recent model [113]. 

Sintering has been the subject of considerable study; more than 10% of the sintering literature 

dealing with refractory powder sintering at peak temperatures up to 2800°C [2-4,148-159]. Sinter 
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bonding and shrinkage is determined by a combination of temperature, grain size, and time 

[148,149]. For the refractory metals, sintering is by a combination of surface diffusion and grain 

boundary diffusion [148,156,160]; but only the latter contributes to dimensional change via 

shrinkage. Further, sintering shrinkage is sustained only as long as the pores remain coupled with 

the grain boundaries, although there is a separation of grain boundaries from pores [161], leading 

to decaying shrinkage versus time [148]. Treatments of this coupled problem often link grain size 

to sintered density [161-165]. For low starting densities, as is typical of nanoscale powders, the 

separation of pores from grain boundaries is not coupled to density, and nanoscale powders 

follow different trajectories [114]. During sintering the microstructure converges to a constant 

grain size distribution [166].  

In isostatic pressing, the sintering shrinkage is uniform and can be treated using isotropic 

concepts. This is not true for agglomerated powders [114]. If a compact starts with a low green 

density, as is typical of nanoscale powders, then the asymptotic sintered density is low, reflecting 

the combined roles of surface diffusion, grain boundary diffusion, grain growth, and pore 

separation from the grain boundaries. The implication with respect to sintered nanoscale powders 

is that only limited densification is possible. Low green densities result in low sintered densities. 

Grain size and sintered density determine hardness, strength, and other properties, so accurate 

models for grain size in the sintered product are needed to predict properties. Like densification, 

grain growth is thermally activated, and further influenced by the porosity, pore size, and time at 

temperature. The inhibitions to grain growth disappear as the density increases [113,162-168]. 

The models link grain size is to the thermal work and sintered density, giving accurate predictions 

of density and grain size for nonisothermal cycles [102-113]. 

From this base, component size and shape are predicted in finite element models using 

constitutive compaction and shrinkage equations. Further, since microstructure is quantified in 

the models, properties can be predicted where microstructure-property links are established. The 

intent is to formalize the models, integrate the pieces into a single platform, train the model with 

experimental data, and verify the model for the four materials. In turn, the study has the potential 

to generalize the findings to other material systems via basic material data. For example, 

modeling and simulations data for some of the systems we developed are shown below.  

Continuum modeling of the sintering process is the most relevant approach to modeling grain 

growth, densification, and deformation. Key contributions have been made by Ashby 

[138,169,170], McMeeking and Kuhn [171], Olevsky et al.[172-175] Riedel et al. [176,177], 

McHugh and Riedel [178], Bouvard and Meister [179], Cocks [180], Kwon et al. [181,182], and 
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Bordia and Scherer [183-185] based on sintering mechanisms such as surface diffusion, grain-

boundary diffusion, volume diffusion, viscous flow (amorphous materials), plastic flow 

(crystalline materials), evaporation–condensation, and rearrangement. For industrial applications, 

the phenomenological models are used for sintering simulations with the following key physical 

parameters: 

• Sintering stress [137] is the driving force for sintering due to the interfacial energy of pores and 

grain boundaries. The sintering stress depends on surface energy, density, and geometric 

parameters such as grain size when all the pores are closed in the final process. 

• Effective bulk viscosity is the resistance to densification during sintering and is a function of the 

material, porosity, grain size, and temperature. Models for the effective bulk viscosity display 

various forms, depending on the assumed dominant sintering mechanism. 

• Effective shear viscosity is the resistance to deformation during sintering and is also a function 

of the material, porosity, grain size, and temperature. Several rheological models for the effective 

bulk viscosity are available. The cited parameters are functions of grain size. Therefore, a grain-

growth model is needed for the accurate prediction of densification and deformation during 

sintering. Typical initial and boundary conditions for the sintering simulations include the 

following:  

• Initial condition: mean particle size and grain size of the green compact for grain growth and 

initial green-density distribution for densification obtained from compaction simulations. 

• Boundary conditions: surface energy condition imposed on the free surface and friction 

condition of the component depending on its size, shape, and contact with the substrate support. 

The initial green-density distribution within the shaped body imposes the necessity to start the 

sintering simulation with the output from an accurate compaction simulation, since die 

compaction induces green-density gradients that depend on the material, pressure, rate of 

pressurization, tool motions, and lubrication. The initial and boundary conditions help to 

determine the shape distortion during sintering from gravity, nonuniform heating, and from 

density gradients in the green body. Table 3.7 summarized some applications of sintering models. 

Even though many numerical methods have been developed, FEM is most popular for continuum 

models of the pressing and sintering processes. Many powerful commercial software packages 

are available for calculating two-dimensional (2D) and 3D thermo-mechanical processes 

operative during sintering. To increase accuracy and convergence speed for sintering simulations, 

developers of simulation tools have selected explicit and implicit algorithms for time 
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advancement, as well as numerical contact algorithms for problems such as surface separation, 

and remeshing algorithms that are required for large deformations such as those seen in some 

sintered materials in which up to 25% dimensional contraction is possible.  

As a result of efforts in developing models and simulation tools, it is now possible to simulate 

numerically most of the individual processes in PIM, not only in academe, but also by means of 

commercial software. One advantage of this integration is that the powder concentration 

prediction during injection molding can be considered as the initial condition for debinding and 

sintering. As a consequence of this integration, a sensitivity analysis and optimization during the 

entire PIM process may be possible. The measurement of material properties and their database 

are critical in this integration and a material informatics concept can be used, as will be discussed. 

Numerical methods have been developed not only on a continuum scale but also on other scales 

such as electronic, atomistic, and meso. In addition, as the need for miniaturization of 

components increases, simulations on smaller scales become more significant in light of their 

narrow process window, which requires an understanding of the attendant scientific 

fundamentals. In this manner multiscale simulations have been developed including: 

• Atomistic simulation using the modified embedded atom method (MEAM) originally proposed 

by Baskes et al [194,195] and development of a two-particle model from the atomistic simulation 

results [196] 

• Electronic scale quantum mechanical simulation based on density functional theory (DFT) 

[197,198] and development of an activator/inhibitor model from electronic simulation results 

[199] 

• Mesoscale simulation using the discrete element method (DEM) by calculating the inter- actions 

between contacting grains modeled by atomistic simulation and development of a continuum-

based model from DEM simulation results 

 • Continuum-based macroscale simulation 

The smaller-scale simulation can be considered as a virtual experiment for obtaining material 

parameters for higher-scale simulations. Some-times a lower-scale experiment is impossible, but 

can be replaced by a lower-scale simulation. In atomistic simulations, the Monte-Carlo (MC) 

method is frequently used. The fluid–particle interaction can be simulated numerically by DEM. 

Furthermore, multiscale sensitivity analysis and optimization can be introduced. 
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If the compacted body density predictions are in error, then sintering response, dimensional 

change in sintering, final size and shape, and even property predictions are wrong. Thus, most of 

the models focus on density predictions [102-113], and some treat microstructure [109-111], but 

only a few address property predictions [112]. Although microstructure evolution trajectories are 

often assumed during sintering, they tend to be unverified. Hence, predictions of final size, shape, 

and properties are either avoided or are inaccurate. Yet from a manufacturing viewpoint these are 

critical needs. In the end, the component size, shape, and properties are the key determinants of 

technical success. Then knowing the processing details helps establish the economic viability. 

Thus, existing models need to be critically reviewed and updated to enable manufacturing from 

nanoscale powders.  

 

3.5. Structure –Property Relationships for Sintered Nanoscale Powders 

When complete densification along with controlled grain growth can be achieved, sintered 

nanoscale powders with unusual mechanical properties such as extreme hardness, strength, super 

plasticity and creep have been reported in the literature. The current sections focus on the 

variations noticed in the mechanical and thermal properties of sintered nanoscale powders due to 

the grain size refinement.  

3.5.1. Hardness and yield strength 

In several sintered nanoscale powders an increase of microhardness Hv and yield strength is 

noticed with decreasing grain size according to the Hall-Petch relationship. When the grain size 

decreases, the grain boundary area tends to increase. These grain boundaries act as the pinning 

points impeding crack propagation. Since the lattice structure of the grains differs in orientation, 

it requires more energy for a crack to change directions and move into the adjacent grain. 

Impeding the crack propagation also hinders the onset of plasticity and hence increases the yield 

strength of the material. However, despite the fact that nanoscale materials are inherently 

stronger/harder than their microscale counterparts, the increment in strength falls below the 

theoretical prediction [59,63,136].  Below a certain grain size, a softening mechanism has been 

suggested to take over, resulting in lowering of hardness/strength and is referred to as the inverse 

Hall–Petch relationship. For example, Ehre and Chaim claim 130 nm as the critical grain size 

below which an inverse Hall–Petch relationship was noticed for nanophase MgO [200]. Some 

studies have suggested the possible role of grain boundary thickness over the strength and 

hardness of the nanophase ceramics. Theoretical models including Hill effect, Reuss effect and 
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Voigt effect have been proposed that indicate that the volume fraction and hardness of the grain 

boundary material could control microhardness values [200]. Experimental verifications are yet to 

be reported to support the predictions.

 
3.5.2. Creep resistance 

The presence of intergranular refractory particles has been found to improve the creep resistance. 

For example, Ohji et al reports a proportional relation between the threshold stress and n-SiC 

content in the Al2O3-SiC nanocomposites [201]. Possible mechanisms including diffusion 

hindrance at intergranular glassy phase and increased refractoriness of grain boundary amorphous 

phase have been credited for the enhanced creep resistance.   

3.5.3. Superplasticity 

The primary mechanism involved in superplastic deformation is grain-boundary sliding. Thus, a 

small grain size is useful for attaining high-strain-rate superplasticity. For example, Kim et al 

reported 1050% deformation in 210 nm ZrO2 - spinel - Al2O3 nanocomposites when a strain rate 

of 0.4 s-1 is applied at 1650 °C [202]. It has been suggested that superplastic deformation can be 

beneficial in lowering the sintering temperatures and net shaping of nanoscale powders. 

Superplasticity has also been observed for other nanophase ceramics such as Si3N4 [203], Y-TZP 

[204], at intermediate temperatures with a relatively low strain rate of 10-4s-1.  

3.5.4. Thermal diffusivity 

Reduced grain size is found to drastically change the thermal properties of nanophase non-oxide 

ceramics [205]. Thermal diffusivity has been suggested to be limited by intrinsic phonon 

scattering of the microstructure [206]. For most solid materials with a perfect crystal lattice, the 

transfer of thermal elastic waves, otherwise known as phonons, primarily controls the thermal 

diffusion behavior. In real solid materials, imperfections such as grain boundaries, pores, 

impurities (secondary phases in liquid phase sintering) and dislocations are unavoidably present. 

Phonons collide with these imperfections, causing phonon scattering, which reduces the mean 

free path [206]. Thus, smaller grains lead to an increase in the mean free path of the phonons and 

contribute to the decrease in thermal diffusivity. For example, Liu et al correlate retarded grain 

growth (during isothermal hold at sintering temperature) on the thermal diffusivity of the nano-

YSZ [207]. 
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3.6. Potential Applications of Sintered Nanoscale powders 

Recent improvements in the net shaping and sintering of nanophase ceramics provide a promise 

for various applications. For example, a plasma pressure compacted n-SiC plate exhibited a 

Vickers hardness of 2 GPa with a fracture toughness of 4.6 MPa.m1/2 extending its possibility in 

body armor application [136]. Additionally, a high wear resistance makes nanograined ceramics 

potential candidates for heavy-duty wear/ tribological applications. Other than sintered structures, 

n-Al2O3 powders have drastically improved the wear resistance when incorporated as filler (5 

wt.%) in the PTFE matrix [208]. Additionally, thermal insulation applications of nanosized oxide 

ceramics were made possible due to their lower thermal conductivity, higher thermal shock 

resistance and superior mechanical properties. Recently, synergistic effects of improved 

mechanical properties and biocompatibility render nanostructured ceramics including 

hydroxyapatite, Al2O3-ZrO2 nanocomposites as potential candidates for load bearing biomedical 

applications [209,210]. 

Sintered nanoscale powders are also likely to greatly impact the production of microdevices. 

Microdevices are envisioned for many aspects of life with estimated growth rates of 20 to 30% 

per year [211,212]. Demands on nanoscale powder processing arise from two sources – 1) the 

demands for small features on 3D microminiature devices and 2) the generation of novel 

properties possible via nanoscale microstructures. Several applications will benefit from this basic 

manufacturing and modeling research, such as – 

• optical mirrors for digital light processing units, with features in the 1 µm range 

• eye implants to relieve glaucoma intraocular fluid pressure, with pore features down to 1 µm  

• collimators for PET medical imaging with holes smaller than 10 µm  

• micro-fluid reactors with features in the 1 µm range 

• wire bonding tools for semiconductor packages, with tip features below 1 µm  

• robotic surgical manipulators with features in smaller than 10 µm  

• high-speed carbide drills with flute and tip features in the 2 µm range 

• drive motors for surgical robots, with features in the 10 µm range. 

Shrinking component sizes tax our fabrication abilities. In powder systems, the rule of thumb is 

that the powder size must be smaller than 5% of the feature dimension to reduce wall effects 

[213]. Features of 1 µm size require particles below 50 nm. Besides feature sizes, many 

engineering properties will improve with a small grain size, including strength, hardness, arc and 
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wear resistance [3]. For example, abrasive wear rates fall exponentially as the hardness increases 

while fracture toughness increases [214]. Thus, significant gains are anticipated in dense 

nanoscale structures. Today, such gains require special and expensive consolidation techniques 

such as spark sintering [215]. From the above examples, it is clear that research and technological 

advances in sintered nanoscale powders systems will assist in the manufacturing of dense, small 

grain size microminiature devices for broad human benefit.  

 

3.7. Future Trends 

3.7.1. Material informatics 

Informatics is a science in which a new knowledge system is developed by collecting, storing, 

processing, retrieving, indexing, extracting, exchanging, transmitting, analyzing, studying, and 

classifying data. Some examples of current activities in powder informatics include: 

• Establishing a database of terminology, models and equations, figures, and experimental data 

• A graphic capability to make plots and curve fitting capability to obtain material parameters 

• A simulation capability based on a material parameter database  

The concept of the “computational thinking” algorithm from material informatics provides useful 

information such as the prediction of missing data points, a reduction in the number of 

experiments for material properties, validation and verification, and generation of material–

process–property mapping. 

3.7.2. Integration of bulk synthesis with nanoscale powder processing 

Integrating the synthesis of nanoscale powders with downstream processing is important from the 

perspective of facilitating the handling of bulk quantities of nanoscale powders and limiting their 

exposure to the environment. In this regard, microchannel reactors used for nanoscale powders 

synthesis provide the attribute of portability in addition to the ability to generate specific particle 

attributes (size, shape, purity) and scalable throughput [216]. A potential area of integration of 

bulk synthesis to nanoscale powders production involves directing the reaction product from the 

microchannels directly into a compaction press for fabricating metal and ceramic components. 

The concept for integrating the microchannel reactor to a compaction press using a sliding feed 

shoe is shown in Figure 3.1. It allows for creating components from nanoscale powders directly 

after synthesis. The feed shoe will have 2 inlets. The first inlet will be to the microreactor. The 
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second inlet will be to a lubricant delivery system that tribostatically applies an organic lubricant 

on the inside of the die to reduce friction at the die-wall. The lubricant will also provide 

protection of the compacted nanoscale powders prior to sintering. The press will be placed in an 

inert air / moisture-free chamber to avoid exposure to the ambient. Issues pertaining to flowability 

of the nanoscale powders will have to be resolved using this approach using a combination of 

fluidization, tribostatic and electrostatic principles. As another example of process integration, 

variations of this feed shoe technique could be developed to introduce the nanoscale powders into 

a high intensity mixer. Here the nanoscale powders could be combined with surfactant and binder 

additives in an inert atmosphere before being further processed by conventional powder 

processing techniques such as injection molding, extrusion, slip casting and tape casting. A third 

example is to direct the production of nanoscale powders with polymer mixing into a molding 

operation similar to reaction injection molding or gas-pressure assisted molding that is currently 

prevalent in the world of plastics. The commercial implications from success of integrating 

production and use of nanoscale powders are enormous as they range from automotive and 

energy generation to petrochemical processing and aerospace. 

 

3.8. Concluding Remarks 

Nanoscale powders have been available recently for many materials. The submicron and 

microscale powders of these material chemistries have historically been net-shape processed via 

various manufacturing routes followed by sintering. The property benefits of sintered nanoscale 

powders are well recognized and can be potentially used in a diversity of applications. However, 

enhanced properties require new thinking on how to balance size-dependent gains from nanoscale 

powders against temperature-dependent processing barriers. The present review establishes the 

need to develop processing methods and design tools for powders at the nanoscale range. These 

developments will allow evaluation of alternative processing cycles to determine realistic 

property gains, over variations in component size and shape. The developments will eventually 

lead to lower cost (time, effort, equipment, dollars, and false expectations) in experimentation, 

optimization, and assessing performance goals when compared to current approaches with 

submicron and microscale powders. 
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Figure 3.1: An example of integrating bulk synthesis with nanoscale powders consolidation 
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Table 3.1: Chemical methods for synthesizing ceramic nanoparticles 

Method 

Reference 

Starting material Resultant Material Atm. 
Particle 

Size (nm) 
Particle Shape 

# Author 

Precipitation 

20 
Shi and 

Verweij 
Zirconium chloride Zirconia -NA- 10 - 

21 Yang et al 
Vanadium chloride 

and tin chloride 

Vanadium doped tin 

dioxide 
Air 7.7 - 

Spray pyrolysis 

22 Trejo et al 
Cerium nitrate and 

yttrium nitrate 
Yttrium doped ceria Air 200 Spherical 

23 Li et al 
Aluminum chloride 

and sodium nitride 
Aluminum nitride - 5 Cubic 

Sol-gel Method 

24 Boddu et al Magnesium hydroxide Magnesium oxide NA 200 Corraline 

25 
Isley and 

Penn 
Titanium isopropoxide Titanium dioxide NA 27.6 - 

Hydrothermal 

synthesis 

26 Zhang et al 

Calcium nitrate and 

disodium hydrogen 

phosphate 

Hydroxyapatite 

Air 

5 Platelet 

27 Yin et al Titanium chloride Titanium dioxide 11 Spherical 

28 Lee et al 
Titanium acylate and 

barium hydroxide 
Barium Titanate 100 Agglomerate 

Carbothermal 

reduction 

29 Meng et al Silica Silicon carbide 
Ar 

15 Nanowires 

30 Sarkar et al Titanium dioxide Titanium carbide 5 Oval 
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Table 3.1: Chemical methods for synthesizing ceramic nanoparticles (contd.) 

Method 

Reference 

Starting material Resultant Material Atm. 
Particle 

Size (nm) 
Particle Shape 

# Author 

CRN 

31 P.V. Umnuay Silicon monoxide Silicon nitride NH3 47 Spherical 

32 Joo et al 
Alumina Aluminum nitride N2 - 

- 

33 Kuang et al Cubic 

Direct 

nitridation 

34 Lei et al 

Aluminum Aluminum nitride 

N2 80 Nanowires 

35 
Radwan and 

Bahgat 
NH3 

- - 

36 
Imamura  

et al 
Cerium hydride Cerium nitride - - 

CVD 

37 
Akurati  

et al 

Tetraisopropyl 

orthotitanate 
Titanium dioxide - 4.5 Spherical 

38 
Azuma  

et al 
Trimethyl gallium Gallium nitride NH3 30 Hexagonal 
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Table 3.2: Comparison of the ceramic net-shaping processes 

Characteristics 
Hot 

Pressing 

Slip 

Casting 
Machining 

Injection 

Molding 

Pyrolysis of Pre-

Ceramic 

Polymers 

Robocasting 

Density 95-100% 95-99% 100% 90-100% >95% 95-99% 

Surface Finish < 2 µm 3 µm 0.4-2 µm 0.4 -0.8 µm - <1 µm 

Secondary 

Machining 
Required Required - Nil Nil Nil 

Wall Thickness >2mm >5mm >2mm 10 µm >0.5 mm <100 µm 

Dimensional 

Tolerance 
Poor Poor Poor Close Close Close 

Shape 

Complexity 
Medium Medium High High High - 

Production Rate Medium Low Low High Low High 
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Table 3.3: Effects of material and process parameters on densification and grain growth for conventional processes 

# Author System 
Initial Particle 

Size (nm) 

Sintering aid Net shaping and/or 
densification via 

(with pressure in MPa) 

Sintering Conditions 
% relative 

density 
Final grain 
size (nm) 

Nature % content Atm. 
Temp 
(°C) 

Hold time 
(hrs) 

58 Kim et al SiC 30 Al203-Y2O3-Cao 7-2-1 HP (25) Ar 

1750 

0.5 

95.6 100 

1800 
97 

170 

1850 300 

59 Chang et al Al2O3 23 
- HP (40) 

Ar 1345 1 
58 65 

MgO 0.1 HP (60) 99 65 

60 Panchula and Ying AlN 100 

Additive Free HP (100) 

He/NH3 1900 2 

100 

- Y2O3 4 
CIP (400) 

99.3 

Additive Free 98 

62 Xu and Gao BaTiO3 
80 

- CIP (130) 

Air 

1250 5 
96.5 80 

150 94.7 150 

63 Mazaheri et al 8 mol.% YTZ 25 - CIP (600) 1500 5 97 2000 

64 Skandan 3 mol.% YTZ 9 - CIP (400) 1125 1.33 100 70 

65 Trunec and Maca ZrO2 10 Y2O3 3 CIP (300) 1100 4 99.7 85 

66 Li et al 

CeO2 12.6 

- CIP (300) 1000 4 99 

262 

Sm doped CeO2 6 132 

Gd doped CeO2 6.6 117 

67 Suarez et al 
ZrO2 75 Y2O3 3 

Slip cast and CIP (392) 1250 5 
99.5 113 

3 mol.% YTZ 65 - 
 

175 

50 Paranosenkov et al Si3N4 25 Al203-Y2O3 1-9 HP(500) N2 1850 3 93 

61 Dong et al SiC 60 - HIP (200) Ar 1850 1 - 100 
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Table 3.4: Effect of materials and process parameters on densification and grain growth for recent processes 
 

# Author System 
Initial Particle 

Size (nm) 

Sintering aid Net shaping and/or 
densification via 

(with pressure in MPa) 

Sintering Conditions 
% relative 

density 
Final grain 
size (nm) Nature % content Atm. 

