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as approximately 22 g of WC was introduced into the 200 g of ZrB2-B4C powders during 

attrition milling. Initially, only ~8 wt.% WC was expected to be incorporated into the 

powder mixture; however, Archimedes test revealed that specimens reached near full 

density as shown in Table 4.1 despite the higher WC content. The average densities for 

specimens prepared with different CeraSGel compositions were found to be statistically 

different. Specimens produced using 2 vol.% PVP compositions exhibited the highest 

average density. Specimens prepared with suspensions containing 3 vol.% PVP had the 

lowest density as well as the highest standard deviation. This large scatter in densities 

could have been an artifact of mechanical error of the sintering furnace that resulted in 

improper sintering of a sample batch. Because specimens prepared with the same 

compositions were sintered simultaneously, it was unclear if a trend linking density with 

PVP content existed. Further analysis is required to resolve the dependence, or 

independence, of density on PVP content in starting ZrB2/B4C/WC suspensions.   

SEM micrographs of polished, chemically etched cross-sections of ZrB2/B4C/WC 

rings indicated a mostly dense microstructure with minor porosity between and within 

grains as highlighted in Figure. 4.6. The average grain sizes of specimens prepared with 1 

and 2 vol.% PVP CeraSGels were statistically similar at about 10 µm in length. The 

average grain size for specimens produced using 3 vol.% PVP CeraSGels was somewhat 

lower at 7.7 µm as shown in Table 4.1. The smaller grain size could be attributed to less 

significant grain growth occurring during sintering, as the specimens with high PVP 

content did not reach full density in comparison with specimens prepared using 

suspensions containing lower PVP contents. Linear shrinkage was ~21% for all 

specimens evaluated. 
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Figure 4.6 SEM micrographs of ZrB2 cross-sections of ZrB2 specimens prepared by room-temperature injection molding of 
suspensions with a) 1 vol.%, b) 2 vol.% and c) 3 vol.% PVP contents. 
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EDS revealed the presence of zirconium, boron and tungsten in sintered 

specimens as highlighted in Figure 4.7. Utilizing EDS quantitative analysis, the 

compositions of the specimens roughly corroborated the estimated material composition 

as ~86 wt.% ZrB2, 3.5 wt.% B4C and 10.5 wt.% WC. EDS point analysis suggested that 

the black grains were likely boron carbide, whereas the lighter gray grains were 

zirconium diboride with varying tungsten content as highlighted in Figure 4.7. It has been 

observed that tungsten tends to dissolve into the ZrB2 matrix at the elevated temperatures 

encountered during sintering, resulting in a solid solution of a tungsten-containing ZrB2 

phase.123, 124 Consequently, no pure tungsten or tungsten carbide phases were detected 

using EDS point analysis in lines with previous investigations.124 

 

Figure 4.7 Cross section of specimen prepared with 1 vol.% PVP CeraSGel evaluated by 
EDS showed B4C grains surrounded by ZrB2 grains. 

 

Peaks corresponding to ZrB2, B4C and WC powders were observed in XRD 

spectra of attrition milled powders as seen in Figure 4.8(a). XRD also confirmed that the 

phases present in each specimen regardless of starting PVP content were ZrB2 and B4C 

after densification as shown in Figure 4.8(b-d). However, little to no signal from tungsten 
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Figure 4.8 XRD spectra of sintered ZrB2 specimens prepared with 1, 2 and 3 vol.% PVP 
CeraSGels along with spectrum from starting attrition milled ZrB2/B4C/WC powders.   
* indicates WC peak, which was only detected in the attrition milled powders. After 
sintering, tungsten signals were not observed in the spectra due to tungsten forming a 
solid solution with ZrB2, resulting in the apparent ZrB2 peak shift to higher angles. 

 

or tungsten carbide was detected by XRD in sintered specimens, despite the detection of 

samples was likely a result of tungsten being incorporated into the ZrB2 lattice. Previous 

studies have shown that tungsten tends to form a solid solution with ZrB2 at high 

temperatures.19, 123 Consequently, XRD peaks of ZrB2 are typically shifted to slightly 

higher angles after W is incorporated into the ZrB2 lattice. This is because tungsten has a 

covalent radius of 1.4 Angstrom (Å), whereas zirconium has one of 1.6 Å.124 When 

tungsten substitutes a zirconium atom in the ZrB2 lattice, the unit cell slightly decreases 

in size. This decrease in lattice spacing results in an increase in 2  in accordance with 
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125 Similarly, the XRD spectra in Figure 4.8 illustrate the shift 

to higher 2  values suggesting that that tungsten is forming a solid solution with 

zirconium diboride. Additionally, it is important to note that no oxide phases, like 

zirconia, were detected, suggesting that PVP, Darvan 821A and water did not negatively 

impact processing, pressureless sintering or the resulting composition of the ZrB2 rings. 

