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Abstract 

A novel ceramic processing method, called Horizontal Dip Spin Casting (HDSC), 

enabled fabrication of tubular ceramic parts with an aligned chopped fiber phase. HDSC was 

demonstrated using highly loaded aqueous alumina suspensions with >50 vol.% solids 

loading and ≤5 vol.% water-soluble polymer employed as a rheological modifier. Chopped 

carbon fibers were added to the suspensions to attain maximum loadings of 30 vol.%. During 

forming, cylindrical foam molds were dipped into the suspension while being rotated radially 

about the long axis. Simultaneously, a doctor blade was placed at a specified distance from 

the foam surface to facilitate the flow of the suspension to align the fiber and control the 

thickness of the material that accrued on the mold. Rheological study of alumina-PVP 

suspensions with and without chopped carbon fiber showed that the suspensions exhibited a 
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yield-pseudoplastic flow behavior. The degree of alignment of the carbon fiber phase in the 

green bodies was characterized for various suspension formulations, carbon fiber contents 

and forming speeds. Stereological characterization of green body specimens confirmed the 

effectiveness of HDSC to attain the desired tubular geometry with considerable fiber 

alignment for a suspension composition containing ≤20 vol.% chopped fibers.  

 

Keywords: Ceramic processing, colloidal processing, alumina, fiber alignment, ceramic 

composites 

 

1. Introduction  

Ceramics are an attractive material system for use in numerous engineering fields due 

to their exceptional strength, hardness, corrosion and wear resistance at high temperatures. 

Despite their unique properties, monolithic ceramics exhibit brittleness and poor 

machinability, which limit their adoption into a myriad of advanced applications.
1, 2

 In order 

to increase mechanical performance of ceramic systems, incorporating a reinforcing phase, 

ranging in scale from particulate to continuous fiber, into a ceramic matrix has been well 

investigated for a variety of ceramic matrix composite (CMC) systems.
3, 4, 5, 6

 The enhanced 

material performance that reinforcing phases afford, due to notably improved toughening 

behavior, make ceramic composites attractive material systems for applications in a variety of 

fields, ranging from aerospace and automotive to biomedical.
7 8, 9

 Although continuous fiber 

reinforcement lends superior mechanical improvements,
5, 10

 incorporation of chopped fiber or 

whiskers into a number of ceramic systems offers less burdensome processing routes, 

coupled with notable improvements in fracture toughness and thermal shock resistance, 

compared with traditional monolithic systems.
11, 12

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Introducing a discontinuous reinforcing phase, like chopped fiber, into a ceramic 

system can be accomplished via a number of processing routes. More traditional methods 

involve combining ceramic powder with a discontinuous reinforcing phase, whether through 

wet ball or attrition milling typically in a solvent, followed by drying of the powder mixture. 

The resulting powder mixture can then be cold pressed into simple geometries for 

densification by hot pressing, pressureless sintering or spark plasma sintering 
13, 14, 15

 or 

combined with binders to enable processing by extrusion, slip casting or other colloidal 

processes to yield parts for sintering.
16, 17, 18, 19

  

Despite relative success in producing near-net shape ceramic composites with a 

discontinuous reinforcing phase, attaining a high degree of alignment to maximize 

mechanical benefit for particular structural applications has proven a significant design 

hurdle in the production of complex-shaped composites, including pipes and tubes.
20

 Circular 

pipes and tubes of varying sizes with radial reinforcement are desirable geometries for many 

advanced CMC applications, including shaft sleeves for slide bearings in pumps and high-

performance aircraft exhaust pipes. CMC pipes and tubes are inherently difficult shapes to 

manufacture with a highly aligned reinforcing phase by conventional processing routes due to 

the manufacturing challenges associated with attaining proper dispersion of powder and 

chopped fiber, as well as avoiding defects, including porosity, excessive surface roughness 

and cracking, that could be detrimental to the mechanical performance of the component.
5, 21