Temp 
(°C) 

Hold time 
(hrs) 

67 Suarez et al 
ZrO2 75 Y2O3 3 

FAC (150) - 1150 0.5 90 
 

3 mol.% YTZ 65 - 115 

94 Bothara SiC 750 AlN-Y2O3 5-5 FAC (50) Ar 1700 1 99.5  

68 Trunec et al ZrO2 12 Y2O3 1.5 FAC (500) - 1000 0.05 99.4 70 

69 Nygren and Shen 

ZnO - - 

FAC (50) 

Vac 

850 

0.05 
100 

- 

ZrO2 60 Y2O3 5 1100 <100 

Al2O3 400 - 1250 500 

Si3N4 - Al203-Y2O3 2.5-7.5 1500 0.05 - 

70 Eskandarany  WC 7 MgO 18 FAC (38.2) 1690 0.05 99.7 25 

71 Lee et al TiO2 20 

- 

FAC (62) 800 1 99 200 

72 Kim et al Al2O3 150 FAC (80) 1150 0.33 - 290 

73 Yoshida et al Y2O3 20 FAC (83) 1050 1 97.3 500 

74 Guo et al Hydroxyapatite 84 FAC (50) 825 3 98.6 130 

75 Xu et al Si3N4 500 Al203-Y2O3 3-5 FAC (30) N2 1600 0.08 100 70 

50 Paranosenkov et al Si3N4 25 Al203-Y2O3 1-9 UP(500); Microwave (-) - 1750 - 93 Non-uniform 

76 Feher et al Si3N4 - Y-ZrO2 20 mm-wave (30 GHz) N2 1575 Nil 100 <100 

53 Oh et al Al2O3 150 ZrO2 10 
CIP (200);  

Microwave (28 GHz) 
Air 1200 - 62.2 - 

51 Vijayan and Varma Hydroxyapatite 35 - Microwave (2.45 GHz) - 1200 0.08 95 200 

52 Xie et al Ce-Y-ZrO2 100 - 
CIP (220);  

Microwave (2.45 GHz) 
- 1400 0.25 99.5 650 
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Table 3.5: The effect of particle size and specific area on green density 

n-SiC (Kim et al, 2006, [58]) n-ZrO2 (Trunec and Maka, 2007, [68]) 

Particle 

size (nm) 

Specific 

surface area 

(m2/g) 

Green 

density (UP 

at 25MPa) 

Particle 

size 

(nm) 

Specific 

surface area 

(m2/g) 

Green density 

(CIP at 300 

MPa) 

20 94 39 8 123 42 

25 71 48 23 46 55 

30 48 50 44 23 53 

 62 16 58 
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Table 3.6: Example of Nanoscale Sintering Models 

Alymov et al. 

(1994) [102] 

W, Mo, Ag, Cu time-dependent initial stage sintering neck growth for 

loose nm powders 

Shaik & 

Milligan 

(1997) [103] 

mechanically 

alloyed steel  

density, grain size, properties for nm scale powders 

consolidated using forging or hot isostatic pressing 

Freim& 

McKittrick 

(1998) [104] 

Al2O3-ZrO2 density and microstructure predictions for mixed nm 

powder composites 

Zachariah& 

Carrier (1999) 

[105] 

Si grain coalescence as a function of time assuming 

mixtures of diffusion and viscous flow for nm 

spheres 

Iyer and Sastry 

(1999) [106] 

MoSi2, Cu density predictions versus time applied to nm 

powders with different pressures, temperatures, and 

impurity levels 

Moritz et al. 

(2000) [107] 

TiO2 drying, sinter density, and shape predictions for 

viscous nm solids with particle packing gradients as 

formed by centrifugal compaction 

Kim 

(2001) [108] 

Cu strength and ductility predictions for creep 

deformation of nm particles based on grain boundary 

diffusion and assumed grain size distribution 

behavior 

Rosner & Yu 

(2001) [109] 

not applied to 

any material 

predictions of agglomerate size distribution based on 

nm particle coagulation and sintering as driven by 

surface area reduction 

Park & Rogak 

(2003) [110] 

TiO2 agglomerate size predictions based on sintering, grain 

growth, and coagulation for assumed nm particle 

distributions and sintering rates 

Redanz & 

McMeeking 

(2003) [111] 

not applied to 

any material 

pressure-assisted sintering densification for ideal 

spheres in ideal green body, adjustable solid-vapor 

dihedral angle,  

Schmid et al. 

(2004) [112] 

not applied to 

any material 

grain growth and agglomerate size predictions for 

diffusion controlled sintering of nm spheres with 

fractal behavior,  

German & 

Olevsky 

(2005) [113] 

W density, grain size, strength predictions for various 

particle sizes and green densities assuming traditional 

press-sinter processing cycles 

Olevsky et al. 

(2005) [114] 

not applied to 

any material 

anisotropic shrinkage and microstructure predictions 

using multiple scale sintering model for anisotropic 

particles,  
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Table 3.7: Applications of sintering models 

 

 (a) 
particle size effect on die compaction 
based on Shima-Oyane model [186] 

 
(b) FEM simulation for die compaction [187] 

 
(c) particle size effect on lubricant (EVA) 
 removal based on MDC model [188] 

 
(d) particle size effect on grain growth 
based on MSC model [189] 
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Table 3.7: Applications of sintering models (contd.) 

 

  
(e) compaction pressure effect on densification for 
ultra fine Mo based on MSC model [190] 

  
(f) FEM simulation for sintering distortion under 
various gravity forces [191] 

  
(g) atomistic simulation for sintering [192] 

  
(h) optimization for minimum grain size [193] 
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CHAPTER 4 

The Effect of Nanoparticle Addition on the Solids Loading of  

SiC and AlN Powder-Polymer Mixtures 

 

Abstract 

The development of methods to increase sintered density and improve dimensional tolerances is a 

crucial issue in powder metallurgy and ceramic processing. Increasing the packing density of 

starting powders is one effective route to achieve high sintered density and dimensional precision. 

The current paper presents an in-depth study on the effect of nanoparticle addition on the powder 

content of SiC and AlN powder-polymer mixtures. In particular, bimodal mixtures of nanoscale 

and sub-micrometer particles was found to have significantly increased powder volume fraction 

(solids loading) in the mixtures for injection molding. The implication of nanoparticle additions 

on the powder injection molding cycle is discussed by studying the effect of nanoparticle addition 

on the powder-polymer mixtures‟ rheological properties.   



87 
 

4.1. Introduction 

Higher green density and homogeneity of powder packing in powder-polymer mixtures are 

important for improving the sintered density and ensuing properties [1-3]. Prior studies have 

focused on the role of organic additives to increase packing and homogeneity in suspensions by 

steric or electrostatic stabilization [2-5].   Fine powders are desirable in a suspension since they 

exhibit enhanced densification behavior during with their high surface area [6-9]. For example, 

Trunec and Makka showed an increase in sintered density by reducing the particle size of zirconia 

[6]. However, smaller particles also agglomerate, increase the mixture viscosity, reduce the solids 

loading and display slower debinding rates compared to larger particles [10-12]. Prior studies 

have also examined the merits of using a wide particle size distribution where small particles fit 

into the interstitial spaces between large particles [13-16]. However, size segregation is possible 

with such particle distribution which in turn can lead to inhomogeneous microstructure [17]. 

Different bimodal mixture models have been proposed in the past by to predict particle packing 

behavior [18-21]. However, their applicability to nanoscale particle sizes where agglomeration 

dominates has not received much attention, especially from the perspective of powder processing 

into net-shaped architectures. 

 In the current work, bimodal microscale (µ) and nanoscale (n) powder mixtures of AlN were 

mixed in different ratios with a polymer phase. The effect of the n-AlN content on powder 

packing was studied and the bimodal µ-n powder mixture providing the maximum powder-binder 

mixture density was determined. Additionally, a comparative study between monomodal and 

bimodal powder-binder mixtures was performed to understand the effect of nanoparticle addition 

on rheological properties. A similar set of experiments was also conducted to extend this study to 

bimodal µ-n SiC powder mixtures. These experiments show a surprising result that mixtures of 

fine particles with poor packing characteristics display vastly increased solids loading (volume 

fraction) in the powder-polymer mixtures. The rheological behavior of such mixtures and the 

implications for processing by powder injection molding (PIM), extrusion, slip casting and tape 

casting are discussed. 

 

4.2. Experimental Section 

4.2.1. Materials: 

The starting powder materials contain as-received., commercially available AlN, with Y2O3 and 

α-SiC with AlN-Y2O3 as the sintering additives. The commercially available nanosized SiC and 
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AlN were used as received. Similar to the earlier reports on PIM, a multicomponent polymer 

system based on paraffin wax, polypropylene is chosen as the binder to facilitate a multi-step 

debinding process [22, 23].  

4.2.2. Instrumentation: 

Torque rheometry on different ratios of particle sizes was performed in the Intelli-Torque 

Plasticorder (Brabender) with a maximum chamber volume of 46 cc. The monomodal and 

bimodal powder-polymer mixture formulations thus determined were then scaled-up in 

production on a 27 mm co-rotating twin-screw extruder (Entek Extruders) with a L/D ratio of 40. 

The density for all the extruded mixtures was measured with a lab-built Archimedes apparatus. 

Rheological characteristics of the extruded mixtures were examined on a Goettfert Rheograph 

6000 capillary rheometer at different temperatures (140-180°C). A Rabinowitsch correction was 

applied to the viscosity data. Micrographs of the thermally debound powder samples were taken 

with a QuantaTM –FEG (FEI) dual beam scanning electron microscope (SEM) coupled with an 

energy dispersive X-ray spectrometer (EDS). 

4.2.3. Torque Rheometry - Experimental Procedure: 

A homogeneous powder-polymer mixture is required for consistent part fabrication using the PIM 

process [22, 23]. The maximum volumetric powder-polymer ratio at which the suspension 

viscosity is still finite and the powder particles are tightly packed and molten polymer fills all the 

voids between the particles is called the critical solids loading (ФC) [23]. ФC was measured by 

torque rheometry with a starting batch of 70 wt% powder content mixed at 160 °C.  The polymer 

mixture was initially added to the chamber and allowed to melt while being mixed at a 

programmed speed of 50 rpm. The bimodal µ-n powder mixtures were roll-milled for 30 minutes 

prior to mixing with the polymer mixture. The roll milled powder mixtures were then slowly 

added and allowed to blend with the polymers until the mixing torque stabilized. Additional doses 

of premixed powders were incrementally added to raise the solids loading and the torque was 

again allowed to stabilize. This procedure was repeated until the mixing torque either did not 

stabilize or rapidly decreased, both indicating an excess amount of powder. A similar procedure 

was performed for all bimodal µ-n powder ratios and repeated thrice to check for the 

reproducibility. A solids loading (Ф < ФC) was scaled up by twin screw extrusion and pelletized 

for further characterization. For scale up, a solids loading less than the critical solids loading was 

chosen for processing flexibility to minimize the impact of large viscosity changes for minor 

variations in particle content that is typically observed for concentrated suspensions [24]. 
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4.3. Results and Discussion 

Figure 1 represents the mixing torque as a function of time for incremental powder additions for 

100% -AlN (a) and -SiC (b) powders. It can be seen that for any addition, there is an initial 

increase in mixing torque followed by a stabilization to a lower value when the mixture attains a 

maximum homogeneity level possible at the shear rate. Further, the mixing torque increases with 

increasing powder content until a critical point following which the mixing torque falls indicating 

an excess of powder in the mixture.   

There is an upper limit to powder content that is possible in a powder-polymer mixture for any 

particle size distribution. The particle size distribution was varied by adding nanoparticles to the 

µ-sized powders. The fraction of n-sized particles in the bimodal µ-n powder mixture was plotted 

against the maximum powder content in the resulting powder-polymer mixtures as shown in the 

Figure 4.2. Thus, a maximum powder content of 90 wt. % (~ critical solids loading (Φc) of 71 

vol.%) in the powder-polymer mixture was achieved for the bimodal AlN mixture containing 82 

wt.% µ- AlN and 18 wt.% n-AlN (Figure 4.2a). Similarly, a maximum powder content of 87 wt. 

% (Φc - 65 vol.%) in the powder-polymer mixture was achieved with a particular bimodal 

mixture containing 90 wt.% µ- SiC and 10 wt.% n-SiC (Figure 4.2b). Comparative experiments 

for monomodal 100 wt.% µ-SiC and µ-AlN systems, resulted in a maximum powder content of  

only 81 wt. % (53 vol.% - SiC and 54 vol.% - AlN) in the powder-polymer mixture. Further, the 

monomodal 100 wt.% n-SiC and n-AlN systems showed a maximum powder content below 75 

wt. %. Thus, a synergistically improved packing tendency can be observed for the mixtures of 

microscale and nanoscale powders. 

SEM was performed on the monomodal and bimodal samples to examine the increase in the 

powder content with the nanoparticle addition for AlN and SiC systems (Figures 4.3 and 4.4). It 

can be noticed that in the bimodal powder-polymer mixtures (Figures 4.3b and 4.4b), the 

nanoparticles fit into the interstitial spaces between the microparticles for the AlN and SiC 

systems, respectively.  

The mixing torque is plotted as a function of solids loading in Figures 4.5a and 4.5b for the 

monomodal and bimodal AlN and SiC systems . From the figure, it can be noticed mixing torque 

increases as a function of solids loading for all four material systems. In addition, the mixing 

torque was found to generally decrease by the addition of  nanoparticles in both AlN and SiC 

mixtures, as shown in the Figure 4.5a and 4.5b respectively. This behavior can be attributed to a 
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lower suspension viscosity in bimodal mixtures, possibly due to the higher packing capability 

observed in the bimodal mixtures leading to lesser hydrodynamic friction between the powder 

and polymer phases. Such observations can be extended to predict and compare the rheological 

behavior of the monomodal and bimodal mixtures. For example, Suri et al (Equation 4.1) that the 

viscosity of the powder-polymer mixture is dependent to the hydrodynamic stress (σH), 

mixer‟sgap thickness (H), screw speed (U0) and geometric factor (S)[15]: 
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                                                      (4.1) 

Additionally, higher mixing torque values were observed for SiC mixtures compared to AlN 

mixtures at a comparable solids loading. This observation is likely be due to the shape 

irregularlity in the SiC particles relative to the AlN particles as seen in Figures 4.3 and 4.4. 

Further studies on this behavior could provide reason for the fluctuations in the torque values for 

lower solids loading SiC mixtures. From the above findings, formulations with optimal solids 

loading (Φ) of 65 and 58 vol.% for bimodal SiC and AlN respectively, were compounded using 

twin screw extrusion. The conditions used for the scale-up are listed in the Table 4.1. Similarly, 

powder-polymer mixtures of monomodal μ-sized SiC and AlN powders with Φ of 51 and 52 

vol.%, were also compounded for comparison purposes.  

Nanoparticles are well known to exhibit poor packing density owing to their tendency to 

agglomerate. Hence, the current finding of using nanoparticles to increase the solids loading 

appears to be rather interesting. However, successful processing of these bimodal mixtures (with 

higher powder content) is contingent upon the in-depth understanding of the rheological behavior 

of such mixtures. Thus, the apparent viscosity - shear rate curves of the extruded AlN and SiC 

powder-polymer mixtures were measured at different temperatures, as shown in the Figures 4.6 

and 4.7, respectively. In addition, the viscosity of the binder mixture (Figure 4.8) was also 

measured to model the rheological behavior of bimodal suspensions. 

Irrespective of the powder composition, the viscosity of all the powder-polymer mixtures 

decreased with an increase in shear rate, indicating pseudoplastic behavior. This was confirmed 

by evaluating the slope of such viscosity plots which represent (n-1), where “n” is the power law 

coefficient. The plots in our current case hold a negative slope with value of (1-n) [25].  Table 

4.2 lists the “n” values of the powder-polymer mixtures and the binder mixtures. These values 

once again confirm the absence of dilatant behavior, indicating no powder-binder separation. The 

reduced “n” values with the addition of nanoparticles indicate a possible increase in the shear- 
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thinning behavior. An elaborate analysis is however required to evaluate the role of nanoparticles 

addition on such pseudoplastic behavior by fitting the rheological data into a detailed modified 

Cross-WLF equation. The higher coefficient values of monomodal SiC mixture compared to that 

of AlN mixture necessitates future studies on the effect that particle shape has on the flow 

behavior. Additionally, the viscosity of all the powder-polymer mixtures tends to decrease with 

increasing temperature. This may be attributed to powder volume reduction arising from binder 

expansion and increased disentanglement of the molecular chains under shear during heating [4]. 

The viscosity of both AlN (Figure 4.6b) and SiC bimodal powder-polymer mixtures (Figure 

4.7b) was found to be higher that of the monomodal powder-polymer mixtures (Figure 4.6a and 

4.7a) at any given shear rate - temperature conditions. This could be due to the increased solids 

loading as well as the presence of nanoparticles in the mixtures. An attempt was made to 

analytically separate the contributions of reduced particle size from the increased solids loading 

by computing viscosity values at comparable solids loadings. A number of theoretical as well as 

empirical equations have been developed to predict the rheological behavior of suspensions with 

and without using the Φc values [26-31]. However, several of these equations are derived for 

dilute suspensions of spheres in Newtonian liquids. For the current study, it was necessary to 

consider models that take into account the maximum powder content Φc, for predicting the 

viscosity of concentrated suspensions. 

 For our current work on powder-polymer mixtures with higher powder content, three such 

models were utilized for a detailed comparison of the mixture rheology. Firstly, the Krieger-

Dougherty model was used [18, 22] as shown in Equation 4.2: 
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Secondly, a simplified version of the above  model [32] was used as shown in Equation 4.3: 
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Thirdly, the Modified Eiler’s model [33-36] was used as shown in Equation 4.4:  
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The variants used in the equation have the same physical meaning; [η] is the intrinsic viscosity, Φ 

is the optimal solids loading, Φc is the critical solids loading and “m” generally assumes the value 

of 2 [36].  

In our current work, the [η] corresponding to the particular powder mixtures was determined by 

rewriting Equations 4.2 and 4.4 as, 

                                                 
    ln ln

[ ]

*ln 1

mixture binder

c

c

 










 
  

 

                                                  (5) 

                                                  

 
0.5

2( )
1 *mixture c

binder c

  


 

   
                                                   (6)

 

[η] was calculated using Equation 4.5 to be 2.57 (±0.22) and 1.94(±0.14) for monomodal SiC 

and AlN powder-polymer mixtures, respectively. These values however increased to 3.58 (±0.32) 

and 3.19(±0.26) for bimodal SiC and AlN mixtures, respectively. These results are supported by 

similar findings by Liu et al in zirconia-wax systems [26] and by Dabak and Yucel in 

metal/metal-oxide- organic solvent suspensions [36].  A similar trend was also noticed for [η] 

calculated using Equation 4.6 as 1.25 (±0.27) and 0.66(±0.1) for monomodal and 4.7 (±1.16) and 

4.07 (±1.01) for bimodal SiC and AlN mixtures, respectively. The rheological data was also 

evaluated by the above method to compute Φc which showed similar trends to experimentally 

determined values of Φc by torque rheometry (Table 4.3). 