 

4.3.4 Mechanical Properties of Sintered ZrB2 C-Ring Specimens 

Preliminary average C-ring strength values were obtained for 1, 2 and 3 vol.% 

PVP as shown in Table 4.1. No C-ring strengths for ZrB2 have been reported in literature, 

but ZrB2 C-ring strength values comparable to those obtained for alumina as described in 

Section 2.4.4 were anticipated as alumina and zirconium diboride have comparable 

flexure strengths.73, 126 The actual C-ring values were much lower than expected. 

Although the C-ring strength values obtained by ASTM C1323-1059 are not directly 

comparable to flexure strengths obtained by conventional bending tests, ZrB2 has been 

shown to exhibit room-temperature flexure strength between 275 to 480 MPa.126 A 

strength of 370 MPa obtained by four-point bending of pressureless sintered dense pellets 

of attrition milled ZrB2 powder with 4 wt.% B4C and 8 wt.% WC with average grain size 

of 8 µm has been reported.21 Despite the grain size of specimens prepared with 1 and 2 

vol.% PVP suspensions being slightly larger at ~10 µm, C-ring strengths <100 MPa were 

not anticipated.  

Preliminary fractographic analysis suggested that most of the fractures originated 

at a pore that was likely introduced during forming or at a surface defect that resulted 

from machining using the diamond-tipped blade on the outer edge of the sintered ring. 
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Further analysis is needed to reconcile the exact cause of the lower-than-expected 

strength values; however, improvements to the room-temperature injection molding 

process and rheological development of current ZrB2-based CeraSGels will likely help to 

reduce or even eliminate the strength-limiting flaws that have been observed in ZrB2 

rings. 

 

4.4 Summary and Conclusions of Room-Temperature Injection Molding of ZrB2-Based 

CeraSGels 

Room-temperature injection molding was effectively adapted to ZrB2/B4C/WC-

PVP suspensions to produce dense, ring-shaped parts. Although the rheological behavior 

was time dependent and not yield pseudoplastic like alumina-PVP suspensions, ZrB2-

based CeraSGels with 1, 2 and 3 vol.% PVP of (MW = 10,000 g/mol) exhibited an 

effective yield shear stress such that they were flowable under the conditions of the 

process. Initial findings show that the shear stress required to initiate flow decreased with 

increasing PVP content. Evaluating compositions with higher PVP content is needed to 

determine if the trend holds to adapt flow properties of suspensions for injection molding. 

Because the pH of ZrB2/B4C/WC suspensions with varying PVP content was constant at 

~8.9, increasing the amount of PVP did not appear to alter the pH of the suspensions.  

The ring-shaped ZrB2 parts that resulted from room-temperature forming of ZrB2-

based CeraSGels were polished prior to binder removal and densification, suggesting that 

the minimal PVP additions imparted sufficient green strength. After binder burnout and 

pressureless sintering, EDS and XRD confirmed that no undesirable oxide phases 

developed within the ZrB2 parts yielding compositions of ZrB2 grains with tungsten in a 
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solid solution, as observed in previous studies21, 124 and B4C grains. Archimedes results 

showed that specimens reached near full density (>98%TD) regardless of content. 

Specimens prepared with 1 and 2 vol.% PVP had the highest relative densities (99%TD 

and 100%TD, respectively), whereas parts that initially contained 3 vol.% PVP only 

reached ~98%TD. It was unclear if the statistically lower relative densities were an 

artifact of improper sintering due to mechanical error or a result of PVP content. Further 

analysis is required to isolate the main factor.  