 

Preparing slurries with high solids content leads to parts with higher packing densities, which 

is critical in reaching high sintered densities.
22

 Consequently, optimizing chopped fiber 

content, while maximizing powder content in slurries necessitates use of dispersants, which 

often require harsh crosslinking or curing agents or solvents, in order to facilitate 

homogenous mixing of ceramic powder with chopped fiber to prevent powder and/or 

chopped fiber agglomeration while maintaining desirable flow properties. Furthermore, after 
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processing the development of hoop stresses caused by shrinkage during drying and/or 

densification further complicates production of tube-shaped parts without defect or crack 

formation, often necessitating costly post-processing machining to achieve the desired 

geometry.  

Previous investigations of aqueous, highly loaded ceramic suspensions have 

successfully produced dense near-net shape specimens of alumina, zirconium diboride, boron 

carbide and silicon nitride by a variety of methods, including room-temperature injection 

molding and additive manufacturing.
23, 24, 25, 26, 27, 28

 This paper presents an environmentally 

benign method, referred to as Horizontal Dip Spin Casting (HDSC), as an alternative to 

typical processes used for short fiber CMC processing by utilizing unique ceramic-PVP 

suspensions
21

 to produce near-net shape ceramic tube specimens with a discontinuous fiber 

phase. During HDSC forming, cylindrical foam molds were dipped into the aqueous 

suspension and rotated radially about its long axis at varying forming speeds to align 

thechopped fiber. A model system of alumina with chopped carbon fiber up to 30 vol.% was 

selected to probe rheological behavior, as well as the processability and alignment of the fiber 

phase under varying HDSC processing conditions. Successful completion of this model 

system will pave the way for more advanced and high-temperature CMC systems.  

 

2. Experimental procedure  

2.1 Materials 

 Suspensions that were evaluated in this study consisted of A-16 SG alumina (Almatis, 

New Milford, CT) with an average particle size of 0.48 ± 0.13 µm as confirmed by a 

Beckman Coulter LS 230 particle size analyzer (Brea, CA) and BET surface area of 7.8 ± 

0.22 m
2
/g determined by a TriStar 3000 gas adsorption analyzer (Micromeritics Instrument 

Corporation, Norcross, GA). The alumina particles were dispersed in deionized (DI) water 
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using Dolapix CE64 (Zschimmer & Schwarz, Milledgeville, GA). Dolapix CE64 is an 

anionic dispersant of a poly(methacrylic acid) ammonium salt
29

 that allows for high powder 

loadings and flowability.
23

 The polymer binder introduced to modify the flow properties of 

the ceramic slurry was polyvinylpyrrolidone (PVP, 1-Ethenyl-2-pyrrolidinone homopolymer, 

Sigma-Aldrich, St. Louis, MO) with average molecular weights of 55,000 g/mol and 

1,300,000 g/mol. Commercially available Panex® 35 Flake Type chopped carbon fiber 

(Type-13) (Zoltek, St. Louis, MO) was used as a secondary phase that would offer contrast 

against an alumina matrix for stereological evaluation of fiber alignment in green body 

specimens prepared by HDSC. The chopped C-fibers were 100-200 µm in length and 

nominally 7.2 µm in diameter.
30

 

2.2 Suspension preparation  

 Alumina ceramic suspensions with chopped C-fiber were prepared by a series of 

steps. Initially, a slurry of DI water, dispersant and alumina powder was made by ball milling 

in Nalgene bottles with alumina milling media (U.S. Stoneware, East Palestine, OH) for 24h. 