Equations 4.2-4.4 were used to compute ηmixture for various volumetric fractions of powder-

polymer mixutress with the calculated values of [η] and experimental values of Φc.  The trends 

are compared in Figures 4.9-4.11 for AlN (a) and SiC (b) powder-polymer mixtures, for a melt 

temperature of 160 °C at shear rates of 160 - 800/s. Irrespective of the models, the bimodal 

powder-polymer mixtures tend to show more fluidity than the respective monomodal systems. 

The lower viscosity in bimodal mixtures can be attributed to the effect of better powder packing 

and reduced critical solids loading. Similar trend computations are reported in the past by Ferrini 

et al who compared the shear viscosity of glass-beads (of various sizes) suspended in mineral oil 

[35]. Due to their dependence on ηbinder, the current calculations evolve to have similar trends with 

the shear rate variations. These results have important implications for processing of particulate 

suspensions by powder injection molding (PIM), extrusion, slip casting and tape casting. These 

implications are a part of on-going studies that will be reported elsewhere in the future. 
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4.4. Conclusions 

The current work successfully reported the technical feasibility of increasing the powder content 

in powder-polymer mixtures by nanoparticle addition using torque rheometry and SEM. This 

novel principle of bimodal µ–n powder mixtures can also be applied to other material systems 

and applications through the use of the approach reported in this work. Rheological studies 

indicated that for comparable solids loading, the bimodal mixtures with nanoscale particles have 

lower viscosity than corresponding monomodal suspensions. 
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Figure 4.9a: Comparison of viscosity (calculated by the Krieger-Dougherty model) as a function 

of solids loading for  monomodal and bimodal AlN powder-polymer mixtures at 160 °C for shear 

rates of (i) 800/s, (ii) 400/s and (iii) 160/s.  
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Figure 4.9b: Comparison of viscosity (calculated by the Krieger-Dougherty model) as a function 

of solids loading for monomodal and bimodal SiC powder-polymer mixtures at 160 °C for shear 

rates of (i) 800/s, (ii) 400/s and (iii) 160/s. 
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Figure 4.10a: Comparison of viscosity (calculated by the simplified Krieger-Dougherty model) 

as a function of solids loading for monomodal and bimodal AlN powder-polymer mixtures at 160 

°C for shear rates of (i) 800/s, (ii) 400/s and (iii) 160/s. 
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Figure 4.10b: Comparison of viscosity (calculated by the simplified Krieger-Dougherty model) 

as a function of solids loading for monomodal and bimodal SiC powder-polymer mixtures at 160 

°C for shear rates of (i) 800/s, (ii) 400/s and (iii) 160/s. 
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Figure 4.11a: Comparison of viscosity (calculated by the modified Eiler‟s model) as a function 

of solids loading for monomodal and bimodal AlN powder-polymer mixtures at 160 °C for shear 

rates of (i) 800/s, (ii) 400/s and (iii) 160/s. 



112 
 

 

 

 

Figure 4.11b: Comparison of viscosity (calculated by the modified Eiler‟s model) as a function 

of solids loading for monomodal and bimodal SiC powder-polymer mixtures at 160 °C for shear 

rates of (i) 800/s, (ii) 400/s and (iii) 160/s. 
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Table 4.1: Conditions used for scaling up of SiC and AlN powder-polymer mixtures 

Extruder 

Specifications 
Values 

Screw Diameter (Co-

Rotating) 
27 mm 

L/D 40 

Flight Depth 4.3 

Barrels/Zones involved 10 

Zone Temperature 160 °C 

Screw Speed 260 rpm 

Extrusion Rate 30 lb/hr 

Cooling System 
Air-cooled conveyor belt 

system 
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Table 4.2: Slopes of the viscosity plots of powder-polymer mixtures and binders representing the 

power law coefficient “n” values 

Material (1-n) R
2
 

Binder Mixture 0.61 0.98 

Monomodal µ-SiC (51 vol.%) 0.84 0.99 

Bimodal µ-n SiC (58 vol.%) 0.93 0.98 

Monomodal µ-AlN (52 vol.%) 0.66 1 

Bimodal µ-n AlN (65 vol.%) 0.95 0.99 
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Table 4.3: Comparison of experimental and theoretical Φc values for SiC and AlN powder-polymer 

mixtures 

Powder-polymer 

mixture 

Φc (vol.%) 

Experimental 
Calculated by simplified 

Krieger-Dougherty model 

Monomodal µ-SiC  52% 58±1.4% 

Bimodal µ-n SiC 65% 63±1.2% 

Monomodal µ-AlN 54% 63±1.9% 

Bimodal µ-n AlN 71% 69±0.9% 
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CHAPTER 5 

The Effects of Nanoparticle Addition on the Properties of SiC and AlN 

Feedstocks for Powder Injection Molding 

 

Abstract 

Aluminum nitride (AlN) and silicon carbide (SiC) were chosen for the fabrication of thermal 

management devices due to their high thermal conductivity and coefficient of thermal expansion 

values equivalent to that of silicon and silicon carbide dies. Additionally, powder injection 

molding (PIM) was selected for net-shaping these ceramics in order to harness its production and 

geometric advantages. This paper presents an in-depth study on the effects of nanoparticle 

addition on the thermal and rheological properties of the SiC and AlN feedstocks. Specifically, 

bimodal mixtures of nanoscale and sub-microscale particles addition were found to significantly 

improve the powder content (solids loading) in the powder-polymer mixtures (feedstocks) for 

injection molding. The implications of the variation in feedstock properties with nanoparticle 

addition are discussed in the context of the mold-filling behavior of these material systems. 
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5.1. Introduction 

Silicon carbide (SiC) and aluminum nitride (AlN) exhibit a combination of thermal and 

mechanical properties (Table 5.1) that are relevant to applications in electronics, aerospace, 

defense and automotive industries [1-4]. However, the successful translation of these properties 

into final applications lies in the net-shaping of these ceramics into fully dense microstructures. 

Extensive research has been done on net-shaping SiC and AlN via slip casting [5-6], tape casting 

[7-8], hot pressing [9-10], hot isostatic pressing [11-12] and cold isostatic pressing [13-14]. 

Additional methods including pyrolysis of pre-ceramic polymers have also explored [15-16]. 

However, few studies involving powder injection molding (PIM) of SiC and AlN have been 

reported to date [17-19]. It is evident from a comparative study presented in the Table 5.2 that 

PIM has many advantages over competing net-shaping techniques to mass produce complex 

geometric parts for thermal management with closer dimensional tolerances. 

Achieving a high final density is crucial for obtaining useful thermal and mechanical properties 

for sintered materials [20-21]. Prior studies investigated this issue by exploring the material and 

process parameters. For example, the effect of nature and content of the sintering additives on the 

densification of SiC and AlN have been widely studied material parameters [22-23]. Similarly, 

process parameters including sintering temperature, hold time and pressure have been varied to 

study the pattern of densification and/or grain growth [24-26]. 

Improving the green density of the feedstock provides an important parameter to increase the 

final density during sintering. This can typically be achieved by increasing the solids loading of 

the feedstock by blending two different particle sizes [27-28]. Our prior research work 

successfully demonstrated an increase in the solids loading with the addition of nanoparticles, 

forming a bimodal μ–n powder mixture [29-30]. For example, the critical solids loading is found 

to increase from 54 to 71 vol.% when AlN nanoparticles are added to the monomodal μ–sized 

AlN powders. Similarly, the SiC powder mixture exhibited an increase from 53 to 65 vol.% with 

the nanoparticles addition. The current work provides a comparative study on the thermal and 

rheological properties of the monomodal and bimodal SiC and AlN feedstocks. The primary 

objective of the study is to study the effect of nanoparticles on the thermal, rheological and PVT 

properties of the bimodal feedstocks. Additionally, simulation studies on the mold-filling 

behavior were conducted based on these feedstock properties. 
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5.2. Experimental Methods 

5.2.1. Materials 

Commercially available α-SiC, AlN, and Y2O3 were used as the starting materials as received. 

Similar to the earlier reports on PIM, a multi-component polymer system based on paraffin wax, 

polypropylene, was chosen as the binder to facilitate a multi-step debinding process [31-32]. 

5.2.2. Feedstock Formulation and Scale-Up 

As mentioned in the introduction section, our prior findings involve an increased critical solids 

loading (Φm) of 71 and 65 vol.% for the bimodal μ-n SiC and AlN powder mixtures [29-30]. To 

facilitate a consistent part fabrication by the PIM process, a homogeneous feedstock (~2-5 vol.% 

< Φm) was designed. Thus, formulations with solids loading (Φ) of 65 and 58 vol.% for SiC and 

AlN respectively, were compounded using twin screw extrusion. The conditions used for the 

scale-up are listed in the Table 5.3. Similarly, feedstocks of monomodal μ -sized SiC and AlN 

powders with Φ of 52 and 51 vol.% respectively, were also compounded for comparison 

purposes. 

5.2.3. Instrumentation 

Thermogravimetric analysis (TGA) was performed on the extruded feedstocks using a TA- 2950 

(TA Instruments) thermal system operated under nitrogen flow in the temperature range of 50-

600°C with a heating rate of 20°C/min. The calorimetric measurements were carried out using a 

TA- 2920 unit (TA Instruments) over a temperature range of 20-200°C. The samples were heated 

at the rate of 20°C/min under a nitrogen atmosphere. The rheological characteristics of the 

feedstock were examined on a Gottfert Rheograph 2003 capillary rheometer at different shear 

rates and temperatures. The rheology tests were carried out in accordance with ASTM D 3835. 

The temperatures were between the highest melting temperature and the lowest degradation 

temperature of the binder system. A barrel of inner diameter 1 mm and a die length of 20 mm was 

used. The preheating time was kept at 6 minutes. The micrographs of the thermally debound 

feedstock samples were taken with a QuantaTM –FEG (FEI) dual beam scanning electron 

microscope (SEM) coupled with an energy dispersive X-ray spectrometer (EDAX). A Gnomix 

PVT apparatus was used to find the PVT relationships of the feedstock materials. The PVT tests 

were carried out in accordance with ASTM D 792. The pellets were dried for 4 hours at 70°C 

under vacuum. The measurement type used was an isothermal heating scan with a heating rate of 

approximately 3°C/minute. Moldflow software was used for simulating the injection behavior 

using the measured properties. 
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5.3. Results and Discussions 

5.3.1. Thermal Properties 

The thermal properties of the extruded feedstocks provide basic guidelines for the subsequent 

PIM steps. Figures 5.1a and 5.1b show the DSC curves of all the feedstocks where two 

endothermic peaks at 62± 2°C and 130±3°C are observed during heating. These peaks indicate 

the melting of filler phase (paraffin wax) at 62°C and backbone polymers (polypropylene) at 

130°C. Similar results were observed by Aggarwal et al for niobium injection molding [33] and 

Liu et al for stainless steel injection molding [34]. With the composition of the binder being 

constant, minor/no shifts are noticed in the melt peaks with the nanoparticle addition. However, 

an increase in the heat flow is well pronounced in both SiC and AlN bimodal feedstocks. The 

corresponding reduction in the specific heat values could be explained as the possible outcome of 

increased powder content with the nanoparticle addition.  

From the TGA plots (Figures 5.2a and 5.2b), the powder content in the SiC and AlN 

monomodal feedstocks can be finalized 79.5±0.2 wt.% and 80.5±0.2 wt.%, respectively. The 

advantage of nanoparticle addition is once again confirmed from the plots of bimodal SiC and 

AlN feedstocks revealing the powder content as 82±0.4 wt.% and 85±0.2 wt.%, respectively. The 

two stage degradation exhibited by all the feedstocks correspond to the degradation of the filler 

phase from 175-400°C and backbone polymers from 400-550°C. This pyrolysis data can be used 

for establishing the upper limit for the injection molding temperatures and thermal debinding 

profiles [28]. Figures 5.2a and 5.2b also reveal a shift in the degradation peaks for the SiC and 

AlN bimodal feedstocks. This expedited degradation might be due to the presence of additional 

nanoparticles whose inclusion is found to increase the heat flow in the feedstocks. Contribution to 

such behavior might also be extended to the higher surface area of the nanoparticles. This finding 

in bimodal mixtures rejects the expected delay in the binder removal due to reduced porosity. 

However, further research is required in studying the effect of nanoparticle addition on the 

percentage of residual carbon during the thermal debinding stage. In addition to the above 

discussion, the DSC and TGA results can also be utilized to set a lower and upper limit for the 

injection molding temperatures. In our present work, the injection temperature for all feedstocks 

can be conducted in the range between 135°C and 180°C. 

5.3.2. Rheological Properties  

To evaluate the dependence of feedstock viscosity on temperature, the apparent viscosity (η) - 

shear rate (γ) curves of the extruded SiC and AlN feedstocks were measured at different 
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temperatures, as shown in the Figure 5.3 and Figure 5.4, respectively. The temperatures were 

between the highest melting temperature (135°C) and lowest degradation temperature (180°C) of 

the feedstocks. Irrespective of the content, the viscosity of all the feedstocks decreased with an 

increase in shear rate, indicating pseudoplastic behavior. The results also indicate the absence of 

dilatant behavior, indicating no powder-binder separation. Normally, a feedstock exhibiting 

pseudoplastic flow during molding eases mold filling and minimizes jetting [35]. Additionally, 

the viscosity of the feedstocks decreases with increasing temperature. This can be attributed to 

powder volume reduction arising from larger binder expansion and disentanglement of the 

molecular chain during heating [33].  

The viscosity of both SiC (Figure 5.3b) and AlN bimodal feedstocks (Figure 5.4b) were found 

to be higher that of the monomodal feedstocks (Figures 5.3a and 5.4a) at any given shear rate - 

temperature conditions. This can be attributed to the increased powder content in the feedstocks 

with the nanoparticle addition. As shown in the SEM micrographs (Figures. 5.5 and 5.6) of the 

bimodal feedstocks, nanoparticles appear to fit into the interstitial spaces between the 

microparticles. Nanoparticle inclusion will also greatly increase the overall interfacial area 

between the powder and binder phases. The extent to which the increased hydrodynamic 

resistance affects the feedstock fluidity will be examined in a separate study. 

The role of nanoparticle addition on the pseudoplastic behavior was examined by fitting the 

rheological data into a modified Cross-WLF equation as shown in Equation 5.1: 
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where,  T *= D2 + D3 P, and A = A2*+ D3 P 

with D3=0 (in this paper); A = A2*and T *= D2 

η0 is the zero-shear rate viscosity, γ is the shear rate, T is the temperature, p is the pressure, n , τ* , 

D1, D2, D3, A1 and A2 are model constants. Along with their definitions, the values of these 

parameters are listed in the Table 5.4. 

Most PIM feedstocks demonstrate two patterns of fluidity: Newtonian and shear thinning. While 

Newtonian behavior exhibits a linear shear stress - shear rate relationship, the latter involves more 
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fluidity at higher shear rates [36]. The onset of such transition in the feedstock‟s fluidity pattern is 

represented by a shear stress parameter, τ*, in the above equation. The slope of the shear-thinning 

curves in Figures 5.3 and 5.4 is represented by the value (1-n) where n is the power law 

coefficient. From the (1-n) and D1 values, given in Table 5.4, it is evident that the nanoparticle 

addition increases the shear-thinning behavior of the feedstock. However, the increased τ* values 

for the bimodal feedstocks suggest that an additional shear stress is required to begin the shear-

thinning regime. Further comparative studies on the feedstocks containing equal powder content 

can give an improved understanding about the effect of nanoparticles on the shear–thinning 

behavior. Additionally, the higher coefficient values of monomodal SiC feedstock compared to 

that of AlN feedstock necessitate future studies on the effect that particle shape has on the flow 

behavior. 

5.3.3. PVT Measurements 

The pressure - volume - temperature (PVT) behavior of the SiC (Figure 5.7) and AlN feedstocks 

(Figure 5.8), gives the specific volume of the melt in the cavity as a function of the cavity 

pressure and temperature. These plots help in understand the compressibility and temperature 

effects during a typical injection molding cycle. The hold pressure should be chosen after 

appropriately referring to the PVT diagram so that the residual cavity pressure is near 

atmospheric pressure before mold opening [36]. This in turn ensures avoidance of any part 

ejection and/or relaxation issue. From the Figures 5.7 and 5.8, it is clear that monomodal 

feedstocks have higher slope values implying more thermal expansion than those of bimodal 

feedstocks. Thus, the increased powder content using nanoparticles addition reduces the thermal 

expansion of the feedstock indicating a lower tendency for shrinkage in the final part which is 

inversely proportional to packing density. The reduced specific volume indicates a positive 

impact of nanoparticle addition on the feedstock density.  

Additional analysis was done by fitting the PVT data into a modified Tait two-domain empirical 

model that defines two domains below and above a transition temperature Tt as shown in 

Equation 5.2:  

1

0P) = ( ) 1 ln 1 ( , )
( )

f

P
T C T P

B T



   
          

    

……. (5.2) 

Where υ is the specific volume (cc/g), T is the temperature (°C), P is the pressure (MPa), C is a 

dimensionless constant, B(T) is a temperature dependent parameter with the same dimension as 

pressure, υ0 and υf are the specific volumes at room temperature and at temperatures above the 
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transition temperature respectively. Specific volume at temperatures higher than the transition 

temperature is given by Equation 5.3. 

*

0, ( ) 1 2f m mT T T b b T     …… (5.3) 

where T* is any specific temperature above the transition temperature. B(T) can be expressed as 

shown in Equation 5.4. 

 *( ) 3 4m mB T b e b T    …… (5.4) 

However, the specific volume at transition temperature is considered to be zero while heating the 

feedstock. It is represented with Equation 5.5. 

( , ) 0f T P  ……....... (5.5) 

The specific volume at temperatures lower than the transition temperature is given by Equation 

5.6, where the feedstock is in solid and semi-solid state. 

*

0, ( ) 1 2f s sT T T b b T     ……. (5.6) 

Here, B (T) can be expressed as shown in Equation 5.7. 

 *( ) 3 4s sB T b e b T    …… (5.7) 

Here, T* is any specific temperature below the transition temperature. The specific volume while 

cooling is given as shown in Equation 5.8. 

*( , ) 7*exp( 8 9 )f T P b b T b P     …… (5.8) 

The subscripts, m and s refer to the melt and solid states. Table 5.5 gives the values and 

definition of different PVT coefficients for the SiC and AlN feedstocks. 

From Table 5.5, it is evident that nanoparticle addition brings in none or minor changes in the 

crystallization temperature and the specific volume transition. This might be due to the fact that 

the binder composition is kept constant for both the monomodal and bimodal feedstocks. Thus, 

similar to prior work by Wu et al on alumina feedstocks, a future PVT analysis with varied binder 

composition is required [37]. 

5.3.4. Injection Molding Simulations 

Figures 5.9a-d depicts the progressive filling pattern during injection molding of the monomodal 

SiC feedstocks. Similar patterns were noticed for other feedstocks as well. Simulations were 

performed to evaluate the effect of melt temperature on the mold fill time. From Figure 5.10, it 
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can be seen that the fill time decreases with an increase in the melt temperature, as expected with 

the shear thinning behavior of the feedstocks. Irrespective of the melt temperatures, the bimodal 

feedstocks showed prolonged fill time compared to that of the monomodal feedstocks. This can 

be attributed to the increased bimodal feedstock viscosity due to nanoparticle addition, as 

discussed in the previous sections.  

Additional simulations were performed to further understand the effect of feedstock viscosity on 

the mold filling behavior. From these simulations, an average melt velocity was calculated and 

plotted against the melt temperature (Figure 5.11). The lower melt velocity values can be 

attributed to the reduced fluidity of the bimodal feedstocks due to nanoparticles addition. These 

reduced velocity values can be directly correlated to the increased mold filling time. Such 

prolongation in the mold filling generally leads to heat transfer through the mold wall, resulting in 

the formation of a thick frozen layer narrowing the actual flow channel [34, 38]. This in turn 

results in the increased shear stress at the walls for bimodal feedstocks as plotted in the Figure 

5.12.  

In addition to the above discussions, it is necessary to understand the differences in the simulated 

values of monomodal SiC and AlN feedstocks in spite of their similar powder content. The 

orientation of irregularly shaped micro-sized SiC particles along the cavity walls could be 

suggested as the reason for its lower melt velocity and higher shear stress values compared to that 

of monomodal AlN feedstock. Similar orientation issues were explained in the past by Krug et al 

[38] and Gietzelt et al [39] in the injection molding of irregularly shaped Al2O3 particles. Based 

on the above discussion, a series of injection molding cycles were performed with the feedstocks 

to mold a multi-slotted part as shown in the Figure 5.13. Our on-going work focuses on a 

detailed analysis of process simulations and molding experiments to further understand the effects 

of nanoparticle additions on mold filling behavior of these feedstocks.  

 

5.4. Conclusions  

This research emphasizes the effects of nanoparticle addition on the thermal and rheological 

properties of SiC and AlN feedstocks. Rheological measurements concluded a reduced fluidity 

for the bimodal feedstocks due to their increased powder content via nanoparticle addition. 