Despite the variance in densities, rings prepared with 3 vol.% PVP demonstrated 

the highest C-strength values, while rings prepared using 1 vol.% PVP had the lowest 

values as determined using ASTM C1323-10.59 It is believed that the decrease in shear 

stress required to flow the CeraSGels containing 3 vol.% PVP assisted in reducing the 

number of strength-limiting flaws introduced during processing. However, because all of 

the C-strength values obtained for each composition were lower than anticipated, 

processing improvements, like reducing the crosshead speed during filling or evaluating 

more contents or molecular weights of PVP in ZrB2-based CeraSGels, could reduce the 

number of defects and thus increase mechanical properties of the ZrB2 rings. Although 

further analysis of suspensions is needed to perfect the process, room-temperature 

injection molding of aqueous ZrB2-based CeraSGels has proven to be a feasible method 

to obtain dense, ZrB2 rings in an environmentally friendly way. 
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4.5 Recommendations for Future Work 

4.5.1 High-Temperature Mechanical Testing of ZrB2-Based C-Rings 

One of the primary advantages of employing zirconium diboride ceramics in high-

temperature applications is that ZrB2 maintains its robust mechanical properties even at 

elevated temperatures.127  Hot-pressed ZrB2 without additives at 87% theoretical density 

have exhibited four-point flexural strength upwards of 300 MPa even at 1200°C.128 After 

room-temperature strength properties are obtained for ZrB2 C-ring specimens prepared by 

room-temperature injection molding, the high-temperature (~1500°C) mechanical 

properties will be investigated for the specimens prepared by room-temperature injection 

molding. Although ASTM C1323-10 is intended to determine the ultimate strength of 

samples at room temperature,59 the procedure, described in Section 2.3.4, can be adapted 

to calculate C-ring strength at elevated temperatures. Sintered ZrB2 bar specimens with 

dimensions of 25 × 2.5 × 2 mm3 will be prepared by injection molding in order to attain 

flexure strengths by four-point bend testing at room and high temperature. The strength 

values obtained by four-point bending will be compared with the values found in 

literature. 

 

4.5.2 Silicon Carbide Particulate Reinforcing Phase for ZrB2 Prepared by Room-

Temperature Injection Molding 

Although zirconium diboride has lower room-temperature flexural strengths 

compared to other advanced ceramics, silicon carbide (SiC) particulates used as a 

reinforcing phase have been found to greatly improve the strength of monolithic ZrB2. 

Flexural strength of pure ZrB2 is roughly 275-490 MPa with a maximum strength of 565 
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MPa observed in samples hot-pressed at 1900°C.129 Chamberlain et al.126 found that with 

 ZrB2 powders that were 

attrition milled using WC media, room-temperature flexural strength increased to 713, 

1003, and 1089 MPa, respectively, in samples hot-pressed at 1900°C. This dramatic 

increase is attributed to a reduction in grain size due to SiC particulate additions along 

with the WC phase introduced during attrition milling. Toughness also increased with 

SiC additions to 4.1 to 5.3 MPa  compared to 3.5 MPa  for pure ZrB2.126 

Pressureless sintering of ZrB2-SiC composites has been accomplished at 

temperatures above 2000°C in the past,130 although it is significantly more challenging 

due to the formation of a borosilicate glass phase at 1000°C that inhibits sintering. A 

recent study27 prepared ZrB2-SiC specimens, which contained ZrB2 powder (d50=2 µm), 

SiC powder (d50=0.5 µm), 2 vol.% B4C (d50=0.5 µm) and 2 vol.% carbon black powder 

(d50=0.5 µm), by aqueous gelcasting. >98% theoretical density was obtained for 

specimens at 2100°C for 2 h. Another study successfully pressureless sintered ZrB2-SiC 

composites at temperatures <2000°C with the addition of B4C (~4 wt.%) and carbon (~5-

7.3 wt.%).22 In the study,22 ZrB2 with starting particle size of 2 µm was combined with 

SiC of varying particle sizes ranging from 0.45 µm to 1.45 µm without attrition milling. 