The ceramic powder was incrementally added with dispersant and DI water to yield slurries 

with high alumina concentrations. A separate solution of DI water and a mixture of PVP with 

molecular weights of 55,000 g/mol and 1,300,000 g/mol combined in equal parts was 

concurrently prepared by magnetically stirring for 24 to 48h until homogenized. The ceramic 

slurry and PVP solution were then combined and ball milled for an additional 24h until 

uniformly dispersed. Previous investigations determined that 2.5 vol.% PVP yielded 

suspensions with suitable rheology and ultimately alumina specimens near full density with 

superior mechanical properties by room-temperature injection molding.23, 24 Consequently, a 

similar PVP content of 2.6 vol.% was utilized in suspension preparation. The composition of 

all suspensions studied is shown in Table 1.  
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Chopped C-fiber was incrementally added to the resulting ceramic suspensions and 

ball milled until a dispersed suspension resulted. Chopped C-fiber loadings evaluated were 

10, 20 and 30 vol.% with respect to alumina content. Corresponding alumina powder 

loadings were determined to be 50, 44 and 38 vol.%, respectively. A suspension of 55 vol.% 

alumina without chopped C-fiber was prepared as a control for HDSC processing.  

2.3 Processing via Horizontal Dip Spin Casting (HDSC) 

 In order to prepare specimens via HDSC as shown in Figure 1(a) and (b), an ethylene 

propylene diene monomer (EPDM) closed-cell foam rubber tube with a firmness of 35.5 to 62.1 kPa 

(~5 to 9 psi) (McMaster-Carr, Elmhurst, IL) was fixed in a horizontal position on a machining lathe 

(parallel to the surface of the suspension) and rotated radially about its long axis. In a second step the 

suspension, which was placed on a small scissor platform, was brought in contact with the rotating 

EPDM mold. The wetting of the mold surface and the shear thinning behavior of the suspension 

allowed the suspension to flow around the mold and cover its exterior surface. Simultaneously, a 

doctor blade was set to a predetermined distance of 1.9 mm between the mold surface and the blade 

edge to obtain an even surface. Once the mold was entirely covered with the suspension to the desired 

thickness, the suspension on the scissor platform was lowered before the rotation of the mold was 

stopped such that the doctor blade was carefully taken out of contact with the specimen surface. After 

forming, the green body on the EPDM mold was left to dry at ambient conditions for six to 12 hours.  

In order to optimize the HDSC process, lathe rotational speeds of 100, 200 and 300 rotations 

per minute (RPM) were selected. 100 RPM was identified as the lowest rotational speed due to the 

lathe inductor not working below that speed. Above rotational speeds of 300 RPM, suspensions were 

observed to not adhere readily to the EPDM foam molds. Consequently, forming speeds no higher 

than 300 RPM were investigated in this study. The specimens that were processed via HDSC were 

compared in terms of their machinability and whether cracks developed during drying. Two basic 

machining operations were performed on the specimens after drying to investigate machinability in 

the green state. First, a sanding block was set against the surface of the specimen to grind down the lip 

that formed during the HDSC process (refer to the highlighted area in Figure 2). The second 

1cm 
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machining operation consisted of making cross-sectional cuts of the specimens to obtain rings using 

the lathe with a rotational speed of 500 RPM.  

2.4 Characterization  

 The rheological response of the suspensions containing chopped carbon fibers (compositions 

listed in Table 1) was evaluated using a TA Instruments ARG2 rheometer (New Castle, DE) with a 40 

mm parallel plate geometry and a gap of 500 µm at 25°C with a moisture trap utilized to prevent 

evaporation of the suspensions. Suspensions were pre-sheared at the maximum shear rate (100 s
-1

) for 

five minutes and stabilized for one minute before ramping continuously to 100 s
-1

 and back to 0 s
-1

 to 

obtain flow curves. The resulting flow curves were then fitted to the Herschel-Bulkley model for 

yield-pseudoplastic fluids
31

 given by: 

          Equation 1 

where σ was stress, σy corresponded to the shear yield stress, k was consistency or apparent viscosity, 

   was the applied shear rate and n, which varied from 0 to 1, represented the flow index of the 

suspension. When a suspension exhibited a σy > 1 and n < 1, flow behavior was determined to be 

yield-pseudoplastic.
31

 Oscillation stress sweeps were run at a frequency of 1 Hz from 0.1 Pa to 1000 

Pa, and frequency sweeps were performed at an oscillation stress of 1 Pa (in the determined linear 

viscoelastic region) from 0.01 to 100 Hz.  