Coefficient values obtained from the viscosity models indicated that additional shear stress is 

required to initiate the pseudo-plastic behavior in bimodal μ-n feedstocks. Even though the 

nanoparticles addition was found to hold positive impact on feedstock properties, the mold filling 
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simulation studies indicated that bimodal mixtures posed challenges. The higher viscosity of the 

bimodal feedstocks led to slower melt velocity which in turn increased the fill time and shear 

stress along the mold walls. Further studies are on-going to determine whether additional benefits 

can be gained during the sintering stage from using the bimodal μ-n feedstocks. 
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Figure 5.1: DSC of monomodal and bimodal SiC (a) and AlN (b) feedstocks 
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Figure 5.2: TGA of monomodal and bimodal SiC (a) and AlN (b) feedstocks. 
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Figure 5.3: Viscosity of monomodal (a) and bimodal (b) SiC feedstocks at different shear rate 

and temperature combinations, exhibiting pseudo-plastic behavior 
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Figure 5.4: Viscosity of monomodal (a) and bimodal (b) AlN feedstocks at different shear rate 

and temperature combinations, exhibiting pseudo-plastic behavior 
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Figure 5.5: Comparison of powder packing behavior in monomodal (a) and bimodal (b) SiC 

feedstocks 
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Figure 5.6: Comparison of powder packing behavior in monomodal (a) and bimodal (b) AlN 

feedstocks 
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Figure 5.7: PVT relationships for monomodal (a) and bimodal (b) SiC feedstocks 
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Figure 5.8: PVT relationships for monomodal (a) and bimodal (b) AlN feedstocks 
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Figure 5.9: Progressive filling pattern during the injection molding of monomodal SiC feedstock at 170°C, (a) 25% fill, (b) 50% fill, (c): 75% fill 

and (d) 100% fill 



136 
 

 

Figure 5.10: Fill time vs. injection temperature for all feedstocks, revealing that nanoparticle 

addition slows the mold filling process  



137 
 

 

Figure 5.11: Melt velocity vs. injection temperature for all feedstocks indicating that nanoparticle 

addition slows down the melt‟s fluidity thereby increasing the mold fill time.  
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Figure 5.12: Shear stress at the wall vs. injection temperature for all feedstocks, indicating that 

nanoparticle addition increases the shear stress on the walls  
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Figure 5.13: Multi-slotted parts injection molded with the monomodal SiC feedstock  
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Table 5.1: Properties of sintered SiC and AlN ceramics 

Property SiC AlN 

Density (g/cc) 3.2 3.26 

Thermal Conductivity (W/m.K) 120 170 

CTE (10-6/°C) 4 4.5 

Vicker‟s Hardness (GPa) 22 10.4 

Fracture Toughness (MPa.m0.5) 4.5 2.6 

Flexural Strength (MPa) 450 320 

Volume Resistivity (Ω.cm) 10^4 >10^14 
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Table 5.2: Comparison of the net-shaping processes for SiC and AlN 

Characteristics PIM Pressing Casting Machining 

Density 90-100% 95-100% 95-99% 100% 

Surface Finish 0.4 to 0.8 µm < 2 µm 3 µm 0.4 to 2 µm 

Secondary Machining Not required Required Required - 

Wall Thickness 10 µm >2mm >5mm >2mm 

Dimensional Tolerance Close Poor Poor Poor 

Shape Complexity High Medium Medium High 

Production Rate High High Low Low 
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Table 5.3: Conditions used for scaling up of SiC and AlN feedstocks 

Extruder Specifications Values 

Screw Diameter 27 mm 

L/D 40 

Flight Depth 5.3 

Number of Barrels/Zones  10 

Zone Temperatures 160 °C 

Screw Speed 260 rpm 

Extrusion Rate 30 lb/hr 

Cooling System Air-cooled conveyor belt system 
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Table 5.4: Values of different rheological constants for SiC and AlN feedstocks 

Coefficients Definitions 
SiC Feedstocks AlN Feedstocks 

Monomodal Bimodal Monomodal Bimodal 

(1-n) slope of the shear-thinning curve 0.84 0.93 0.63 0.95 

τ* (KPa) Constant with Weissenberg-

Rabinowitsch correction at user‟s 

specification during data fit 

28 127 12 178 

D1 (Pa-s) Scale factor for viscosity 0.17E+19 10 E+19 8.77E+10 9.13 E+19 

A1 WLF temperature shift factor 37.73 42.69 15.24 29.54 

D2 (K) Glass Transition Temperature at 

zero gauge pressure 

263 

A2 (K) WLF temperature shift factor 51.6 
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Table 5.5: PVT coefficients for SiC and AlN feedstocks 

Coefficients Definition 
SiC Feedstocks AlN Feedstocks 

Monomodal Bimodal Monomodal Bimodal 

b5 (K) 
Crystallization 

temperature 
7.1E+01 6.9E+01 5.8E+01 6.3E+01 

b6 (K/Pa) 

Pressure 

sensitivity of 

b5 

1.05E-01 1.6E-01 1.65E-01 1.45E-01 

b1m 

(m3/kg) 

Tait constants 

for melt 

5.15E-01 4.75E-01 4.83E-01 4.46E-01 

b2m 

(m3/kg-K) 
3.09E-04 2.33E-04 3E-4 1.86E-04 

b3m (Pa) 2.83E+02 3.19E+02 2.87E+02 3.43E+02 

b4m (1/K) 5.23E-03 4.84E-03 4.82E-03 4.03E-03 

b1s (m3/kg) 

Tait constants 

for solid 

5.03E-01 4.63E-01 4.69E-01 5.37E-01 

b2s    

(m3/kg-K) 
1.9E-04 1.53E-04 9.7E-05 1.49E-04 

b3s (Pa) 3.72E+02 5E+02 5.79E+02 5E+02 

b4s (1/K) 6.73E-03 1E-02 1.26E-03 1E-02 

b7 (m3/kg) Transition of 

specific 

volume from 

solid to melt 

1.23E-02 1.22E-02 1.49E-02 0.9E-02 

b8 (1/K) 6.16E-02 9.03E-02 1.1E-01 1.31E-01 

b9 (1/Pa) 8.5E-03 1.59E-02 2.12E-02 2.22E-02 
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CHAPTER 6 

The Effect of Nanoparticle Addition on Binder Removal from Injection 

Molded SiC and AlN 

 

Abstract 

The effect of nanoparticle addition on the multi-step debinding of injection molded silicon 

carbide (SiC) and aluminum nitride (AlN) samples was studied. Variations brought in by the 

increased powder content and reduced particle size on the solvent debinding kinetics are 

discussed. A series of experiments was performed by varying the solvent debinding conditions 

(time, temperature and aspect ratio). The corresponding diffusion coefficients were calculated and 

were extended to analyze the effect of reduced particle size and solids loading on the solvent 

debinding kinetics. The thermal debinding behavior of dewaxed samples was also studied and the 

trends correlated with the solvent debinding behavior.  
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6.1. Introduction 

Binder systems play a vital role in determining the properties of the powder-polymer mixtures 

and their moldability [1]. Selection of an appropriate binder system is critical for the success of 

the PIM process [2-3]. Binder systems used in PIM comprise of multi-components with a major 

filler phase and minor backbone polymer along with little or no surfactants [4-11]. Following 

injection molding, binder removal (debinding) is required prior to the sintering stage. Various 

debinding techniques including solvent debinding [4-7], thermal debinding [8, 9] and catalytic 

debinding [10, 11] have been reported in the past. Irrespective of the techniques, the primary aim 

is rapid binder removal without any physical distortion of the injection molded green parts.  

R.M. German had suggested a multi-step debinding process to expedite binder removal [12]. One 

common multi-step debinding process consists of solvent debinding followed by the thermal 

degradation of the remaining polymers. This initial binder removal leaves interpenetrating pore 

channels, which are used to escape the decomposed gas during subsequent thermal debinding. 

Thus, the solvent debinding process shortens the debinding cycle significantly and has been 

widely accepted by the PIM industry [12, 13]. Table 6.1 lists the prior reports on multi-

component binder systems for a two stage debinding process initiating with a solvent debinding.  

Lin et al [14] have proposed the existence of three stages of solvent debinding process. First, the 

solvent molecules penetrate into the binder, producing a swollen gel. When the binder-solvent 

interactions are strong enough, the gel gradually disintegrate into a true solution. The solution 

then diffuses toward the surface and thus removed. Rapid binder removal may result in defects 

such as cracking, distortion, and slumping [13-16]. A successful solvent debinding process thus 

depends on the diffusion controlling factors including the temperature [17-21], time [17-19, 21], 

solvent [19] and aspect ratio [17-18, 21] of the samples. Prior efforts have attempted to 

understand the effect of the above factors on debinding kinetics [1, 17, 22]. However, little 

research pertaining to the effect of powder particle content and particle size distribution on the 

debinding kinetics is available till date. Our prior report on SiC and AlN injection molding 

demonstrated the use of bimodal µ-n powder mixtures as an efficient to way to improve the solids 

loading [23, 24]. Such reduced particle size and increased solids loading corresponds to reduced 

pore size and % porosity. This in turn will increase the tortuous path, slowing the rate of binder 

removal from the injection molded “green” parts. Thus, in the current paper, the effect of 

nanoparticle addition over the solvent debinding kinetics of injection molded AlN and SiC 

samples was studied. The work was also extended to studying the variations in the residual binder 

content due to nanoparticle addition during the thermal debinding cycle. 
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6.2. Experimental section 

6.2.1. Materials 

Commercially available α-SiC, AlN, Y2O3 were used as the starting materials as received. A 

multi-component binder system comprising of paraffin wax (PW), polypropylene (PP), 

polyethylene-g-maleic anhydride (LDPE-g-MA) and stearic acid (SA) was used in the current 

study. The formulations and injection molding conditions for the monomodal and bimodal SiC 

and AlN powder-binder mixtures were discussed elsewhere [24]. Table 6.2 lists the composition 

of the SiC and AlN samples used in the present study. The binder composition was chosen in 

such a way to facilitate a multi-step (solvent, thermal) debinding. Heptane (Fischer Scientific) 

was used as the solvent to dissolve the soluble binder components without any further treatment.  

6.2.2. Sample preparation: 

Injection molded green samples were machined to the dimensions (l×b×h in mm) of 23 × 13.2 × 

7.2, 34.5 × 6.6 × 7.2 and 25 × 14 × 2, which correspond to an effective length scale,  of volume-

to-surface area ratio of 1.92, 1.56, and 82 mm, respectively. 

6.2.3. Debinding procedure: 

Isothermal solvent debinding experiments utilizing five specimens of each dimension were 

performed in heptane at 20, 40 and 60 °C under slow and continuous stirring. The continuous 

solvent recycling at 2ml/min was performed to avoid concentration effect of soluble components 

[17, 18]. All specimens were placed together into the solvent bath and were removed at each 

time-point for gravimetric analysis. The solvent debinding was monitored for up to 4 h. The 

fraction of the soluble binder remaining (f) can be calculated using the following Eq.6.1, 

                                         00

01
wf

ww
f




                                                      (1)

 

where  f0 is the initial weight fraction of soluble binder, w0 is the initial mass of compact, and w is 

the instantaneous mass of compact. 

Thermogravimetric analysis (TGA) was performed (TA instruments - Q 500) under nitrogen 

atmosphere (50ml/min) with a heating rate of 20 °C/min, in order to verify the specimen weight 

losses during solvent debinding. Furthermore, scanning electronic microscopy (SEM) (QuantaTM 

– FEI) images were taken on both the surface and core of the samples to examine pore evolution. 

Thermal debinding cycles of the solvent debound samples were performed under inert 
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atmosphere in the CM 1212 FL furnace. TGA was once again performed on the thermally 

debound (brown) samples to determine the % residual carbon. 

 

6.3. Results and Discussion 

During the solvent debinding, heptane diffuses into the sample to dissolve PW and SA. As the 

molecular weight of the heptane is significantly lower that the molecular weights of the binders, 

heptane can diffuse into the sample faster than the PW+SA diffuse out of the sample. 

Consequently, the rate-limiting step is assumed to be the diffusion of the dissolved PW+SA 

molecules rather than the inward diffusion of the much smaller heptane molecules. A similar 

hypothesis has been reported by Zaky for PW in hexane [19] and Omar et al for polyethylene 

glycol in water [7]. Thus, factors including , immersion time and temperature that may affect 

the diffusion of the binder molecules are to be considered. 

Figures 6.1-6.4 shows the soluble binder extracted (%) in heptane at different time-temperature 

combinations from the SiC and AlN samples with different ratio. As expected, increasing the 

ratio signifies greater contact areas between solvent and binder and as consequence, lowers the 

debinding times. Similar results were noticed earlier by Oliviera et al [17] and Krauss et al [18] 

for alumina molded parts. Irrespective of the ratio, the debinding rate was found to reduce with 

increase in the time. Such behavior has also been reported earlier by Oliviera et al [17], Krauss et 

al [18] and Zaky in stainless steel molded parts [19]. With increasing solvent immersion time, the 

solubilized components inside the samples diffuse through tortuous pathways, from inner regions 

to the specimen surface, leading to a reduction in the debinding rate. Increasing the solvent 

temperature is found to exhibit an improvement in debinding process efficiency for all specimen 

dimensions. This may be due to an increase in solubility of PW and SA in heptane as function of 

temperature. Similar temperature effects over the solubility were reported earlier by Omar et al 

[7] and Tsai et al [15].  

6.3.1. Confirmation Studies 

No dimensional change was noticed with the samples irrespective of the solvent debinding 

conditions. These findings are in contradiction with those of Zaky [19] and Wang et al [21] where 

dimensional change/swelling is reported when hexane is used as the solvent under similar 

conditions. To evaluate the total composition change in the samples during solvent debinding, 

thermogravimetric analysis (TGA) was performed. Figures 6.5-6.6 shows the TGA curves for the 

SiC and AlN samples with the ranges of 200–375 °C and 380–490 °C, respectively. The thermal 
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analysis results agree with the initial proportion of binder components of the prepared feedstock. 

As immersion time increases, the composition varies due to a decrease in weight loss in the first 

degradation step, indicating the decrease in the soluble binder components. Similar TGA results 

were reported in the past by Oliviera et al for injection molded alumina samples [17]. After 240 

minutes, only the weight loss of the backbone polymer was observed, suggesting that nearly all 

soluble components were removed. 

Figures 6.7-6.10 shows the SEM micrographs of SiC and AlN samples after different solvent 

debinding times. The micrographs of all the green samples show a similar microstructure at 

regions close to the core and the surface. The surface micrograph of the region close to specimen 

surface after initial immersion in heptane (Figures 6.7c, 6.8c, 6.9c, 6.10c) show porous structure 

due to the elimination of soluble components, while no appreciable changes were observed in the 

micrograph of the specimen core (Figures 6.7d, 6.8d, 6.9d, 6.10d). By increasing the immersion 

time, (Figures 6.7e, 6.8e, 6.9e, 6.10e and 6.7f, 6.8f, 6.9f, 6.10f), the specimen microstructures at 

areas near the core and the surface become similar, indicating the removal of soluble components. 

6.3.2. Effect of nanoparticle addition on the solvent debinding kinetics 

From the Figures 6.3-6.4, it can be inferred that the bimodal samples exhibit slower polymer 

removal than the monomodal ones irrespective of the debinding conditions. This is due to the 

increase in the tortuous path to be followed by the binder components. Such behavior is an 

outcome of the combined effect of increased solids loading (lower % porosity) and decreased 

pore size via nanoparticle addition. In order to analyze the effect of such nanoparticle addition, 

factors including powder particle content and particle size should be studied separately. For 

example, Kozeny-Carman relation (Eq. 6.2) can be used to determine the effect of varying the 

solids loading on the permeability (k) (Figures 6.11a-b) [22].  
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                                                         (6.2) 

where, ε is the porosity (=1-solids loading) and dp is the average particle size. Equal permeability 

values for the monomodal and bimodal samples at higher solids loading indicates a nullified 

effect of particle size at higher powder content, for the average particle size considered in the 

present study. Thus, the debinding variations exhibited by the bimodal samples in the current 

study are presumed to primarily correspond to the increase in the solids loading.  

Solvent debinding is predominantly diffusion-controlled process that can be represented as, 
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where, f is the fraction of the remaining soluble polymer, De is the interdiffusion coefficient of 

polymer and solvent, t is time and K represents the change in the mechanism controlling the 

debinding behavior [1, 22].  

De can thus be calculated from the slope of the plot ln(1/f) as a function of immersion time. 

Figures 6.12-6.14 plot the variations in the De values of monomodal and bimodal samples with 

respect to the solvent temperature (for a given  ratio).  At room temperature, the dissolution of 

the wax in heptane is the likely rate limiting step in the beginning of the debinding process over a 

leaching time of 120 min. Polymer removal during the dissolution controlled stage is twice as fast 

as the removal during the diffusion limited stage at later times. Table 6.3 lists the dissolution and 

diffusion coefficients exhibited by the samples at room temperature. Similar results of 1.75*10-5 

and 0.6*10-5 cm2/s were reported in the past as the dissolution and diffusion coefficients at 40 °C 

by Bakan for alumina with water soluble binder system [1]. As the process proceeds, a longer 

diffusion distance through porous channels formed after initial debinding slows down the process 

and diffusion becomes the rate determining step. Debinding due to dissolution is less pronounced 

with the nanoparticle addition.  

At higher solvent temperatures, the debinding was seen to be largely controlled only by diffusion 

for all immersion times studied. Higher De values observed for increasing temperatures are 

possibly due to the increased diffusivity of the paraffin wax in heptane. Irrespective of the sample 

aspect ratio and solvent temperature, the bimodal samples showed lower De values than the 

corresponding monomodal samples. This may be due to the decreased rate of the binder-solvent 

interactions due to the nanoparticle inclusion.  Additionally, an order of magnitude increase in the 

De values by increasing the aspect ratio of the sample necessitated further examination. 

Despite the fact that the monomodal µ-SiC and µ-AlN samples have similar powder content (~ 51 

vol. %), the latter shows expedited debinding. This in turn necessitates a future work on 

extending the calculated De values to study the effect of varying particle size on solvent 

debinding kinetics. Further research including intrusion porosimetry measurements is required for 

an in-depth understanding of these findings.  

6.3.3. Thermal debinding of solvent debound samples 

The solvent debound parts with partially open pores were subjected to thermal debinding to 

further remove the binders. Keeping the TGA plots discussed earlier as the basis, a thermal 
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profile for the debinding could be built. An initial heating up to 300 °C at the rate of 2 °C/min and 

a hold of 2 hrs thus ensure the complete removal of the leftover filler phase from the solvent 

debinding step. The sample was further heated to 500 °C at the rate of 2 °C/min and kept at 

different hold times to remove the backbone polymers thus forming “brown” parts. Variations in 

the hold time are required to minimize the residual weight of the debound parts.  

Carbon is believed to be an important impurity, which affects the thermal conductivity of 

polycrystalline AlN and SiC. It was shown by Tajika et al that a small amount of carbon, ≤ 0.3 

wt.% reduces the oxygen impurity level, thus enhancing the thermal conductivity [26]. On the 

other hand, large amount of carbon ≥ 0.5 wt.%, is extremely detrimental to the thermal 

conductivity because density of sintered AlN is decreased significantly [27]. As shown in the 

Table 6.4, the residual weight of bimodal µ-n SiC debound sample was reduced to 0.16 wt.% 

when held at 500 °C for 5 hrs. Similarly, a 7 hr hold at 500 °C provided a residual weight of 

0.28% for bimodal µ-n AlN debound samples. The requisite for higher hold time in bimodal 

samples can be seen as the possible result of nanoparticle addition leading to more tortuous path 

for the degraded products to follow. Further studies is required in understanding the effect of pore 

size, % porosity, part geometry, heating rate and hold time on the thermal debinding kinetics. 

 

6.4. Conclusions 

The bimodal SiC and AlN samples exhibited slower polymer removal behavior compared to that 

of the monomodal samples irrespective of the debinding conditions. The combined effect of 

increased powder content and reduced average particle size via nanoparticle addition is inferred 

as the reason for such behavior. Theoretical models indicated that the effect of particle size on 

solvent debinding was minimized at higher powder content, for the samples under consideration. 