Carbon varying from 2.8 to 7.3 wt.% in conjunction with 4 wt.% B4C additions was 

observed to help remove the borosilicate glass phase at 1000°C in vacuum during 

pressureless sintering as well as mitigate liquid phase development prior to coarsening or 

densification of ZrB2-SiC. The resulting mechanical properties of the pressureless 

sintered ZrB2-SiC composites corresponded to those obtained in samples that were hot 

pressed.  
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In order to improve the mechanical properties of ZrB2 parts formed by room-

temperature injection molding CeraSGels, SiC particulates will be introduced as a 

reinforcing phase. SiC will be added to ZrB2 powders to attain powder loadings of 10, 20 

and 30 vol.% and then attrition milled as described in Section 4.1 to attain a more 

uniform particle size. These powders will then be combined with Darvan 821A dispersant 

and polyvinylpyrrolidone (PVP) as the polymer binder to produce a ZrB2/SiC-based 

CeraSGel as described in Section 4.1. Initial study will be performed using PVP; 

however, an additional carbon-forming phase in the form of carbon black powder will be 

explored to increase carbon content if full densification is not achieved with pressureless 

sintering at 2100°C as in previous studies.27 

Processing and characterization to determine if room-temperature injection 

molding is a viable production method of ZrB2-SiC composites will follow a similar 

procedure as described previously in Sections 4.2and 4.3 for ZrB2 with B4C sintering aids. 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 

A novel, green room-temperature injection molding process was developed and 

successfully applied to an alumina (Al2O3) system and tailored to a multi-component 

material system of zirconium diboride (ZrB2), boron carbide (B4C) and tungsten carbide 

(WC). Through careful control of high ceramic powder loadings and a minimal amount 

of polymer additives, the viscosity of the ceramic-PVP suspension was optimized to 

afford room-temperature injection molding of dense, near-net shaped alumina and ZrB2-

based ring-shaped parts.  

Rheological study using parallel-plate rheometry suggested that the alumina-PVP 

suspensions dispersed with Darvan 821A exhibited yield pseudoplasticity, which was 

ideal for room-temperature injection molding. Consistent with past study,54 PVP was 

effectively neutral at the pHs of the suspensions studied, consequently inducing a 

controlled degree of weak flocculation with varying PVP content, making these 

suspensions tailorable to the room-temperature processing method presented in this work. 

Similar alumina-PVP suspensions prepared with Dolapix CE64 instead of Darvan 821A 

revealed that PVP had a pronounced influence on the flow properties as an increase in 

yield stress was observed with increasing PVP content or molecular weight. Flow curves 

of the alumina-PVP suspensions were matched with the Herschel-Bulkley model for 

yield-pseudoplastic suspensions with high precision. All alumina-based CeraSGels
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investigated had a frequency independent, highly elastic and solid-like response (  

for all frequencies tested). Furthermore, alumina suspensions exhibited no thixotropy or 

time-dependent flow. 

The unique flow properties were analytically evaluated by qualitative 

consideration of the interparticle forces at play in the suspensions in order to uncover the 

showcasing the potential interactions based on DLVO theory echoed experimental 

rheological observations. However, by including depletion interactions to account for 

neutral PVP at varying molecular weights in suspension, the depletion component  

negligibly affected the colloidal stability of the suspensions. This result suggested that 

other interactions, including PVP chain overlap, polymer conformation restrictions or 

interpenetration of the adsorbed poly(methacrylic acid) layer on the alumina particle 

surfaces, were likely dominating the unique rheology of the alumina-PVP suspensions.  

Further experimental study of the rheological behavior of suspensions with 

constant powder loadings of Al2O3 is needed to fully isolate the main factor in obtaining 

suspensions with suitable flow properties for this process, because powder content was 

varied simultaneously with PVP content. In spite of this, it is important to note that 

current depletion calculation approaches are only effective at resolving interactions in 

dilute or semi-dilute suspensions and not in the highly concentrated suspensions, like 

CeraSGels, evaluated here. Current depletant theory cannot yet reconcile subtle polymer 

dynamic phenomena in suspensions with such high powder loadings or depletant 

concentrations. Highly loaded suspensions are more practical for application in ceramic 

forming methods in which high ceramic content is most desirable to yield parts with high 
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relative densities and consistent microstructures. A more complete model that resolves 

the effect of a neutral polymer depletant in highly loaded systems is needed to fully 

understand depletion interactions, which may offer a simple approach to manipulate the 

response of ceramic colloids that can be adapted to a number of ceramic fabrication 

methods that require near-net morphologies.  

Alumina CeraSGels that were injection molded at room-temperature produced 

ring-shaped samples that were machinable in the green state after drying. The PVP-based 

binder was removed by thermal pyrolysis, resulting in alumina rings with high green 

densities (>60%TD). In conventional ceramic injection molding, parts are typically 

ejected from a mold within the first minute of forming.131 To reduce the time required to 

dry and remove an injection molded CeraSGel part, utilizing a more porous mold 

material to facilitate evaporation will promote more rapid demolding in future studies. 