 A series of experiments were conducted to quantify the effect of forming speed and chopped 

fiber on alignment of the fiber phase in the specimens. Because of the geometry of the specimens 

fabricated via HDSC, a two-dimensional approach was used to characterize the alignment of the 

microstructures containing C-fibers. By considering images from the tangential plane (TP) to the 

outer surface and the circular cross-section (CC) planes of the green body specimen (as indicated in 

Figure 3), an orientation descriptor, fp, was calculated for each orientation by the following equation:
32

 

                   
 

 
     Equation 2 
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where Δρ and ωare the maximum and the half-width of a peak function, respectively. The peak 

function, as depicted in Figure 4, was calculated from the radial intensity of a Two-Dimensional Fast 

Fourier Transform (2DFFT) taken from a binary image. A MATLAB
®
 routine was used to calculate 

the peak function from a 2DFFT for each of the images in this stereological study. Five micrographs 

were taken using optical microscopy of each plane shown in Figure 3 for specimens given in Table 1 

at the three forming speeds to calculate an average fp that quantified fiber deviation in orientation from 

the shear flow direction induced during HDSC. Values for fp range from 0 to 1, where 1 corresponds 

to perfect alignment in the orientation of shear flow and 0 corresponds to a random alignment, with 

intermediate values corresponding to partial states of orientation.  

 Statistical significance of the orientation parameter data was confirmed via a two-

tailed t-test. An F-test was first used on the data sets to determine if they had equal variances, 

which determined whether a t-test with equal variances (homoscedastic) or a t-test with 

unequal variances (heteroscedastic) was used. Both the F-test and t-tests were calculated 

using Microsoft Excel functions, and data sets were considered statistically significant if p 

<0.05. 

 

3. Results and Discussion 

3.1 Rheological behavior of suspensions with varying C-fiber content 

Flow curves of alumina-PVP suspensions containing 0, 10, 20 and 30 vol.% chopped 

fiber are shown in Figure 5. The flow curves of alumina-PVP suspensions containing 0, 10 

and 20 vol.% chopped fiber followed a yield-pseudoplastic behavior, evidenced by their fit to 

the Herschel-Bulkley model with R
2
 values of 0.999 or higher. Table 1 lists the Herschel-

Bulkley parameters, including yield shear stress, σy, associated with each suspension 

formulation. The suspension without chopped fibers exhibited the highest yield shear stress 

of 114.6 Pa, while increasing fiber additions with simultaneous decrease of alumina content 

resulted in lower yield shear stresses ranging from 51.0 to 90.9 Pa.  For suspensions 
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containing 30 vol.% chopped fiber, the flow curve suggested suspension instability due to 

scatter across the shear rate range investigated. Despite the scatter, the R
2
 value was 0.990 for 

the curve fit that yielded the Herschel-Bulkley parameters given in Table 1.  

An increase in yield shear stress typically indicates flocculation within a suspension, 

which would be expected with an increase in solids content.
33, 34

 However, because both 

chopped fiber and alumina contents were varied simultaneously, the difference in yield shear 

stress could not be solely ascribed to fiber or alumina content. Previous investigations of 

other ceramic-based suspensions with discontinuous phase
35, 36

 have suggested that the 

decrease in yield shear stress could be attributed to alignment of the chopped fiber phase, 

allowing for easier flow of the suspension, while alumina content was simultaneously 

reduced to accommodate higher fiber loadings. At high chopped fiber concentrations the flow 

of the suspension is not as stable due to a network effect that impedes the alignment and 

displacement of the reinforcing phase, which requires laminar flow behavior.
37, 38

 The 

instability in the flow of the suspension with highest fiber loading was likely caused by less 

efficient packing of the chopped fibers under shear flow conditions. 