The diffusion coefficients (De) values were calculated and discussed as an outcome of varying 

debinding parameters.  The nanoparticle addition in the bimodal samples also exhibited delay in 

the completion of the thermal debinding cycles. 
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Figure 6.1: The effect of immersion time on the solvent debinding of monomodal µ-SiC samples 

with different  ratios at (a) RT, (b) 40 °C and (c) 60 °C.  
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Figure 6.2: The effect of immersion time on the solvent debinding of monomodal µ- AlN 

samples with different ratios at (a) RT, (b) 40 °C and (c) 60 °C.  
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Figure 6.3: The effect of immersion time on the solvent debinding of bimodal µ-n SiC samples 

with different ratios at (a) RT, (b) 40 °C and (c) 60 °C.  
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Figure 6.4: The effect of immersion time on the solvent debinding of bimodal µ-n AlN samples 

with different ratios at (a) RT, (b) 40 °C and (c) 60 °C. 
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Figure 6.5: TGA runs on solvent-debound monomodal µ- SiC (a) and µ-AlN (b) samples (= 

1.22/mm) indicating the increasing removal of soluble binder components with increased 

immersion time. 
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Figure 6.6: TGA runs on solvent debound bimodal µ- n SiC (a) and µ- n AlN (b) samples (= 

1.22/mm) indicating the increasing removal of soluble binder components with increased 

immersion time. 
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Figure 6.7: SEM micrographs of monomodal µ-SiC samples (= 1.22/mm) after debinding in 

heptane at 60 °C as function of immersion time.  
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Figure 6.8: SEM micrographs of bimodal µ-n SiC samples (= 1.22/mm) after debinding in 

heptane at 60 °C as function of immersion time. 
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Figure 6.9: SEM micrographs of µ-AlN samples (= 1.22/mm) after debinding in heptane at 

40 °C as function of immersion time. 
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Figure 6.10: SEM micrographs of µ-n AlN samples (= 1.22/mm) after debinding in heptane at 

60 °C as function of immersion time.  
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Figure 6.11: The effect of solids loading on the permeability in monomodal and bimodal SiC (a) 

and AlN (b) samples 
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Figure 6.12: Diffusion coefficients as a function of solvent temperature for  SiC (a) and AlN (b) samples (with = 1.22/mm) 
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Figure 6.13: Diffusion coefficients as a function of solvent temperature for SiC (a) and AlN (b) samples (with = 0.64/mm) 
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Figure 6.14: Diffusion coefficients as a function of solvent temperature for SiC (a) and AlN (b) samples (= 0.52/mm) 
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Table 6.1: Literature review on binder formulations used in the multi-step debinding process 

# Author System Binder composition 

Soluble 

binder 

content 

Solvent 

used 

Conditions 

mentioned 

Powder 

particle 

size 

1 
Aggarwal et 

al 
Niobium - - 

Heptane 

2 h @ 60 °C - 

4 Hwang et al Alumina 30 wt.% PP, 65wt% -PW, 5wt% SA 70 wt.% 3 h @ 60 °C 1.8 µm 

6 Jardiel et al Zirconia 50 wt.% PP, 46wt% -PW, 4wt% SA 50 wt.% 3 h @ 60 °C 0.6 µm 

13 Lin et al Carbonyl Iron 40 wt.% PP, 55wt% -PW, 5wt% SA 60 wt.% 1 h @ 60 °C 4.6 µm 

5 
Mobellageh 

et al 
Copper 30 wt.% PP, 65wt% -PW, 5wt% SA 70 wt.% Hexane 3.5 h@ 60 °C <10 µm 

7 Omar et al 
316L stainless 

steel 

60 wt.% PE, 35wt% -PW, 5wt% SA 40 wt.% Heptane 4 h @ 60 °C 
12 µm 

80 wt% PEG, 20 wt.% PMMA 80 wt.% 

Water 

4 h @ 80 °C 

(90, 80) wt% PEG, (10, 20) wt.% 

PMMA 

80 to 90 

wt.% 
5 h @ 60 °C 24 µm 

21 Wang et al 
Fe-Ni-Cu 

61 wt.% PW, 15 wt% SA, 12 wt.% EVA, 

12 wt.% LDPE 
76 wt.% 

Hexane 

6 h @ 40 °C 
84, 25, 

6µm 

19 Zaky 

17-4PH 

Stainless Steel 
62 wt.% PW,  35%EVA, 3 wt.% SA 65 wt.% 2.25 h@ 50 °C 8 µm 

17 
Oliviera et 

al Alumina 
PP, PW, SA - 4-8 h@ 60 °C 0.8 µm 

18 Krauss et al 65 wt.% PEG, 30 wt.% PVB, 5 wt.% SA 70 wt.% Water 10 h@ - 1 µm 

20 Zhu et al 
Tungsten 

Carbide 

60 wt.% PW, 5 wt.% Liquid PW,            

10 wt.% HDPE, 10 wt.% PP, 5 wt.% 

EPDM, 5 wt.% SA, 5 wt.% Dioctyl 

Phthalate 

70 wt.% Isooctane 5h @ 80 °C 3.2µm 

13 
Setasuwon 

et al 

316L stainless 

steel 
45 wt.% LDPE, 50 wt.% PW, 5 wt.% SA 60 wt.% 

Petroleum 

Ether 
0.75h @ 50 °C 9.58µm 

file:///C:/Users/onbattva/AppData/papers/Solvent%20debinding%20of%20paraffin%20wax/wan%20g%20et%20al%20-%20hexane%20as%20the%20solvent.pdf
file:///C:/Users/onbattva/AppData/papers/Solvent%20debinding%20of%20paraffin%20wax/zaky%20-%20debinding%20variables%20-%20good%20one.pdf
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Table 6.2: Composition of SiC and AlN samples tested in the current study 

Sample Avg. particle size 

(µm) 

Solids loading 

(vol.%) 

Soluble binder 

content (vol.%) 

Soluble binder 

content (wt.%) 

Monomodal SiC 0.7 51 27 11 

Bimodal SiC 0.63 58 23 9 

Monomodal AlN 1.1 52 26 10 

Bimodal AlN 0.91 65 19 8 
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Table 6.3: Dissolution and diffusion coefficients of monomodal and bimodal SiC and AlN samples at room temperature with different aspect 

ratios. 

(mm-1) 

Dissolution coefficient at room 

temperature (*10-8 cm2/s) 

Diffusion coefficient at room 

temperature (*10-8 cm2/s) 

SiC AlN SiC AlN 

µ-n µ µ-n µ µ-n µ µ-n µ 

0.52 0.91 2.01 2.38 4.39 1.46 0.91 1.28 3.47 

0.64 4.43 6.37 4.71 8.86 2.72 3.05 2.27 6.14 

1.22 6.92 9.14 10.2 14.7 2.9 2.92 2.92 8.03 
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Table 6.4: The effect of hold time on the % residual weight of the SiC and AlN samples during the thermal debinding 

Hrs of hold 

at 500 °C 

% residual weight in SiC % residual weight in AlN 

Bimodal µ-n Monomodal µ Bimodal µ-n Monomodal µ 

1 1.01 1.19 1 0.64 

2 0.64 0.88 0.89 0.55 

3 0.49 0.64 0.81 0.53 

4 0.35 0.27 0.7 0.46 

5 0.16 - 0.57 0.28 

6 - - 0.42 - 

7 - - 0.28 - 
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CHAPTER 7 

The Effects of Nanoparticle Addition on the Densification                       

and Properties of SiC 

Abstract 

The effects of nanoparticle addition on the pressureless sintering of injection molded and 

thermally debound silicon carbide (SiC) samples were studied.  The influence of increased 

powder content and reduced particle size on the densification, microstructure and properties are 

discussed. The sintered parts of bimodal μ-n SiC mixtures exhibited comparable sintered density 

but lower shrinkage than the corresponding monomodal µ- SiC powder mixtures. Additionally, 

the mechanical and thermal properties sintered monomodal and bimodal SiC samples were 

measured and compared study with literature data on conventional monomodal µ-SiC systems. 
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7.1. Introduction 

The development of methods to improve the densification and the ensuing thermal and 

mechanical properties has been a crucial issue in the processing of silicon carbide (SiC) [1-5]. 

Mass transport during sintering depends upon surface (εs) and grain boundary energies (εb) [6,7]. 

For example, the ratio εb/εs for SiC is ~ 0.97 due to the presence of covalent bonds [8]. As εb/εs 

approaches unity, achieving full densification becomes difficult. Consequently, several alternative 

techniques have been developed to improve the SiC densification. A well-explored is the 

inclusion of densification additives (aids) that allow liquid phase sintering [1-5, 9-12]. Solid 

solubility in the eutectic liquid improves transport rates responsible for grain coarsening and 

densification [13-14].  

Prior reports investigated SiC densification by exploring material and process parameters. As 

mentioned earlier, the self-diffusion of SiC is extremely slow and requires various additives to 

assist sintering [15]. For example, Prochazka demonstrated that B and C could be used as solid-

state sintering aids for SiC [16]. She and Ueno studied the effect of varying the amount of Al2O3-

Y2O3 on the porosity [9]. Similarly, Sciti and Bellosi compared the combinations of Al2O3-Y2O3 

and La2O3-Y2O3, as sintering aids for SiC densification [3]. Conventionally, SiC is densified by 

pressure-assisted sintering including hot pressing [17] and more recently plasma pressure 

compaction [18]. In contrast, pressureless sintering is important in the context of powder injection 

molding (PIM) of complex shapes. The effects of sintering temperature and hold time on the 

pressureless sintering have been extensively studied in the past. For example, She and Ueno [9] 

and Jin et al [19] reported the increase in the sintered density of SiC with the increase in the 

sintering temperature. On the other hand, Izhevskyi et al [11] and Rodriguez et al [20] noticed an 

increase in the sintered density with higher hold time at the sintering temperature. A detailed 

literature review on such prior work on SiC densification is reported elsewhere [21]. 

Our recent research work successfully demonstrated an increase in powder packing density with 

the addition of nanoparticles (n) to submicron (μ) particles, forming bimodal μ–n powder 

mixtures [22, 23].  For example, the powder content is found to increase from 53 to 65 vol.% 

when SiC nanoparticles are added to the monomodal submicron (μ) sized SiC powders. The 

implication of such nanoparticle addition is discussed in the past in the context of thermal and 

rheological properties of the powder-polymer mixtures, mold filling behavior and polymer 

removal kinetics of the injection molded bimodal μ–n SiC samples [22, 24]. In a similar manner, 

the effect of nanoparticle addition on the sintering of SiC at different time-temperature 

combinations is the focus of the current work. Further, the sintered density, shrinkage, 
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mechanical and thermal properties of the sintered bimodal μ–n samples are compared with that of 

monomodal µ- SiC samples processed under identical conditions. 

 

7.2. Experimental Section 

7.2.1 Materials 

The starting powder materials contain as-received., commercially available SiC (0.7 µm and 50 

nm) with 5 wt.% AlN (20 nm) and 5 wt.% Y2O3 (50 nm) as the sintering additives.  

7.2.2. Sample preparation 

Powder injection molded bimodal µ-n SiC and monomodal µ- SiC samples were solvent and 

thermally debound prior to sintering. The molding and debinding conditions used are detailed 

elsewhere [20, 24]. Thermally debound bimodal (initial density of 1.9 g/cc (65% relative 

density)) and monomodal (initial density of 1.67 g/cc (51% relative density)) SiC samples with 

were pressureless sintered at temperatures between 1800 to 2000 °C for two different hold times 

of 2 and 4 hrs under argon atmosphere. The sintering conditions were selected based on the 

literature review on SiC densification as presented in the Figure 7.1 [1-3, 9-11, 25-29]. 

7.2.3. Instrumentation 

All sintered samples were diamond polished to 1 µm surface finish prior to any characterization. 

The density for all the sintered samples was measured with a lab-built Archimedes density 

apparatus. Microstructural analysis was conducted on the surfaces of thermally debound SiC 

samples using a QuantaTM –FEG (FEI) dual beam scanning electron microscope (SEM) coupled 

with an energy dispersive X-ray spectrometer (EDS). SEM images of each sample were collected 

in two different magnifications for better comparison. The thermal diffusivity of the samples was 

measured with a LFA-457 (Netzsch) laser flash apparatus. TA Instruments- 2920 unit was used to 

measure the specific heat (Cp) of the sintered samples. Vickers hardness and indentation 

toughness of the sintered AlN samples were measured using a Leco microhardness tester. 

 

7.3. Results and Discussion 

Being classified as difficult to sinter ceramic, the densification of SiC was promoted by liquid 

phase sintering, accompanying solution- reprecipitated SiC grains and an intergranular glassy 

phase [4]. Combination of AlN and Y2O3 is one of the most commonly reported sintering 
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additives for SiC and is thus used in the current study [1, 29-32]. During heating, the mixture of 

Y2O3 with the surface oxides from AlN and SiC reacts and form a rare earth alumino-silicate 

glass melt. With the dissolution of the small SiC particles, the resulting liquid could be regarded 

as Y-Si-Al-O-C glass melt. On cooling, the Y-Si-Al-O-C constitute the intergranular phases in 

the SiC ceramics. The liquid phase formation is accompanied by the elimination of pores which is 

followed by shrinkage/densification.  

From the densification plots presented in the Figure 7.2, it can be seen that the densification of 

both monomodal and bimodal SiC is initiated at ~1550 °C. SEM studies (Figures 7.3 and 7.4) on 

these samples confirmed a liquid phase formation at ~1500 °C, which is ≥ 100 °C lesser than the 

previously reported values for monomodal µ-SiC samples as listed in the Table 7.1 [2, 3, 9, 33-

35]. The reduction in the liquid phase formation temperature for both monomodal and bimodal 

SiC in the current study can be attributed to the inclusion of n-Y2O3 and AlN as sintering 

additive. The increased surface area of the nanosized additive in turn may have increased the 

reaction rate between Al2O3, Y2O3 and surface SiO2 shifting the eutectic formation to relatively 

lower temperatures. Further sintering studies comparing bimodal SiC mixtures to those 

containing µ-sized additives are required to understand the effect of SiC and Y2O3 nanoparticles 

and addition on the liquid phase formation. Additionally, a novel nanorod formation is noticed 

with the monomodal SiC at 1550 ᴼC (Figure 7.4d). This has not been previously reported in the 

literature. The reason for the presence of nanorods and their absence in bimodal SiC is not clear at 

this stage of research. Future experiments including as series of XRD analysis on the thermally 

debound SiC samples may explain the above mentioned behavior.  

Even though the liquid phase is formed at relatively lower temperatures, densification > 90% is 

exhibited by both monomodal and bimodal SiC only at temperatures > 1900 ᴼC. This may be 

attributed to the slower solution-reprecipitation of SiC from the Y-Si-Al-O-C glass melt. 

Additionally, varying the hold time is found to have little effect on the SiC densification for the 

range of times (2-4 hours) that was investigated. Bimodal SiC sintered at 1950ᴼC showed a 97% 

densification which is comparable to that of monomodal SiC (96%). A comparative list of 

presented in the Table 7.2 confirms the proximity of our findings on density to previously 

reported values [5, 9, 20, 26, 35, 37-40].   

In addition to above densification trends, a decrease in density is noticed after ~1950 °C. This in 

turn can be correlated with the weight loss of upto 11% and 13% experienced by monomodal and 

bimodal SiC samples during sintering as shown in the Figure 7.5. Previous reports explained this 

behavior as the outcomes of the following reactions that occur at temperatures ≥1800 ᴼC [35, 39].  
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(s) 2 3(s) (g) 2 (g) (g)SiC + Al O SiO +Al O +CO   
      (7.1) 

(s) 2 3(s) (g) (g) (g)SiC +2Y O SiO +4YO +CO   
       (7.2)

 

As shown in the Equations 7.1-7.2, excess sintering additives present in the powder mixture 

reacts with SiC to form volatile monoxides of Al and Y along with CO. This material loss opens 

up new pores at sintering temperatures leading to reduction in the % density. Figures 7.5a and 

7.5b, it can be seen that the bimodal SiC samples experience more weight loss than the 

monomodal samples at any given sintering temperature-time conditions. This could be due to the 

increased reactivity brought in by the high surface area n-SiC present in the bimodal mixtures. 

Similar results on weight loss has been reported qualitatively in the past by She and Ueno [9], 

Grande et al [2], Guo et al [35], Suzuki and Sasaki [39] arguing the necessity to optimize the 

sintering additive content prior to SiC sintering. Sintering techniques including plasma pressure 

compaction and microwave sintering have been suggested in the past to combat the above issues 

[29]. Additionally, the reason for weight loss at temperatures between 1000 - 1800 °C is not clear 

at this stage of research. Future experiments including TGA-assisted–mass spectroscopy and 

XRD analysis are required to comparatively analyze the effect of n-SiC inclusion on the weight 

loss in the bimodal SiC samples. 

As mentioned earlier, higher initial powder packing density (solids loading - Φ) is important for 

improving the sintered density and ensuing properties. Such higher green density in turn 

corresponds to lesser % shrinkage and thus more dimensional control. As shown in the Figure 

7.6a, an isometric shrinkage of up to 15% is noticed in bimodal µ-n SiC samples confirming the 

dimensional precision. The plot is also extended to compare ~20% shrinkage noticed in the 

monomodal µ-SiC samples under similar sintering conditions (Figure 7.6b). Similar shrinkage 

value of 19% is reported in the past by Klemens et al for the extruded monomodal µ-SiC powder 

mixtures [41]. This comparison confirms the novelty of bimodal µ-n powder mixtures where 

higher densification is achieved yet with relatively lower shrinkage. Thus, in addition to the 

increased sintered densities, using bimodal µ-n SiC powder mixtures exhibited a significant 

lowering in the shrinkage as shown in the Figure 7.6. The lower shrinkage observed for bimodal 

samples can be directly attributed to a higher solids loading relative to the monomodal samples. 

Figure 7.7 plots the Vickers hardness values obtained for bimodal (a) and monomodal (b) SiC 

samples sintered at different temperatures- time combinations. The hardness of SiC depends on 

factors such as sintered density, grain size and amount of secondary glassy phase. The Vickers 

hardness of both monomodal and bimodal SiC increased with increase in sintering temperature 

due to the corresponding densification process. A maximum hardness of 14.7 GPa and 15.1 GPa 
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was exhibited by monomodal and bimodal SiC samples sintered at 1950 ᴼC for 4 hr, respectively. 

These values are comparatively lesser than the earlier reported measurements for monomodal SiC 

samples as listed in the Table 7.3 [3, 5, 9, 29-30, 35, 38-40]. This could be due to incomplete 

densification as well as the increase in the weight loss of the SiC samples with the sintering 

temperatures as discussed earlier. Further, grain growth due to expedited liquid phase formation 

could also be proposed as a reason for such reduced hardness values. For example, prior reports 

by Sciti and Bellosi (hot pressing of monomodal µ-SiC) [3] and Bothara et al (plasma pressure 

compaction of monomodal n-SiC) [29] reported hardness values ≥ 20 GPa, with greater 

densification achieved at lower temperatures. Their work suggests the necessity for an external 

source (pressure, electric field) to achieve densification yet with suppressed grain growth.  She 

and Ueno, on the other hand discussed the detrimental effect of excessive sintering additives on 

the properties, arguing the necessity to optimize the additives content prior to SiC sintering [9]. 

The measured indentation toughness of the bimodal (Figure 7.8a) and monomodal (Figure 7.8 b) 

SiC showed a similar trend to that of the hardness values. This is due its exhibition of a density-

microstructure–property relationship similar to that of hardness values. A maximum indentation 

toughness of 3.4 MPa.m1/2 and 3.2 MPa.m1/2 is noticed for monomodal and bimodal SiC samples 

sintered at 1950 ᴼC for 4 hr, respectively. Such lower toughness values compared to previous 

reports (Table 7.3) could be due to the combined effect of weight loss and grain growth. Future 

work on microstructural evolution during sintering is required to further understand the reasons 

for the lower properties and to find solutions to the problem. 

Figure 7.9 plots the thermal diffusivity values obtained for bimodal (a) and monomodal (b) 

samples sintered at different temperatures. The diffusivity values were expected to be equal for 

monomodal and bimodal SiC samples as they show similar densification trends. However, the 

thermal diffusivity of bimodal samples (~35 mm2/s) sintered at 1950 ᴼC were found to be higher 

than that of monomodal samples (~30 mm2/s) by 5 mm2/s. Despite the higher weight loss 

experienced by bimodal samples, such a rise in the thermal diffusivity values strengthens our 

earlier proposal of grain growth due to expedited liquid phase formation in the bimodal samples.  

Figure 7.10 represents a nearly constant Cp value of 600 J/Kg.K for monomodal and bimodal SiC 

samples regardless of the sintering conditions. A similar Cp value of 650 J/Kg.K is reported in the 

past by Zhou et al for monomodal SiC system [12].  The thermal conductivity (K) is a product of 

thermal diffusivity, sintered density and Cp. Thus, factors such as sintered density, weight loss, 

grain growth and amount of intergranular glassy phase were found to affect the thermal 

conductivity of the given samples. These factors can explain the trends noticed in that thermal 



178 
 

conductivity plots (Figure 7.11) similar to that of the earlier discussed thermal diffusivity values. 

Thus, a maximum thermal conductivity of 73 W/m.K was exhibited by bimodal SiC samples 

sintered at 1950ᴼC compared to that of 68 W/m.K by the monomodal samples. A detailed 

analysis with variations in the fabrication methods and amount and composition of sintering aids 

is required to further increase the thermal conductivity of bimodal SiC. 