High sintered densities (98%TD) were achieved by pressureless sintering, and SEM 

micrographs confirmed that sintered specimens had a dense microstructure with minimal 

pore formation and grain sizes of ~3.4 µm. Linear shrinkage of <16% was observed in 

samples. Alumina specimens with mechanical properties comparable to literature were 

successfully fabricated by this unique room-temperature processing method.  

It was determined that alumina CeraSGels containing 2.5 vol.% PVP 

(MW=55,000 g/mol) resulted in the most favorable combination of properties in formed 

alumina specimens. These suspensions exhibited a suitable yield point such that 

suspensions readily flowed in the regimes needed to allow for complete filling of the 

mold without the suspension prematurely entering the mold. Rheometry revealed that 

suspensions with 2.5 vol.% PVP (MW=55,000 g/mol) had the lowest flow index found in 
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this study, implying that the flow behavior was best suited for the fabrication of alumina 

rings with high green and sintered densities along with high C-strengths via room-

temperature injection molding. As a result, 2.5 vol.% PVP with molecular weight of 

55,000 g/mol was considered the optimal concentration and type of polymer in the 

CeraSGels evaluated for room-temperature processing in this study.  

PVP with a molecular weight of 10,000 g/mol was varied at contents of 1, 2 and 3 

vol.% in ZrB2/B4C/WC suspensions to adapt the process to ZrB2-based CeraSGels for 

obtaining dense ultra-high temperature ceramic rings. CeraSGels comprised of 

ZrB2/B4C/WC with different PVP contents were found to have a transient flow response 

that fluctuated from shear thinning to shear thickening at high applied shear stresses. 

However, the critical shear stresses, which decreased with increasing PVP content, 

required to initiate flow allowed suspensions to readily fill the mold during the injection 

molding operation resulting in a ring-shaped part.  

The subsequent ZrB2 rings exhibited robust green strengths such that they could 

be polished to even out surfaces. A heat treatment to remove the binder and pressureless 

sinter fully densified the parts, as determined using the Archimedes technique, without 

impurities negatively affecting the final composition as found by elemental analysis. 

SEM revealed minimal pore formation within the microstructure and B4C grains 

dispersed among ZrB2 grains containing tungsten, a result of tungsten forming a solid 

solution with ZrB2. Although mechanical properties were lower than anticipated, 

reducing the crosshead speed during filling, increasing PVP content in ZrB2-based 

CeraSGels along with other procedural modifications would likely reduce the number of 

strength-limiting flaws introduced during processing in turn improving the resultant 
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mechanical properties. Further study of ZrB2-based suspensions with increasing PVP 

contents and varying molecular weight will assist in determining the optimal ZrB2 

CeraSGel composition for room-temperature injection molding. 

Future work includes performing high-temperature mechanical testing in addition 

to room-temperature testing of ZrB2 rings for compression testing and bars for flexure 

testing prepared by CeraSGels to compare results with samples made by other processing 

methods, like hot pressing or gelcasting. Furthermore, a silicon-carbide particulate 

reinforcing phase will be introduced into ZrB2-based suspensions to produce ZrB2-SiC 

composites. Rheological, microstructural and mechanical evaluation will be performed to 

determine the efficacy of room-temperature injection molding as a processing alternative 

for advanced ceramic composite material systems. 

Initial work has focused on cultivating the process for alumina and ZrB2 ceramics 

with promising results. The ultimate goal will be to optimize CeraSGel preparation and 

room-temperature injection molding for use with any powder-based material system, 

including but not limited to other advanced ceramics and metals, making room-

temperature injection molding a truly universal route for fabricating complex-shaped 

components in a cost-effective, environmentally safe way. Advancing the understanding 

of the colloidal stability and instability mechanisms of CeraSGels based on a variety of 

materials will be crucial to predicting the flow properties of new material systems and 

their processability. CeraSGels can ultimately be incorporated into other traditional 

processing methods, like tape casting or extrusion, by careful control and understanding 

of CeraSGels under different conditions. Through further study and development, the 

simplicity and adaptability of CeraSGels to a variety of material systems and processing 
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methods will revolutionize ceramic processing by progressing towards more economical 

and eco-friendly fabrication of complex-shaped components of advanced ceramic 

materials. 
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