The viscoelastic response of the alumina-PVP suspensions with and without chopped 

C-fiber was investigated using oscillation stress sweeps. Figure 6 shows the storage modulus, 

G’, of the four suspensions given in Table 1 at an oscillation frequency of 1 Hz from 0.1 Pa 

to 1000 Pa. Consequently, all suspensions, regardless of carbon fiber and powder content, 

exhibited a viscoelastic behavior. Furthermore, the linear viscoelastic region was between 10 

to 100 Pa for all of the suspensions, except for the suspension containing 20 vol.% fiber, 

which started at approximately 4 Pa. Although significant scatter was observed for 

suspensions without and with 30 vol.% carbon fiber at oscillation stresses below 1 Pa, these 

two suspensions appeared to exhibit the highest G’ over the range investigated. The 

suspension with 10 vol.% chopped fiber and 49.2 vol.% alumina showed the third highest G’ 
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value, whereas the suspension with 20 vol.% chopped fiber and 43.7 vol.% alumina exhibited 

the lowest G’ over the oscillation stress range investigated. 

In order to simplify the complex modulus response, frequency sweeps at 0.01 to 100 

Hz were taken at 1 Pa, which was inside the linear viscoelastic region, per the results given in 

Figure 6. Figures 7(a) and (b) show the storage, G’, and loss, G”, moduli for the four 

suspensions with and without chopped fibers and the three suspensions with chopped fibers, 

respectively. Data for the loss moduli of the suspension without fibers was too scattered, 

suggesting that the rheometer used in this study was not sensitive enough to measure the loss 

moduli for this particular composition. Consequently, the G” data for the alumina suspension 

was excluded. Each fiber-containing suspension exhibited G’>G’’, suggesting that these 

suspensions demonstrated a more elastic-like behavior over the frequency range evaluated. 

Although G” data for the suspension containing 30 vol.% chopped fiber was scattered at 

approximately 10 Hz, which was likely the result of rheometer insensitivity, the trend of 

G’>G” appeared to hold for the majority of the frequency range investigated. Overall, the 

storage modulus decreased while the loss modulus increased with increasing chopped fiber 

content coupled with decreasing alumina powder amount in comparison with the suspension 

without chopped fiber. This behavior suggested a loss in the elastic character with the 

addition of carbon fiber.
39

 The reduction of the elastic behavior of the suspension containing 

30 vol.% chopped fiber was less pronounced than for the suspensions containing 10 and 20 

vol.% chopped fiber. Consequently, the suspension with 30 vol.% chopped fiber was not as 

stable as the other suspensions under HDSC flow conditions, which was, again, likely due to 

the inability of the chopped fiber to align in order to flow and then return to a stable 

configuration after an applied shear stress due to the high fiber concentrations even with the 

lowered alumina powder content. Despite the addition of chopped fiber to the alumina 

suspensions, the trend in viscoelastic behavior observed was similar to that of alumina-PVP 
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suspensions previously investigated.
23

 Similarly, the suspensions investigated in this study 

did not exhibit a strong thixotropic response, as evidenced by a lack of a large discontinuity 

between the viscosity profiles taken at both increasing and decreasing applied shear rate, seen 

in Figure 8.  

3.2 Horizontal Dip Spin Casting of alumina/chopped fiber specimens 

 Alumina tube-shaped specimens with 10, 20 and 30 vol.% chopped fibers were 

effectively prepared by Horizontal Dip Spin Casting at all forming speeds investigated. 

Figure 9 shows specimens prepared by suspensions with varying carbon fiber content at a 

forming speed of 200 RPM. The forming speed did not appear to appreciably affect the 

resulting exterior surface of specimens prepared with a particular suspension composition. 