 

7.4. Conclusions 

Bimodal µ-n and monomodal µ-SiC samples with the addition of nanosized Y2O3 and AlN as a 

sintering aid exhibited a liquid phase formation at lower temperatures than reported literature 

values for the pressureless sintering of SiC. The combined effect of increased powder content and 

reduced average particle size by nanoparticle addition are proposed as the reasons for 97% 

densification with only 15% shrinkage noticed in the bimodal SiC samples. A reduction noticed 

in the mechanical properties with an increase in the sintering temperature was attributed to the 

weight loss experienced by bimodal SiC samples. Higher thermal diffusivity and thermal 

conductivity values of bimodal SiC samples are suggested as the outcomes of higher densification 

and possible expedited grain growth despite the higher weight loss. 
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Figure 7.1: Processing window for sintering conditions for SiC based on literature reports 
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Figure 7.2: Effect of sintering temperature on the densification of bimodal (a) and monomodal 

(b) SiC 
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Figure 7.3: SEM images revealing the transition of bimodal SiC samples from thermally debound stage to the onset of liquid phase 

formation, (a) 500 ᴼC, (b) 1100 ᴼC, (c) 1300 ᴼC and (d) 1550 ᴼC
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Figure 7.4: SEM images revealing the transition of monomodal SiC samples from thermally debound stage to the onset of liquid phase 

formation, (a) 500 ᴼC, (b) 1100 ᴼC, (c) 1300 ᴼC and (d) 1550 ᴼC. 
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Figure 7.5: Weight loss experienced by bimodal (a) and monomodal (b) SiC as a function of 

sintering temperature 
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Figure 7.6: Isometric shrinkage of bimodal (a) and monomodal (b) SiC as a function of sintering 

temperature 
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Figure 7.7: Vickers hardness of bimodal (a) and monomodal (b) SiC as a function of sintering 

temperature 
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Figure 7.8: Indentation toughness of bimodal (a) and monomodal (b) SiC as a function of 

sintering temperatures 
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Figure 7.9: Thermal diffusivity of bimodal (a) and monomodal (b) SiC as a function of sintering 

temperatures 
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Figure 7.10: Cp of bimodal (a) and monomodal (b) SiC as a function of sintering temperatures 
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Figure 7.11: Thermal conductivity of bimodal (a) and monomodal (b) SiC as a function of 

sintering temperatures  
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Table 7.1: Literature review on the liquid phase formation temperature for SiC densification 

Ref. 

# 
Author 

Initial SiC 

particle 

size (µm) 

Type of sintering additive 

Liquid phase 

formation 

temperature 

2 Grande et al α - 0.6 4.72% Al2O3-2.73% Y2O3 1820°C 

3 Sciti and Bellosi - 6 %Al2O3-4%Y2O3 1710 °C 

33 Lee et al β -0.27 5.3% Y2O3-4.7%Al2O3 1800 °C 

34 Can et al - 5% Y2O3-5%Al2O3 1600 °C 

35 Guo et al α - 0.75 6.25% Al2O3 - 3.75% Y2O3 

1760 °C 36 He et al β -0.8 6% MgO -1% Al2O3 -1% Y2O3 

9 She and Ueno α - 0.6 6.25% Al2O3 - 3.75% Y2O3 
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Table 7.2: Prior reports on additive-assisted pressureless sintering of SiC 

Ref. # Author 
SiC Particle 

Size (µm) 

Sintering aid Net shaping and 

densification 

 (with pressure in 

MPa) 

Sintering Conditions   

% relative 

density Nature % content Atm. 
Temp  

(°C) 

Hold 

time 

(hrs) 

5 Ortiz et al - Al2O3-Y2O3 14.92-11.22 UP (50) + CIP (350) Ar 1950 1 98% 

9 She and Ueno α - 0.6 Al2O3-Y2O3 6.25-3.75 UP (3) + CIP (200) Ar 2000 1 98% 

26 Gao et al - Al2O3-Y2O3 5-5 UP (25) + CIP (200) N2 1900 1.5 98% 

35 Guo et al α - 0.75 Al2O3-Y2O3 6.25-3.75 UP (100) + CIP (250) Vac. 1860 0.75 96.1% 

37 Pujar et al  - Al2O3-Y2O3 12.5-7.5 UP (50) + CIP (350) Ar 1900 0.5 96% 

38 Magnani et al β -0.72 Al2O3-Y2O3 6--4 UP (67) + CIP (250) Ar 1875 0.5 97.1% 

39 
Suzuki & 

Sasaki 
- Al2O3 15 UP (20) + CIP (200) N2 1950 5 97% 

20 Rodriguez et al - Al2O3-Y2O3 5--5 UP Ar 1950 

1 98.8% 

3 97.3% 

5 96.7% 

7 94.9% 

40 Zhang et al α - 0.5 Al2O3-Y2O3 4.5-4.5 - N2 1950 1 98% 
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Table 7.3: Prior reports on the mechanical properties of monomodal SiC 

Ref.  

# 
Author 

Sintering aid Sintering Conditions % 

relative 

density 

Toughness 

(MPa. m
1/2

) 

Hardness 

(GPa) Nature % content Atm. 
Temp 

(°C) 

Hold time 

(hrs) 

3 Sciti and Bellosi Al2O3-Y2O3 6-4 - 1780 0.5 98% 3.1 22 

5 Ortiz et al Al2O3-Y2O3 
14.92-

11.22 
Ar 1950 1 98% 3.3 17.3 

9 She and Ueno Al2O3-Y2O3 6.25-3.75 Ar 

1900 

1 

98% 7.5 19.5 

1950 97.5% 6.5 18 

2000 97% 6 17 

29 Manish Bothara AlN- Y2O3 5-5 Ar 1700 1 99.6% 5 20 

30 Nader et al AlN-Y2O3 2.95-10.34 N2 1925 14 - 2.8 - 

35 Guo et al Al2O3-Y2O3 6.25-3.75 Vac. 1860 0.75 96.1% 5.2 20 

38 Magnani    et al Al2O3-Y2O3 6--4 Ar 1875 0.5 97.1% 4.5 21 

39 Suzuki & Sasaki Al2O3 15 N2 1950 5 97% 4.3 21.9 

40 Zhang et al Al2O3-Y2O3 4.5-4.5 N2 1950 1 98% 2 - 
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CHAPTER 8 

The Effects of Nanoparticle Addition on the Sintering and Properties of 

Bimodal AlN 

Abstract 

The effects of nanoparticle addition on the pressureless sintering of injection molded and 

debound bimodal aluminum nitride (AlN) samples were studied. Variations in the densification, 

microstructure and properties owing to the increased powder content and reduced particle size are 

discussed. The results indicate the formation of liquid phase at 1500 °C in the bimodal AlN 

samples, a temperature that is at least 100oC lower than typically reported values in the literature. 

This in turn shifted the pressureless sintering to a relatively lower temperature of 1650 °C 

exhibiting ≥ 99% densification yet only with 14% isometric shrinkage. Additionally, thermal and 

mechanical properties of the sintered bimodal AlN samples are presented and compared with 

sintering studies on conventional monomodal AlN systems reported in the literature.  



197 
 

8.1. Introduction 

Aluminum nitride (AlN) has attracted considerable attention as a substrate material for electronic 

packaging because of its excellent properties, such as high thermal conductivity and coefficient of 

thermal expansion that are well matched to that of silicon [1-4]. These properties make AlN an 

excellent material to replace alumina (Al2O3) and beryllia (BeO) used for the manufacture of 

semiconductor devices [5, 6]. AlN also has the potential to be used as heat sink for high operating 

temperature applications, LED thermal management, laser diode heat spreaders, optoelectronic 

parts, cutting tools, ignition modules, and casting crucibles [5-8]. In order to translate the above 

mentioned thermal properties into demanding applications, it is necessary to net-shape AlN into 

fully dense microstructures. 

Prior reports investigated AlN densification by exploring material and process parameters. AlN is 

a covalently-bonded material and requires sintering additives to enhance densification. Thus, 

prior reports on material parameters focused on the effect of varying the type and amount of 

sintering additives on the densification behavior of AlN. For example, Surnev et al studied the 

effect of varying the amount of yttria (Y2O3) as the sintering aid over the final density [9]. 

Similarly, Molisani et al compared the efficiency of Y2O3 and calcium oxide (CaO), as sintering 

aids for the AlN densification [10]. Sintering temperature and hold time were the commonly 

studied process parameters in the past. For example, Zhou et al [11] and Li et al [12] reported the 

increase in the sintered density with the increase in the sintering temperature. On the other hand, 

Kume et al noticed a decrease in the sintered density with higher hold time at the sintering 

temperature [13]. A brief literature review on AlN densification is presented by our research 

group elsewhere [14].  

One research issue that is least explored till date is the effect of initial powder packing density on 

the final sintered density of AlN ceramics [15]. Our prior research work successfully 

demonstrated an increase in powder content with the addition of nanoparticles, forming bimodal 

μ–n powder mixtures [16, 17].  For example, the powder content was found to increase from 54 

to 71 vol.% when AlN nanoparticles are added to the monomodal submicron (μ) sized AlN 

powders. The implication of such nanoparticle additions has been discussed in the past in the 

context of powder-polymer mixture (feedstock) properties, mold filling behavior and polymer 

removal kinetics of the injection molded bimodal μ–n AlN and SiC samples [16, 18].In a similar 

manner, the effect of nanoparticle addition on the sintering behavior of AlN at different time-

temperature combinations was discussed in the current work. These sintering experiments reveal 

that bimodal µ-n AlN powder mixtures display liquid phase formation at relatively lower 
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temperatures. The sintered density, shrinkage, thermal and mechanical properties of the resulting 

sintered bimodal μ–n samples are compared with that of the previously reported sintering studies 

on conventional monomodal AlN samples. 

 

8.2. Experimental Section 

8.2.1. Materials 

The starting powder materials contain as-received., commercially available AlN (1.1 µm and 20 

nm) with 5 wt.% Y2O3 (50 nm) as the sintering additives.  

8.2.2. Sample preparation 

Powder injection molded bimodal µ-n AlN samples were solvent and thermally debound prior to 

sintering. The molding and debinding conditions used are detailed elsewhere [16, 18]. Thermally 

debound bimodal AlN samples with an initial density of 2.15 g/cc (65% relative density) were 

pressureless sintered at different temperatures upto 1900 °C for 4 hrs under nitrogen atmosphere. 

8.2.3. Instrumentation 

The density for all the sintered samples was measured with a lab-built Archimedes apparatus. 

Microstructural analysis was conducted on the fracture surfaces of sintered AlN samples using a 

QuantaTM –FEG (FEI) dual beam scanning electron microscope (SEM) coupled with an energy 

dispersive X-ray spectrometer (EDS). SEM images of each sample were presented in two 

different magnifications for better comparison. The thermal diffusivity of the samples was 

measured with a LFA-457 (Netzsch) laser flash apparatus. TA Instruments- 2920 unit was used to 

measure the specific heat (Cp) of the sintered samples. Vickers hardness and indentation 

toughness of the sintered AlN samples were measured via Leco microhardness tester. 

 

8.3. Results and Discussion 

From the densification plot represented in the Figure 8.1, it can be seen that the densification of 

the bimodal µ-n AlN is initiated at ~ 1500 °C. SEM studies on these samples confirmed a liquid 

phase formation at ~ 1500 °C (Figure 8.2). A shift in the densification towards lower sintering 

temperatures can be correspondingly expected. This in turn explains the ≥99% densification of 

bimodal AlN samples at 1650 °C (Figure 8.3a). Similarly, a 95 % densification at 1600 °C is 

reported in the past by Panchula and Ying for a monomodal n-AlN system [23].They proposed 

two likely mechanisms that could be held responsible for the low-temperature densification of 
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ultrafine AlN systems. Firstly, an Al-Y-O-N liquid could form and promote material transport via 

liquid-phase sintering. Secondly, solid-state grain boundary diffusion could increase due to the 

higher surface area of n-AlN, which in turn expedites Y2O3 doping at the grain boundaries. This 

hypothesis could be supported with the observed AlN grain growth as a function of temperature 

(Figures 8.3b-d). Further research including XRD analysis and a comparative study with an 

injection molded monomodal µ-AlN system is required to analyze the effects of the nanoparticle 

addition on the sintering behavior of AlN. 

The densification of AlN is facilitated by liquid phase sintering, accompanying solution-

reprecipitation between the AlN and the liquid phase [6]. Y2O3 is the most commonly reported 

sintering additive for AlN and is thus used in the current study [1-4, 9, 10, 15]. AlN typically 

contains dissolved oxygen in its lattice. At lower temperatures, this dissolved oxygen exists in the 

form of aluminum oxynitride, Al9N7O3. Raghavan et al [19] and Klemens et al [20] state that 

these oxygen ipurities diffuse through the grain boundary to react with Y2O3, forming yttrium 

aluminates with a smaller yttrium-to-aluminum atomic ratio Y/Al. Equations 8.1-8.3 explain the 

formation of major liquid phase, yttrium aluminum garnet (YAG) (Y3Al5O12) and other secondary 

aluminate phases by reacting Y2O3 and Al2O3.  

2 3 2 3 4 2 92Y O Al O Y Al O 
                              (8.1)

 

 2 3 2 3 3Y O Al O 2YAlO 
                                (8.2) 

2 3 2 3 3 5 123Y O 5Al O 2Y Al O 
                         (8.3)

 

Zhou et al state that during AlN sintering, Y4A12O9 is first formed [11]. At the high temperatures, 

the major secondary phases were found to be YAlO3 and Y3Al5O12 (yttrium aluminum garnet - 

YAG). In particular, YAG formation is the result of reduction in the oxygen vacancies, which in 

turn enhances the growth of AlN grains. Table 8.1 provides a review of prior reports mentioning 

the onset temperature of YAG formation for conventional monomodal AlN systems [1, 3, 9, 15, 

21, 22]. It can be seen that the onset of liquid phase formation in the present study is 

comparatively lower by at least 100 °C than what is discussed in prior reports. 

In addition to the observation that grain growth occurs with increase in temperature, a decrease in 

density is noticed after 1650 °C in the SEM images. This in turn can be correlated with the weight 

loss experienced by bimodal AlN samples during sintering as shown in the Figure 8.4. Such 

weight loss could be due to the reaction between the excess Y2O3 present in the mixture with the 

YAG to form YAlO3 at elevated temperatures, as shown in Equation 8.4. 
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                 3 5 12 2 3 3Y Al O Y O 5YAlO 
                            (8.4) 

           3 2 2 22YAlO Y O Al O 2O    
                (8.5)

 

The YAlO3 in turn breaks down to form volatile monoxides of Al and Y along with O2 as shown 

in the Equation 8.5 [10]. This material loss opens up new pores at sintering temperatures leading 

to reduction in the % density. Similar results on AlN densification has been reported qualitatively 

in the past by Molisani et al [10], Panchula and Ying [23] and Olhero et al [24] arguing the 

necessity to optimize the Y2O3 content prior to AlN sintering. Additionally, the reason for weight 

loss at temperatures between 1000 - 1600 °C is not clear at this stage of research. Future 

experiments including TGA-assisted–mass spectroscopy and XRD analysis are required to 

explain the effect of nanoparticle addition on the weight loss in the bimodal AlN samples. 

As mentioned earlier, a higher initial powder packing density (solids loading, Φ) is important for 

improving the sintered density and ensuing properties. The higher green density in turn results in 

lesser shrinkage and consequently more dimensional control following sinter densification. As 

shown in the Figure 8.5, an isometric shrinkage of up to 14% is noticed in our samples 

corresponding to 99% densification. The plot is also extended to compare the shrinkage reported 

in the literature for AlN densification [1, 22, 24, 25]. This comparison confirms the value of 

bimodal µ-n powder mixtures where, in addition to liquid phase formation at lower temperature; 

maximum densification can be achieved with relatively lower shrinkage. 

Figure 8.6 plots the thermal diffusivity values obtained for bimodal AlN samples sintered at 

different temperatures. The thermal diffusivity of the bimodal AlN is expected to increase with 

the temperature due to the grain growth detailed earlier in the SEM images. In contrast, 

fluctuations are noticed which could be explained as the combined outcome of simultaneous grain 

boundary loss and weight loss. A maximum thermal diffusivity of 33 mm2/s is noticed for the 

bimodal AlN samples sintered at 1700 ᴼC and 1900 ᴼC. A similar trend was explained in the past 

by Suzuki and Sakka [22] and Olhero et al [24] for monomodal AlN samples. In addition to the 

weight loss explained earlier, the use of excessive amount of sintering additives was found 

detrimental to the sintered properties due to higher content of intergranular glassy phase. This is 

once again evident from the comparative study presented in the Figure 8.7, where the Cp of the 

AlN sintered under similar condition is more dependent on the amount of Y2O3 used.   

For most solid materials with a perfect crystal lattice, thermal diffusion is primarily controlled by 

the transfer of thermal elastic waves, otherwise known as phonons. It has been suggested that 

thermal diffusivity is limited by intrinsic phonon scattering of the microstructure [26, 27]. 
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Imperfections such as grain boundaries, pores and impurities (secondary phases in liquid phase 

sintering) are unavoidably present in nearly all materials. The phonons tend to scatter when 

collided with these imperfections leading to reduction in the thermal diffusivity values. The 

thermal conductivity (K) is a product of thermal diffusivity, sintered density and Cp. Thus, factors 

such as sintered density, weight loss, grain growth and amount of intergranular glassy phase were 

found to affect the thermal conductivity of the given samples. Despite the fact that bimodal AlN 

samples revealed ≥ 99% densification, the higher amount of liquid phase additives, smaller grain 

size and higher wt. loss could account for the lower “K” value of 71 W/m.K compared to that of 

previous reports (Figure 8.8). A detailed analysis with variations in the fabrication techniques 

and amount and composition of sintering aids is required to explore the possibility to increase the 

“K” of bimodal AlN. 

In addition to thermal properties, the effect of sintering temperature on the mechanical properties 

of bimodal AlN was studied. A maximum Vickers hardness of 10.2 GPa and indentation 

toughness of 2.3 MPa.m1/2 is noticed for the AlN samples sintered at 1650 ᴼC. Similar values of 

hardness equivalent to 11.5 GPa and toughness of 3 MPa.m1/2 is reported in the past [28, 29] . 

Additionally, as shown in the Figure 8.9, both the Vickers hardness and indentation toughness 

reduced with increase in temperatures, possibly due to porosity formation following weight loss. 

Similar results with mechanical properties were reported by Lopez et al [30] and She and Ueno 

[31] for monomodal SiC systems. However, absence of any detailed analysis of mechanical 

properties of sintered AlN in the literature diminished the possibility for a comparative study. 

Hence, measurements on sintered monomodal µ-AlN samples are required to study the effect of 

nanoparticle addition on the mechanical properties of AlN.   

 

8.4. Conclusions 

Bimodal µ-n AlN samples exhibited liquid phase formation at lower temperatures compared to 

that of the conventional monomodal µ-AlN samples. This in turn shifted the densification to a 

relative lower sintering temperature although with a reduced isometric shrinkage.  The combined 

effect of increased powder content and reduced average particle size by nanoparticle addition is 

proposed as the reason for such behavior. Reduction noticed in the mechanical properties with the 

increase in the sintering temperatures was correlated with the microstructural evolution. 

Fluctuations in the thermal diffusivity values and lower thermal conductivity values are suggested 

as the possible outcome of the weight loss during sintering despite AlN densification and grain 

growth. 
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Figure 8.2: SEM images revealing the transition of bimodal AlN samples from thermally debound stage to the onset of liquid phase formation 
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Figure 8.3: SEM images revealing the grain growth in the bimodal AlN samples with the increase in the sintering temperatures 
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Figure 8.4: Effect of sintering temperature on weight loss during AlN densification  
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Figure 8.5: Effect of sintering temperature on shrinkage during AlN densification 
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Figure 8.5: Thermal diffusivity of AlN samples as a function of sintering temperature 
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Figure 8.6: Cp of AlN samples as a function of sintering temperature 
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Figure 8.7: Thermal conductivity of AlN samples as a function of sintering temperature 

 

  



213 
 

 

Figure 8.8: Mechanical properties of bimodal AlN samples as a function of sintering temperature 
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Table 8.1: Literature review on YAG formation temperature for AlN densification 

Ref. 