However, suspension formulation appeared to directly impact the surface quality of a 

specimen after forming. Specimens prepared with suspensions containing 0 to 20 vol.% 

chopped fiber exhibited smooth surfaces with little roughness and/or minor defects. The 

surface of specimens prepared with suspensions containing chopped fiber showed an increase 

in surface defects resulting in visually rougher surfaces with increasing fiber content (refer to 

Figure 9). The quality of the surface was likely directly affected by the flow properties of the 

suspension when flowing under the doctor blade during processing.  

 The hoop stresses that likely developed during drying of the suspension on the 

compliant EPDM mold after HDSC were effectively minimized such that specimens without 

visible through-thickness cracks were successfully produced by HDSC. The formation of a 

lip (refer to Figure 2) that resulted from contact with the doctor blade at the conclusion of 

forming by HDSC was observed after processing of all suspensions investigated. By sanding 

the surface of the green bodies after drying using a sanding block and lathe, the lip was 

effectively removed from all specimens except for those prepared by suspensions containing 

30 vol.% chopped fiber. The specimens in the green state prepared from the suspensions 
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containing 30 vol.% chopped fiber tended to chip or break during the sanding step. Thus, 

specimens cast from suspensions containing 0, 10 and 20 vol.% carbon fiber were deemed 

readily machinable in the green state, whereas the green bodies prepared from suspensions of 

30 vol.% chopped fiber were considered too brittle for green machining. In the second 

machining step, the green bodies that exhibited effective machinability by sanding were also 

effectively cut into cross-sections for analysis of fiber alignment.  

3.3 Characterization of chopped fiber alignment in alumina specimens  

The orientation parameter, fp, was calculated using a MATLAB® routine that 

analyzed a micrograph, as depicted in the schematic of Figure 4, for the tangential and 

circular cross-section planes shown in Figure 3. Only the fibers, as opposed to the particle-

like features corresponding to fibers into the particular orientation plane, contributed to the 

calculation of fp. Figures 10(a) and (c) highlight the schematic corresponding to the tangential 

and circular cross-section planes, respectively, of the tube-shaped specimens prepared by 

HDSC. Figures 10(b) and (d) showing corresponding representative optical micrographs of 

specimens prepared from suspensions of 10 vol.% chopped fiber at a forming speed of 100 

RPM in the tangential and cross-section planes, respectively. Each optical micrograph 

exhibited a combination of fiber orientations that appeared as point-like features and fibers 

with varying length in both the tangential and cross-section planes. However, optical 

micrographs of specimens in the longitudinal plane exhibited mostly particle-like features, as 

shown in Figure 11. Consequently, orientation parameters from the longitudinal cross-section 

plane were not calculated due to the inability of the MATLAB® routine to calculate 

orientation angle of these point-like features. Based on the geometry of the features observed, 

orientation parameters from only the tangential and cross-section planes were needed for 

analysis performed in this study.  
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 Figure 12(a) and (b) shows the orientation parameters in the tangential and cross-

section planes, respectively, with respect to forming speed for specimens prepared with 

suspensions containing 10 and 20 vol.% chopped fiber. The highest degree of chopped fiber 

alignment was observed in the tangential plane of specimens prepared with suspensions 

containing 10 vol.% chopped fiber at 100 RPM (average fp = 0.78). Student’s t-test studies 

indicated this value was statistically greater than the orientation parameters of the specimens 

prepared with the same suspensions at other speeds, while the specimens made at 200 and 

300 RPM had statistically insignificant fp values relative to each other. The average fp in the 

tangential plane for specimens made with 20 vol.% chopped fiber suspensions were 

statistically smaller (p << 0.05 in all cases) than those made with 10 vol.% chopped fiber, 

ranging from 0.53 to 0.59. Even though all the orientation descriptors obtained were >0.5, 

degree of alignment noticeably decreased with increasing chopped fiber content in 

suspensions. This lower degree of alignment was attributed to the inability of the fibers to 

achieve alignment when flowing under the doctor blade during the HDSC process in 

suspensions with the higher 20 vol.% chopped fiber content.  

In the circular cross-section plane, the highest degree of chopped fiber alignment was 

again seen in the specimens prepared from suspensions with 10 vol.% chopped fiber (average 

fp = 0.68) at 300 RPM. Amongst specimens prepared from 10 vol.% chopped fiber, those 

produced at 100 RPM had the lowest statistical average fp of 0.50, while the average fp values 

for specimens produced at 200 and 300 RPM were statistically similar. Furthermore, the 

average fp values calculated from the circular cross-section plane were statistically similar for 

both 10 and 20 vol.% chopped fiber specimens at 100 and 200 RPM. Overall, fiber alignment 

showed a smaller statistical dependence on the forming speed as compared to the suspension 

fiber loading. Alignment was also seen more prominently in the tangential plane as compared 
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to the circular cross-section, as expected due to the likelihood of the highest shear stresses 

being at the outer diameter of the specimen (closest to the doctor blade) during forming.  

The statistically higher degree of alignment of the chopped fiber phase in the 

tangential plane in specimens prepared by HDSC of suspensions containing 10 vol.% 

chopped fiber suggested that this composition yielded specimens with greater fiber alignment 

by HDSC, particularly at rotational speeds of 100 RPM. Despite possessing a lower yield 

stress, suspensions containing 20 vol.% chopped fiber had a higher flow index, indicating less 

pseudoplasticity, than suspensions containing 10 vol.% chopped fiber (refer to Table 1). The 

higher degree of shear thinning likely enhanced flowability of suspensions with 10 vol.% 

chopped fiber at the high shear stresses encountered during HDSC processing. The more 

suitable flow properties of the suspensions containing 10 vol.% chopped fiber likely 

facilitated greater alignment of the fibers in the HDSC specimens. Because the alignment of 

the chopped fiber phase was high (fp>0.5) for all rotational speeds in both the tangential and 

cross-section planes, the HDSC process demonstrated promise as a novel, green approach to 

produce ceramic parts with an aligned discontinuous phase.  

 

 

4. Summary and Conclusions 

The HDSC process allowed for fabrication of tube-shaped alumina specimens with an 

aligned high aspect ratio phase of chopped carbon fiber utilizing aqueous alumina-PVP 

suspensions. Investigation of the alumina-PVP suspensions with varying chopped fiber 

content revealed that the flow and viscoelastic properties of suspensions containing 30 vol.% 

chopped fiber did not allow for stable laminar flow under the doctor blade during HDSC 

processing due to its inferior viscoelastic response, which resulted in specimens with 

excessive surface roughness. 10 and 20 vol.% fiber additions to the alumina suspensions 
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resulted in yield-pseudoplastic behavior coupled with a highly elastic frequency response 

(G’>>G”), allowing for fabrication of uniform and machinable green bodies with smooth 

surface finishes.  

The alignment of the chopped fiber in the microstructures of specimens prepared from 

alumina-PVP suspensions containing 10 and 20 vol.% were characterized using a 2DFFT to 

calculate an orientation parameter in two separate cross sections in the specimen. A high 

degree of alignment (fp > 0.5) in both the tangential and cross-section planes was observed for 

specimens produced by HDSC, suggesting that HDSC effectively produced tube-shaped parts 

with a highly aligned discontinuous phase. Furthermore, specimens prepared by HDSC with 

suspensions containing 10 vol.% carbon fiber at rotational speeds of 100 RPM exhibited the 

highest degree of alignment observed in this study. The high degree of alignment was 

attributed to the more favorable rheological properties of the suspension under the processing 

conditions. 