# 
Author 

Initial AlN 

particle size 

(µm) 

Y2O3 content 

YAG 

formation 

temperature 

1 Lin et al 1.5 µm 3 wt.% 1720 °C 

3 Medraj et al 0.3 µm 
1.36 wt.% 1782°C 

7.59 wt.% 1847°C 

9 Molisani et al 0.92 µm 1.8 wt.% 1760 °C 

15 Qiu et al 0.1 µm 
3.5 wt.%           

(+2 wt.% CaO) 
1600 °C 

21 Chen et al 1.22 µm 2 wt.% 1800 °C 

22 Suzuki and Sakka 0.7 µm 5 wt.% 1760 °C 
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CHAPTER 9 

Conclusions and Future Work 

 

9.1. Conclusions 

SiC and AlN are difficult to sinter ceramics. The current dissertation successfully demonstrated 

the extension of powder injection molding concept to the difficult to sinter ceramics such as SiC 

and AlN. During the course of this research, effort is taken to conduct an in-depth study on the 

effects of nanoparticle addition on the powder injection molding (PIM) of SiC and AlN powder-

polymer mixtures. The following are some of the important conclusions obtained from this work. 

9.1. 1. Powder bimodality  

Bimodal mixtures of nanoscale (n) and sub-micrometer (µ) particles were found to have 

significantly increased powder volume fraction (solids loading) in the mixtures for injection 

molding. SEM micrographs revealed that the nanoparticles fit into the interstitial spaces between 

the microparticles for the AlN and SiC systems. Additionally, reduced torque values at 

comparable solids loading confirmed the increased particle packing in bimodal µ-n mixtures. 

Subsequently, a maximum powder content of 71 vol.% in the powder-polymer mixture was 

achieved for the bimodal AlN mixture containing 82 wt.% µ- AlN and 18 wt.% n-AlN. Similarly, 

a maximum powder content of 65 vol.%  in the powder-polymer mixture was achieved with a 

particular bimodal mixture containing 90 wt.% µ- SiC and 10 wt.% n-SiC. Comparative 

experiments for monomodal 100 wt.% µ-SiC and µ-AlN systems, resulted in a maximum powder 

content of  only 53 vol.%  and 54 vol.%, respectively.  

9.1.2.  Properties of powder-polymer mixtures 

The thermal, rheological and pressure-volume-temperature (PVT) properties of monomodal and 

bimodal powder-polymer mixtures were measured. The bimodal powder-polymer mixtures 

revealed a reduction in the Cp values and an expedited thermal degradation compared to 

monomodal mixtures. The specific volume of bimodal mixtures showed lower thermal expansion 

relative to monomodal mixtures. Rheological measurements concluded a reduced fluidity for the 

bimodal mixtures due to their increased powder content. Coefficient values obtained from the 

viscosity models indicated that additional shear stress is required to initiate the pseudo-plastic 

behavior in bimodal μ-n mixtures. Comparative studies were conducted on the powder-polymer 

mixtures containing equal powder content based on the theoretical models. It was inferred that at 
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lower solids loading, the nanoparticle addition was found to reduce the viscosity of the resulting 

bimodal mixtures. Mold filling simulation studies indicated that the higher viscosity of bimodal 

mixtures (resulting from the increased solids loading) posed challenges. The higher viscosity of 

the bimodal mixtures led to slower melt velocity which in turn increased the fill time and shear 

stress along the mold walls. 

9.1.3. Polymer removal of injection molded bimodal samples 

A two-step debinding was chosen to expedite the polymer removal process. The initial binder 

removal by solvent debinding leaves interpenetrating pore channels, which are then used to 

escape the decomposed gas during subsequent thermal debinding. Bimodal SiC and AlN samples 

exhibited slower polymer removal behavior compared to monomodal samples irrespective of the 

debinding conditions. The combined effect of increased powder content and reduced average 

particle size by nanoparticle addition is inferred as the reason for such behavior. Theoretical 

models indicated that the effect of particle size on solvent debinding was minimized at higher 

powder content, for the samples under consideration. Debinding conditions including solvent 

temperature, immersion time and part geometry were varied to calculate the diffusion coefficients 

(De). Nanoparticle addition in the bimodal samples also exhibited delay in the completion of the 

thermal debinding cycles. 

9.1.4. Densification and properties of bimodal µ-n SiC 

The effects of nanoparticle addition on the pressureless sintering of injection molded and 

thermally debound SiC samples were studied. Bimodal µ-n and monomodal µ-SiC samples with 

the addition of nanosized Y2O3 and AlN as a sintering aid exhibited a liquid phase formation at 

~1550 ᴼC. This is at least 100 °C lesser than previously reported values for monomodal µ-SiC 

samples with microscale sintering additives. When sintered at 1950 ᴼC for 4 hours, 97% 

densification with only 15% shrinkage was noticed in the bimodal SiC samples. In contrast, 

nearly 20% shrinkage in dimensions was observed for monomodal µ-SiC samples for a 

comparable sintered density (96% theoretical). A combined effect of increased powder content 

and reduced average particle size by nanoparticle addition was proposed as the reasons for such 

behavior. A reduction was noticed in the mechanical properties with an increase in the sintering 

temperature above a certain temperature, which was attributed to the weight loss experienced by 

bimodal SiC samples. Higher thermal diffusivity and thermal conductivity values were observed 

for bimodal SiC samples and were attributed as the outcomes of higher densification and possible 

expedited grain growth despite the higher weight loss. 
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9.1.5. Densification and properties of bimodal µ-n AlN 

The effects of nanoparticle addition on the pressureless sintering of injection molded and 

debound bimodal AlN samples were studied. Bimodal µ-n AlN samples exhibited a liquid phase 

formation at lower temperature of ~1500 ᴼC compared to that of the conventional monomodal µ- 

AlN samples with microscale additives that have been reported in the literature. Consequently, 

densification appeared to occur at a relative lower sintering temperature of ~1650 ᴼC, exhibiting 

> 99% relative density with only 14% isomteric shrinkage. A maximum Vickers hardness of 10.2 

GPa and indentation toughness of 2.3 MPa.m1/2 were measured for the AlN samples sintered at 

1650 ᴼC.  Further sintering at higher temperatures reduced the mechanical and thermal properties.  

Bimodal AlN samples were found to have a maximum thermal conductivity value of only 71 

W/m.K which could be the possible outcome of weight loss experienced during sintering. 

 

9.2.Directions for future research 

The current work successfully reported the novel concept µ-n powder bimodality. The research 

was also extended to confirm the technical feasibility of injection molding bimodal SiC and AlN 

samples. During the course of research, various interesting results were obtained which in turn 

could open new opportunities for research areas that need to be explored in the future. 

9.2.1. Effect of varying the binder composition 

One factor that was kept constant in the current work was the composition of the binder mixture. 

Despite the fact that the powder bimodality had increased the solids loading, higher viscosity was 

exhibited by the bimodal samples. This in turn extended its impact on the flow and mold filling 

behavior of the bimodal mixtures. Thus, varying the binder composition and/or content could 

help us achieve higher powder content, lower viscosity. This in turn opens up a new research 

window on analyzing the effect of varying the binder composition on formulation and processing 

of powder-polymer mixtures. The research should also be extended to analyze the debinding 

behavior of these newly formulated mixtures. 

9.2.2. Effect of varying the initial particle size 

As mentioned in the Chapter 4, one particular bimodal µ-n powder ratio exhibited maximum 

powder content for both SiC and AlN systems. This ratio in turn could be shifted by varying the 

initial size of the micro and nanoparticles. Additionally, one could expect a change in the 
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maximum powder content of the resulting bimodal mixtures. Thus a future research is required to 

understand the effect of initial particle size on the powder content of the powder-polymer 

mixtures which in turn dominates the processing and properties of the resulting samples.  

9.2.3. Effect of nanosized sintering additives 

In addition to the concept of powder bimodality, the current work also involved nanosized 

sintering additives in both monomodal and bimodal SiC and AlN samples. In the cases of both 

monomodal AlN and SiC, a novel nanorod formation was noticed at 1550 ᴼC and 1100 ᴼC 

respectively, as shown in the Figure 9.1. The EDS studies (Tables 9.1 and 9.2) on these nanorods 

indicate compositions similar to that of the corresponding liquid phase in AlN and SiC, 

respectively. Additionally, an isometric shrinkage of 1.5% and 1% is noticed in AlN and SiC 

respectively. This has not been previously reported in the literature. The reason for the presence 

of nanorods and their absence in bimodal samples is not clear at this stage of research. Thus, a 

comparative study on the current monomodal systems with that of monomodal systems with µ-

sized sintering additives is required to understand the importance of the nanorod formation. 

Further, the influence of nanoscale sintering additives on microstructure, sintering behavior, and 

properties need to be better understood. 

9.2.4. Green micromachining of injection molded bimodal samples 

Unlike machining of sintered ceramics, green micromachining occurs at significantly lower 

cutting forces and is capable of rapidly creating high precision structures. With the development 

of new bimodal formulations exhibiting lower dimensional shrinkage, the opportunity to 

introduce high precision microfeatures in the injection molded samples has been demonstrated in 

initial studies. Figure 9.2 demonstrates microfeatures with dimension ~ 10X the size of the 

starting AlN particle size. Thus a novel hybrid processing approach of combining green 

micromachining with PIM could have huge application in the tool making as well as prototyping 

short run components. Figure 9.3 demonstrates the ability of green micromachined samples to 

preserve complex microfeatures following sintering. A detailed future research involving 

variations in the binder formulation is required to experiment the  fabrication of microscale 

features by green micromachining. 

9.2.5. Extension of powder bimodality concept to other systems 

As mentioned earlier, the current research has successfully established the technical feasibility of 

a novel approach to net-shaping difficult-to-sinter ceramics into complex shapes with dense 

microstructures. Additionally, as shown in the Figure 9.4, the powder injection molding alone 
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currently holds a market of over US$ 1 billion and requires technical advancements to ensure 

continued growth [1]. Thus, the principles developed from this research can be applied to other 

ceramic and metal powder systems and applications. This can be achieved through the use of the 

standardized process, process design tools and controls, engineered material and process 

attributes and resulting precision and properties, as identified in this dissertation. For example, the 

concept of bimodality has been successfully extended to net-shape barium titanate (BaTiO3) with 

dense microstructures for ultracapacitor applications. This project resulted in the development of 

novel compositions of BaTiO3 containing nanoscale additives accompanied by improvements in 

the net-shaping and properties, as shown in the Figure 9.5. The sintered dimensions of microwell 

features below 3 m in (Figure 9.5c) are the smallest dimensions ever reported for PIM. A more 

in-depth study of the structure, processing and properties of such features is recommended for the 

future. 

9.2.6. Densification of bimodal µ-n SiC and AlN under pressure and electric field 

As mentioned in the Chapters 2 and 3, extensive research had been done in the past on the 

densification of SiC in the presence of an external field (pressure and electric field). For example, 

Bothara et al reported 99.6% densification for SiC plasma –pressure compacted at 1600 ᴼC for 30 

min [2]. In addition, such samples exhibited no weight loss and hence better properties such as 20 

GPa Vickers hardness. Thus, coupling the concept of powder bimodality with an external field 

assisted sintering can open  up new research ventures in the difficult to sinter ceramics like SiC 

and AlN. 
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Figure 9.1: Nanorod formation in monomodal AlN at 1100 ᴼC (a) and monomodal SiC at 1550 
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Figure 9.2: Micromachined green bimodal µ-n AlN samples  



223 
 

  

 

Figure 9.3: Sintered micromachined bimodal µ-n AlN samples 
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Figure 9.4: Global market for powder injection molded products 
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Figure 9.5: SEM micrographs of sintered microchannels (a), microgrids (b) and microwells (c) 

net-shaped by PIM of bimodal µ-n BaTiO3 
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Table 9.1: Elemental composition of nanorods formed during the monomodal AlN sintering 

Element Wt.%  At.%  

Al 59.46  58.89  

N 13.86  26.44  

O 3.73  6.23  

Y 22.15  6.66  

C 0.8  1.78  
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Table 9.2: Elemental composition of nanorods formed during the sintering of monomodal SiC  

Element Wt.%  At.%  

Si 63.03  49.82  

C 19.29  35.65  

Al 2.99  2.46  

N 3.96  6.28  

O 2.73  3.78  

Y 8.00  2.00  
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Appendix A 

Torque Rheometry 

 

PIM of SiC and AlN commences with the preparation of the powder-polymer mixture. The 

homogeneity and applicability of this mixture is dependent on the powder/polymer ratio. 

Increasing the powder/polymer ratio will result in an increase in the mixture viscosity, leading to 

potential difficulties during the molding stage. On the other hand, too much polymer could result 

in distortion and incomplete densification. Thus, it is required to regulate the powder-polymer 

ratio in such a way that the powder fraction will be as high as possible to obtain a mixture that 

will still be homogenous and easy to process. The maximum powder-polymer ratio that will result 

in a homogeneous fluid is designated with the term critical solids loading in the PIM industry.  

A torque rheometer (Intelli-Torque Plasti-Corder from CW Brabender) was used to determine the 

critical solids loading of the SiC and AlN powder-polymer mixtures.. The mixing conditions 

including zone temperatures (160 °C), screw speed (40 rpm), powder addition rate (1 wt.%) were 

kept the same for all the torque rheometry trails (Appendix A1-A13). With nanoparticle addition, 

a bimodal powder mixture showing the maximum critical solids loading was determined and used 

in further processing steps.  
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A1: Monomodal - 100% µ-SiC 

 

 

0

1

2

3

4

5

6

0 5 10 15 20 25 30 35 40

To
ru

e
 (

N
.m

)

Time (min)

75 wt.%

80 wt.%

81 wt.%

70 wt.%



230 
 

 

A2: Bimodal - 95% µ-SiC - 5 wt. % n-SiC 
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A3: Bimodal - 90% µ-SiC - 10 wt. % n-SiC 
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A4: Bimodal - 87% µ-SiC - 13 wt.% n-SiC 
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A5: Bimodal - 85% µ-SiC - 15 wt.% n-SiC 
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A6: Monomodal - 100% µ-AlN 
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A7: Bimodal - 95% µ-AlN – 5 wt.% n-AlN 
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A8: Bimodal - 92% µ-AlN – 8 wt.% n-AlN 
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A9: Bimodal - 90% µ-AlN – 10 wt.% n-AlN 
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A10: Bimodal - 87% µ-AlN – 13 wt.% n-AlN 
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A11: Bimodal - 85% µ-AlN – 15 wt.% n-AlN 
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A12: Bimodal - 82% µ-AlN – 18 wt.% n-AlN 
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A13: Bimodal - 80 wt. % µ-AlN – 20 wt. % n-AlN 
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Appendix B 

Mixing Scale-Up by Twin-Screw Extrusion 

The scaling up of powder-polymer mixture (feedstock) with a solids loading < critical solids 

loading was performed using twin-screw extrusion. All the scale-up were conducted in a co-

rotating 27 mm twin screw extruder (Entek Extruders). The process specifications for all the 

powder-polymer mixture scale-up are listed in the following table, 

 

Table B.1: Conditions used for scaling up of all powder-binder formulations 

Extruder Specifications µ-SiC µ-AlN µ-n SiC µ-n AlN 

Screw Diameter (Co-Rotating) 27 mm 

L/D 40 

Flight Depth 4.3 

Barrels/Zones involved 10 

Zone Temperature 160 °C 

Screw Speed 180 260 rpm 

Extrusion Rate 20 lb/hr 30 lb/hr 

Cooling System Air-cooled conveyor belt system 
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Appendix C1 

Properties of Monomodal µ- SiC Feedstock 

Feedstock composition 

Materials Particle size Weight (%) 

SiC 0.7 µm 72 

AlN 20 nm 8 

Y2O3 50 nm 8 

Multi-component binder system - 20 
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Appendix C2 

Properties of Monomodal µ- AlN Feedstock 

Feedstock composition 

Materials Particle size Weight (%) 

AlN 1.1 µm 76 

Y2O3 50 nm 4 

Multi-component binder system - 20 
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Appendix C3 

Properties of Bimodal  µ-n SiC Feedstock 

Feedstock composition 

Materials Particle size Weight (%) 

SiC 
0.7 µm 67.2 

20 nm 7.5 

AlN 20 nm 4.15 

Y2O3 50 nm 4.15 

Multi-component binder system - 17 
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Appendix C4 

Properties of Bimodal  µ-n AlN Feedstock 

Feedstock composition 

Materials Particle size Weight (%) 

AlN 
1.1 µm 70 

20 nm 10.75 

Y2O3 50 nm 4.25 

Multi-component binder system - 15 
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Appendix C5 

Properties of The Multi-Component Binder Mixture 

Feedstock composition 

Materials Weight (%) 

Paraffin wax 50 

Propylene 35 

Stearic acid 5 

Low density polyethylne – g – maleic anhydride 10 
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Appendix D 

Injection Molding of Multi-Slotted Parts 

The molten powder-polymer mixture (feedstock) was injected at 165 °C in an Arburg 221M 

injection molding machine. The injection molding conditions used are listed in the Table D1. 

The dimensions of the injection molded multi-slotted channel parts are mentioned in the Tables 

D2a –d. 

Table D1: Conditions for injection molding multi-slotted parts from 4 different feedstocks 

Molding Conditions µ-SiC µ-AlN µ-n SiC µ-n AlN 

Temperature 

Hopper 325 +/- 5 °F 

Zone 1 -3 325 +/- 5 °F 

Nozzle 335 +/- 5 °F 

Mold Side A, B 60 +/- 5 °F 

Injection 

Speed 1.03 *10
-2

 in/s 

Pressure 13000 psi 10500 psi 11000 psi 

Delay 0.1 seconds 0.5 seconds 0.1 seconds 

Holding 

Pressure 1 7000 psi 8000 psi 7000 psi 

Time 1 0.7 s 

Pressure 2, 3 3625 psi 4000 psi 

Time 2, 3 0.7s 0.1 s 0.7 s 

Ejection Delay 0.1 s 

Ejector retraction Delay 0.1s 10 s 0.1 s 

Ejector retraction Speed 7.6”/s 

Retracted distance 5 mm 
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Table D2a: Mass, density and dimensions of the injection molded µ-SiC multi-slotted parts 

 Wt. 

(g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Vol.

(cc) 

Density 

(g/cc) 

Avg. 
(50 Samples) 

3.74 37.99 25.28 2.03 1.03 0.99 9.32 1.81 2.07 

St. Dev. 0.01 0.02 0.03 0.02 0.009 0.003 0.006 0.02 0.01 

Table D2b: Mass, density and dimensions of the injection molded µ-AlN multi-slotted parts 

 Wt. 

(g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Vol.

(cc) 

Density 

(g/cc) 

Avg. 
(50 Samples) 

3.86 37.9 25.32 2.03 1.04 0.99 9.32 1.83 2.11 

St. Dev. 0.01 0.08 0.04 0.01 0.006 0.005 0.006 0.03 0.03 

Table D2c: Mass, density and dimensions of the injection molded bimodal µ-n SiC multi-slotted parts 

 Wt. 

(g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Vol.

(cc) 

Density 

(g/cc) 

Avg. 
(30 Samples) 

3.88 38.25 25.49 2.03 1.04 0.99 9.32 1.84 2.11 

St. Dev. 0.02 0.04 0.03 0.01 0.006 0.005 0.006 0.03 0.02 

Table D2d: Mass, density and dimensions of the injection molded bimodal µ-n AlN multi-slotted parts 

 Wt. 

(g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Vol.

(cc) 

Density 

(g/cc) 

Avg. 
(40 Samples) 

4.21 38.27 25.51 2.03 1.04 0.99 9.32 1.85 2.28 

St. Dev.  0.01  0.02  0.02  0.01  0.008  0.005  0.004  0.04 0.03 
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Appendix E 

Solvent Debinding of Injection Molded Multi-Slotted Parts 

During debinding, the binder has to be removed from the molded parts in the shortest time with 

the least distortion. In the present work, the debinding protocol consisted of solvent immersion 

followed by thermal removal. Solvent debinding takes advantage of the solubility of low 

molecular weight constituents (e.g. paraffin wax and stearic acid in the present case) in organic 

solvents (e.g. heptanes in the present case). Solvent extraction creates porosity in the injection 

molded samples. A large amount of open pores, after solvent debinding, allows the degraded 

products during thermal debinding to diffuse to the surface easily. Therefore, the thermal removal 

of insoluble binder components will be finished in a much shorter period without distorting the 

samples. Consequently, the combination of solvent debinding and thermal debinding can be time 

saving. Tables E1-E4 lists the dimensions of solvent debound SiC and AlN samples. 
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Table E1: Mass, density and dimensions of the debound µ-SiC multislotted parts 

 

Dewaxed 

mass (g) 

Brown 

mass (g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Avg. 
(50 Samples) 

3.4 2.97 37.77 25.19 2.03 1.03 0.99 9.26 

St. Dev. 0.01 0.02 0.04 0.01 0.02 0.005 0.006 0.003 

Table E2: Mass, density and dimensions of the debound µ-AlN multislotted parts 

 

Dewaxed 

mass (g) 

Brown 

mass (g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Avg. 
(50 Samples) 

3.44 3.09 37.26 24.94 2.03 1.01 0.97 9.24 

St. Dev. 0.01 0.01 0.08 0.03 0.02 0.007 0.006 0.001 

Table E3: Mass, density and dimensions of the “solvent debound” bimodal µ-n SiC multichannel parts 

 

Dewaxed 

mass (g) 

Brown 

mass (g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Avg. 
(30 Samples) 

3.53 3.19 38.25 25.49 2.03 1.04 0.99 9.32 

St. Dev. 0.02 0.02 0.04 0.03 0.01 0.006 0.005 0.006 

Table E4: Mass, density and dimensions of the “solvent debound” bimodal µ-n AlN multichannel parts 

 

Dewaxed 

mass (g) 

Brown 

mass (g) 

L 

(mm) 

B 

(mm) 

H 

(mm) 

Channel 

Separation 

(mm) 

Channel 

Width 

(mm) 

Channel 

Length 

(mm) 

Avg. 
(30 Samples) 

3.94 3.57 38.27 25.51 2.03 1.04 0.99 9.32 

St. Dev. 0.01 0.01 0.02 0.02 0.01 0.008 0.005 0.004 
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Appendix F 

Pre-Sintering of Thermally Debound Monomodal µ-AlN Samples 

Pre-

sintering 

conditions 

SEM Micrographs 

% shrinkage %wt. 

loss 

l b h 

500 °C,    

5 hr 

 

Nil 

800 °C,    

4 hr 

 

1000 °C,  

4 hr 
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Pre-sintering of thermally debound monomodal µ-AlN samples 

Pre-

sintering 

conditions 

SEM Micrographs 

% shrinkage %wt. 

loss 

l b h 

1100 °C,   

4 hr 

 

1.95 1.78 2.17 0 

1150 °C,  

4 hr 

 

2.01 1.86 2.48 0.1 
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Appendix G 

Vickers Hardness of Sintered SiC and AlN samples 

Vickers hardness of the sintered SiC and AlN samples was measured in accordance with ASTM 

E384 using a Leco microhardness tester. A NIST traceable calibration steel block and a stage 

micrometer were used to calibrate the microhardness tester prior to the hardness measurements. A 

Vickers indenter with a test load of 1000g was applied on the sample surface, polished down to 1 

μm, for 15 s. Figure G-1 shows a typical indentation obtained. D1 and D2 are the lengths of the 

indentation diagonals in number of divisions of the scale of the indenter. D is the average of D1 

and D2 and is multiplied by a factor to obtain D in μm. Ten such measurements were taken for 

each sample. 

              

Figure G-1: Typical indentation obtained during Vickers indentation experiment 

The Vickers Hardness (HV) in GPa was calculated using the equation (ASTM C-1327)  

HV = 0.0018544 * (P/D2)  

where P = load in N, and, D = average length of diagonal in mm. 
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Monomodal SiC – 1850°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 203 211 333 308 321 

2 213 206 302 323 313 

3 209 214 314 300 307 

4 201 208 340 317 329 

5 216 202 294 336 315 

6 207 209 320 314 317 

Avg. HV(kg/mm
2
) 317 

Avg. HV(GPa) 3.11 

St. Dev (GPa) 0.07 

 

Monomodal SiC – 1850°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 197 209 353 314 334 

2 201 211 340 308 324 

3 202 206 336 323 330 

4 213 199 302 346 324 

5 207 201 320 340 330 

6 198 213 350 302 346 

Avg. HV(kg/mm
2
) 328 

Avg. HV(GPa) 3.21 

St. Dev (GPa) 0.04 

 

Monomodal SiC – 1900°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 113 105 1074 1244 1203 

2 109 108 1155 1176 1166 

3 112 107 1093 1198 1145 

4 105 111 1244 1193 1179 

5 119 104 969 1268 1119 

6 103 117 1293 1002 1146 

Avg. HV(kg/mm
2
) 1160 

Avg. HV(GPa) 11.36 

St. Dev (GPa) 0.29 
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Monomodal SiC – 1900°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 112 105 1093 1244 1170 

2 109 108 1155 1176 1166 

3 100 112 1372 1093 1183 

4 105 109 1244 1155 1200 

5 102 114 1318 1055 1187 

6 109 107 1155 1198 1177 

Avg. HV(kg/mm
2
) 1181 

Avg. HV(GPa) 11.57 

St. Dev (GPa) 0.12 

 

Monomodal SiC – 1950°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 94 97 1552 1458 1503 

2 96 94 1488 1552 1520 

3 97 92 1458 1621 1540 

4 95 96 1520 1488 1504 

5 93 96 1586 1488 1537 

6 97 101 1458 1345 1402 

Avg. HV(kg/mm
2
) 1501 

Avg. HV(GPa) 14.71 

St. Dev (GPa) 0.5 

 

Monomodal SiC – 1950°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 93 98 1586 1428 1507 

2 96 95 1488 1520 1504 

3 97 95 1458 1520 1489 

4 93 96 1586 1488 1537 

5 96 97 1488 1458 1473 

6 94 99 0 1400 1476 

Avg. HV(kg/mm
2
) 1498 

Avg. HV(GPa) 14.68 

St. Dev (GPa) 0.23 
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Monomodal SiC – 2000°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 140 103 700 1293 997 

2 131 117 799 1002 900 

3 137 112 731 1093 912 

4 123 121 907 937 922 

5 131 116 799 1019 909 

6 129 122 824 922 873 

Avg. HV(kg/mm
2
) 919 

Avg. HV(GPa) 9.0 

St. Dev (GPa) 0.41 

 

Bimodal SiC – 1800°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 191 189 376 384 380 

2 193 179 368 428 398 

3 188 195 388 361 374 

4 190 191 380 376 378 

5 186 192 396 372 384 

6 181 189 419 384 402 

Avg. HV(kg/mm
2
) 386 

Avg. HV(GPa) 3.78 

St. Dev (GPa) 0.11 

 

Bimodal SiC – 1800°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 182 189 414 384 399 

2 177 185 438 401 420 

3 186 183 396 410 408 

4 173 182 458 414 436 

5 189 183 384 410 397 

6 175 171 448 469 459 

Avg. HV(kg/mm
2
) 420 

Avg. HV(GPa) 4.11 

St. Dev (GPa) 0.24 

 

 

 

 

 



292 
 

Bimodal SiC – 1850°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 163 151 516 602 559 

2 153 155 586 571 579 

3 149 154 618 578 598 

4 158 161 549 529 539 

5 146 162 643 523 583 

6 157 169 556 480 518 

Avg. HV(kg/mm
2
) 563 

Avg. HV(GPa) 5.51 

St. Dev (GPa) 0.29 

 

Bimodal SiC – 1850°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 145 160 652 536 594 

2 161 151 529 602 566 

3 152 156 594 564 579 

4 153 149 586 618 602 

5 151 157 602 556 579 

6 149 163 618 516 557 

Avg. HV(kg/mm
2
) 580 

Avg. HV(GPa) 5.68 

St. Dev (GPa) 0.16 

Bimodal SiC – 1900°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 114 125 1055 878 967 

2 109 128 1155 837 996 

3 110 123 1134 907 1021 

4 125 121 878 937 908 

5 119 134 969 764 867 

6 123 119 1074 969 1022 

Avg. HV(kg/mm
2
) 964 

Avg. HV(GPa) 9.44 

St. Dev (GPa) 0.62 
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Bimodal SiC – 1900°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 104 95 1268 1520 1394 

2 109 104 1155 1268 1211 

3 100 102 1372 1318 1345 

4 105 99 1244 1400 1322 

5 101 104 1345 1268 1307 

6 103 107 1293 1198 1246 

Avg. HV(kg/mm
2
) 1304 

Avg. HV(GPa) 12.78 

St. Dev (GPa) 0.65 

 

Bimodal SiC – 1950°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 94 92 1552 1621 1587 

2 95 99 1520 1400 1460 

3 87 92 1812 1621 1717 

4 93 96 1586 1488 1537 

5 91 97 1656 1458 1557 

6 96 102 1488 1318 1403 

Avg. HV(kg/mm
2
) 1544 

Avg. HV(GPa) 15.13 

St. Dev (GPa) 1.06 

 

Bimodal SiC – 1950°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 92 97 1621 1458 1540 

2 106 99 1221 1400 1311 

3 98 101 1428 1345 1387 

4 93 95 1586 1520 1553 

5 101 102 1345 1318 1331 

6 104 99 1268 1400 1334 

Avg. HV(kg/mm
2
) 1409 

Avg. HV(GPa) 13.81 

St. Dev (GPa) 1.07 
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Bimodal SiC – 2000°C – 2 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 122 102 1093 1318 1206 

2 115 107 1037 1198 1118 

3 107 114 1198 1055 1127 

4 113 111 1074 1113 1094 

5 111 116 1113 1019 1066 

6 119 112 969 1093 1031 

Avg. HV(kg/mm
2
) 1107 

Avg. HV(GPa) 10.85 

St. Dev (GPa) 0.59 

 

Bimodal SiC – 2000°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 121 103 937 1293 1115 

2 113 129 1074 824 949 

3 108 115 1176 1037 1106 

4 113 107 1074 1198 1136 

5 115 106 1037 1221 1129 

6 119 102 969 1318 1144 

Avg. HV(kg/mm
2
) 1097 

Avg. HV(GPa) 10.75 

St. Dev (GPa) 0.72 

 

Bimodal AlN – 1650°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 129 113 824 1074 949 

2 121 105 937 1244 1090 

3 109 122 1155 922 1039 

4 133 112 775 1093 934 

5 101 117 1345 1002 1174 

6 119 114 969 1055 1012 
Avg. HV(kg/mm

2
) 1033 

Avg. HV(GPa) 10.12 

St. Dev (GPa) 0.88 
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Bimodal AlN – 1700°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 104 106 634 610 622 

2 129 118 412 493 453 

3 120 114 476 528 502 

4 105 131 622 400 511 

5 119 117 484 501 493 

6 113 119 537 484 511 
Avg. HV(kg/mm

2
) 515 

Avg. HV(GPa) 5.05 

St. Dev (GPa) 0.55 

 

Bimodal AlN – 1800°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 122 102 461 659 560 

2 126 109 432 577 504 

3 107 122 599 461 530 

4 113 116 537 510 524 

5 131 106 400 610 505 

6 120 112 476 547 512 
Avg. HV(kg/mm

2
) 523 

Avg. HV(GPa) 5.12 

St. Dev (GPa) 0.21 

 

Bimodal AlN – 1900°C – 4 hrs 

# D1(µm) D2(µm) HV1 (kg/mm2) HV2 (kg/mm2) Avg. HV(kg/mm2) 

1 116 134 510 382 446 

2 110 138 567 360 463 

3 120 129 476 412 444 

4 128 123 419 453 436 

5 121 133 468 388 428 

6 126 125 432 439 436 
Avg. HV(kg/mm

2
) 442 

Avg. HV(GPa) 4.33 

St. Dev (GPa) 0.12 
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Appendix H 

Indentation Toughness of Sintered SiC and AlN Samples 

Using a Leco microhardness tester, a load of 1000 was applied on the sample surface, polished 

down to 1 μm, for 15 s. Figure H-1 shows a typical indentation obtained along with the cracks 

propagating at the from the ends of the indentation. The measurements were then made of the 

average length of the diagonals, 2a, and the average length of the cracks along with the diagonal 

on the indentation 2ℓ. The crack length, c, was calculated as c = ℓ - a. Ten such measurements 

were taken for each sample. 

                

Figure H-1: Typical indentation obtained during an indentation toughness experiment. The cracks 

originate at the ends of the indentation. 

The equation used for calculating fracture toughness (KIC) was, 

0.4 0.60.02* * *
IC

a E H
K

c
  

Where, c= length of crack, a = average length of diagonals of the indent, E = Modulus of 

elasticity and H = Vickers Hardness.  

 

 

 

 

 

 

 



297 
 

Monomodal SiC – 1850°C – 2 hrs 

 

Monomodal SiC – 1850°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 206 363 78.5 1.55 

2 204 360 78 1.58 

3 204 361 78.5 1.57 

4 206 359 76.5 1.61 

Avg. KIC (MPa.m
0.5

) 1.58 

St. Dev 0.03 

Monomodal SiC – 1900°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 109 191 41 2.40 

2 109 188 39.5 2.51 

3 108 195 43.5 2.37 

4 112 188 38 2.63 

Avg. KIC (MPa.m
0.5

) 2.47 

St. Dev 0.12 

Monomodal SiC – 1900°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 109 179 35 2.65 

2 106 178 36 2.60 

3 108 181 36.5 2.63 

4 108 184 38 2.58 

Avg. KIC (MPa.m
0.5

) 2.62 

St. Dev 0.03 

Monomodal SiC – 1950°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 96 131 17.5 3.81 

2 95 138 21.5 3.49 

3 96 147 25.5 3.23 

4 95 153 29 3.00 

Avg. KIC (MPa.m
0.5

) 3.38 

St. Dev 0.34 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 207 380 86.5 1.45 

2 210 381 85.5 1.52 

3 205 383 89 1.46 

4 209 377 84 1.53 

Avg. KIC (MPa.m
0.5

) 1.49 

St. Dev 0.04 
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Monomodal SiC – 1950°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 96 142 23 3.32 

2 96 146 25 3.26 

3 97 148 25.5 3.26 

4 97 152 27.5 3.14 

Avg. KIC (MPa.m
0.5

) 3.25 

St. Dev 0.07 

Monomodal SiC – 2000°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 122 217 47.5 2.45 

2 124 221 48.5 2.52 

3 122 218 48 2.50 

4 124 217 46.5 2.58 

Avg. KIC (MPa.m
0.5

) 2.51 

St. Dev 0.06 

 

  



299 
 

Bimodal SiC – 1800°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 192 329 68.5 1.70 

2 191 337 73 1.68 

3 189 323 67 1.74 

4 185 322 68.5 1.68 

Avg. KIC (MPa.m
0.5

) 1.7 

St. Dev 0.03 

Bimodal SiC – 1800°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 185 391 103 1.41 

2 191 403 106 1.47 

3 186 407 110.5 1.40 

4 173 374 100.5 1.37 

Avg. KIC (MPa.m
0.5

) 1.41 

St. Dev 0.04 

Bimodal SiC – 1850°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 152 262 55 1.89 

2 160 291 65.5 1.87 

3 157 283 63 1.87 

4 163 297 67 1.88 

Avg. KIC (MPa.m
0.5

) 1.88 

St. Dev 0.01 

Bimodal SiC – 1850°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 154 263 54.5 1.96 

2 151 260 54.5 1.97 

3 154 271 58.5 1.94 

4 156 271 57.5 1.98 

Avg. KIC (MPa.m
0.5

) 1.96 

St. Dev 0.02 

Bimodal SiC – 1900°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 117 173 28 2.81 

2 123 187 32 2.84 

3 127 197 35 2.80 

4 121 186 32.5 2.77 

Avg. KIC (MPa.m
0.5

) 2.8 

St. Dev 0.03 
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Bimodal SiC – 1900°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 101 155 27 2.96 

2 102 157 27.5 3.04 

3 103 158 27.5 3.07 

4 105 157 26 3.22 

Avg. KIC (MPa.m
0.5

) 3.07 

St. Dev 0.11 

Bimodal SiC – 1950°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 90 137 23.5 3.13 

2 95 149 27 3.16 

3 94 149 27.5 3.10 

4 99 152 26.5 3.33 

Avg. KIC (MPa.m
0.5

) 3.18 

St. Dev 0.1 

Bimodal SiC – 1950°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 100 148 24 3.26 

2 94 151 28.5 2.88 

3 102 150 24 3.41 

4 102 161 29.5 3.08 

Avg. KIC (MPa.m
0.5

) 3.16 

St. Dev 0.23 

Bimodal SiC – 2000°C – 2 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 111 191 40 2.42 

2 112 197 42.5 2.44 

3 114 201 43.5 2.45 

4 116 206 45 2.45 

Avg. KIC (MPa.m
0.5

) 2.44 

St. Dev 0.01 

Bimodal SiC – 2000°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 112 190 39 2.46 

2 110 198 44 2.34 

3 111 200 44.5 2.35 

4 116 204 44 2.47 

Avg. KIC (MPa.m
0.5

) 2.4 

St. Dev 0.07 
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Bimodal AlN – 1650°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 86 135 24.5 2.36 

2 88 141 26.5 2.32 

3 84 133 24.5 2.31 

4 86 137 25.5 2.32 

Avg. KIC (MPa.m
0.5

) 2.33 

St. Dev 0.02 

Bimodal AlN – 1700°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 153 261 54 1.87 

2 130 217 43.5 1.77 

3 142 238 48 1.84 

4 141 236 47.5 1.83 

Avg. KIC (MPa.m
0.5

) 1.83 

St. Dev 0.04 

Bimodal AlN – 1800°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 124 201 38.5 1.81 

2 114 189 37.5 1.68 

3 120 195 37.5 1.77 

4 116 192 38 1.70 

Avg. KIC (MPa.m
0.5

) 1.74 

St. Dev 0.06 

Bimodal AlN – 1900°C – 4 hrs 

# 2a(µm) 2l(µm) c(µm) KIC (MPa.m0.5) 

1 115 206 45.5 1.39 

2 110 185 37.5 1.47 

3 116 197 40.5 1.49 

4 114 196 41 1.46 

Avg. KIC (MPa.m
0.5

) 1.45 

St. Dev 0.04 
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Appendix I 

Thermal Conductivity of Sintered SiC and AlN Samples 

The thermal conductivity (K) of a given material is a product its thermal diffusivity, density and 

specific heat. The thermal diffusivity is measured via laser flash apparatus (Netzsch LFA 457) 

where a polished 0.5” diameter sintered sample is subjected to a very short burst of radiant 

energy. The source of the radiant energy is usually a laser flash lamp and irradiation times are of 

one millisecond or less. The resulting temperature rise on the rear surface of the sample is 

measured and thermal diffusivity values are computed from the temperature rise versus time data. 

 

Monomodal µ-n SiC samples- 2 hrs hold 

Sintering 

Temperature 

(°C) 

Density 

(g/cc) 

Thermal 

Diffusivity 

(mm
2
/s) 

Cp 

(J/g.K) 

K (W/m.K) 

Run 1 Run 2 Run 1 Run 2 Average 

1850 2.74 18.74 17.00 0.61 30.81 27.94 29.38 

1900 2.96 28.45 27.50 0.6 50.52 48.85 49.68 

1950 3.09 29.81 30.96 0.6 55.19 57.31 56.25 

2000 3.06 24.93 24.97 0.61 45.84 45.90 45.87 

 

Monomodal µ-n SiC samples- 4 hrs hold 

Sintering 

Temperature 

(°C) 

Density 

(g/cc) 

Thermal 

Diffusivity 

(mm
2
/s) 

Cp 

(J/g.K) 

K (W/m.K) 

Run 1 Run 2 Run 1 Run 2 Average 

1850 2.76 19.66 22.14 0.6 32.55 36.67 34.61 

1900 2.97 28.15 28.34 0.6 50.16 50.50 50.33 

1950 3.11 37.38 37.71 0.59 69.63 70.25 69.94 

 

Bimodal µ-n SiC samples- 2 hrs hold 

Sintering 

Temperature 

(°C) 

Density 

(g/cc) 

Thermal 

Diffusivity 

(mm
2
/s) 

Cp 

(J/g.K) 

K (W/m.K) 

Run 1 Run 2 Run 1 Run 2 Average 

1800 2.74 13.93 13.70 0.59 22.90 22.51 22.71 

1850 2.82 17.83 16.81 0.6 30.17 28.44 29.31 

1900 2.89 25.10 25.14 0.6 43.52 43.60 43.56 

1950 3.09 37.89 32.73 0.58 70.24 60.69 65.46 

2000 3.06 19.65 19.89 0.59 36.07 36.52 36.30 
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Bimodal µ-n SiC samples- 4 hrs hold 

Sintering 

Temperature 

(°C) 

Density 

(g/cc) 

Thermal 

Diffusivity 

(mm
2
/s) 

Cp 

(J/g.K) 

K (W/m.K) 

Run 1 Run 2 Run 1 Run 2 Average 

1800 2.76 15.27 15.23 0.58 25.28 25.22 25.25 

1850 2.83 18.82 18.24 0.6 31.95 30.96 31.46 

1900 3.02 28.49 28.62 0.61 51.62 51.86 51.74 

1950 3.11 38.47 38.33 0.59 71.78 71.52 71.65 

2000 3.07 17.74 18.26 0.6 32.67 33.63 33.15 

 

Bimodal µ-n AlN samples – 4 hrs hold 

Sintering 

Temperature 

(°C) 

Density 

(g/cc) 

Thermal 

Diffusivity 

(mm
2
/s) 

Cp 

(J/g.K) 

K (W/m.K) 

Run 1 Run 2 Run 1 Run 2 Average 

1650 3.23 30.73 30.81 0.73 72.46 72.65 72.55 

1700 3.12 33.13 33.17 0.62 64.09 64.16 64.13 

1800 3.13 29.97 30 0.56 52.51 52.58 52.55 

1900 3.07 32.42 32.54 0.59 58.72 58.94 58.83 
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