HDSC has been proven an effective method to produce tube-shaped ceramic green 

bodies with a highly aligned discontinuous fiber phase in this initial investigation of HDSC 

focused on a model material system of alumina and chopped carbon fiber. Future efforts will 

focus on HDSC manufacture of tube-shaped specimens of more relevant material systems for 

further evaluation of processability, as well as investigation of sintering and mechanical 

properties, to advance this unique green ceramic processing method. 
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List of Figures 

Figure 1 Schematic of the Horizontal Dip-Spin Casting (HDSC) method including a) the 

lathe and b) basic tooling (aluminum arbor and mold, doctor blade and suspension container). 

Figure 2 Alumina green bodies containing PVP polymer carrier. Specimens were formed via the 

Horizontal Dip-Spin Casting method. The lip across the surface, highlighted in the figure with an 

arrow, can be machined in subsequent steps of the process. 

Figure 3 Specimen sections used to characterize the alignment of the chopped carbon fibers in 

alumina matrix with the direction of shear (τ) applied during HDSC indicated on the micrographs. 

Figure 4 Schematic of the protocol to characterize the alignment of alumina/chopped carbon fiber 

microstructures. a) Optical micrograph, b) Two-Dimensional Fast Fourier Transform (2DFFT), c) 

measurement of radial intensity of the 2DFFT and d) peak function plot obtained from radial intensity 

scans on the 2DFFT.  

Figure 5 Flow curves of alumina-PVP suspensions with 0, 10, 20 and 30 vol.% chopped carbon fiber 

and 2.6 vol.% PVP. Curve fits to the Herschel-Bulkley fluid model are shown as continuous lines with 

R
2
>0.99.  

Figure 6 G’ obtained from oscillation stress sweep for compositions containing varying amounts of 

chopped carbon fiber and alumina powder.  

Figure 7 Oscillation frequency sweeps of alumina-PVP suspensions containing chopped carbon fiber 

ranging from 0 to 30 vol.% performed at oscillation stress of 1 Pa.  

Figure 8 Plots of log viscosity vs. log shear rate of alumina-PVP suspensions containing chopped 

carbon fiber ranging from 0 to 30 vol.%.  

Figure 9 Green body specimens after HDSC formed at 200 RPM using alumina-PVP suspensions 

containing (a) 0 vol.%, (b) 10 vol.% and (c) 30 vol.% chopped carbon fiber.  

Figure 10 a) Schematic and b) optical micrograph obtained in tangential plane and c) schematic and 

d) optical micrograph taken in circular cross-section plane of specimen prepared by suspension of 10 

vol.% chopped fiber at a forming speed of 100 RPM. 
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Figure 11 (a) Schematic of longitudinal cross-section plane with corresponding optical micrographs 

of the longitudinal cross-section of alumina specimens with (b) 10 and (c) 20 vol.% chopped carbon 

fiber prepared by HDSC showing only particle-like features. 

Figure 12 Orientation parameters in the a) tangential plane and b) circular cross-section plane 

obtained for specimens prepared at varying forming speeds with suspensions containing (■) 10 vol.% 

and (●) 20 vol.% chopped fibers. 
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Table 1. Compositions of alumina-PVP suspensions with varying chopped fiber content with 

corresponding Herschel-Bulkley curve fit parameters (R
2
>0.99).  

 

 

Al2O3 

Powder 

Content  

vol.% 

Chopped C-fiber 

Content vol.% 

(with respect to 

Al2O3 content) 

Dispersant 

Content 

vol.% 

PVP-55,000 

g/mol 

Content 

vol.% 

PVP-

1,300,000 

g/mol Content 

vol.% 

y 

Pa 

k 

Pa•s
n
 

n 

54.8 0 3.8 1.3 1.3 114.6 10.0 0.69 

49.2 5.5 (10.3) 3.8 1.3 1.3 90.9 14.9 0.55 

43.7 10.9 (20.6) 3.8 1.3 1.3 65.9 3.78 0.68 

38.3 16.4 (30.8) 3.8 1.3 1.3 51.0 6.46 0.81 
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