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Ceramic OnADemand Extrusion (CODE) is an additive manufacturing process recently developed to
produce dense thraBmensional ceramic componenits this paperthe properties of parts produced
using this freeform extrusion fabrication procease described High solids loading (~6001%)
alumina paste was,prepared to fabricate parts tamdlard test methods were employed to examine
thar properties=including density, strength, Young's modulus, Weibull modulus, toughness, and
hardness. Micrestructural evaluation was also performed to measure the grain size and awitical fl
size. The results indicate that the properties of parts surpass most other ceramic additive

manufacturing processes and matohwentional fabrication techniques

Keywords. mechanical propertiesaluminum oxide; Al,O3; ceramic ondemand extrusion;

extrusion-baseddditive manufacturing
1. Introduction

Additive Manufacturing(AM) of advanced ceramics has several advantages over traditional
processing technigues includimgseof fabricatng geometrically complex partand reduction of
manufacturingscests fasne-of-akind parts orsmall batchesAccordingly, many researchers have
either modified_existing AM processewhich were designetb fabricatepolymer componentsor
fabrication of .eeramic components invented novel AM technologies specifically for ceramics.
The formerincludes Selective Laser SinterihgStereolithography, ThreeDimensional Printing,
Ink-jet Printing*, Laminated ®ject Manufacturing, and Fused Deposition of Ceramic3he latter
includesExtrusion.Freeform Fabricatiofh, Robocasting, and Freezéorm Extrusion FabricatioR.

A comprehensive’ review on additive manufacturing of cerdraged materials was recently

published by fFravitzky et al®.

Many efforts=to" additively manufacture ceramic components resulted invp#rtdefects (i.e
flaws or large poreosityas a result of the AM procesdj is welktknown that the properties of
ceramicsare verysensitive to parsty, andthey would be expected to exhibit poor mechanical

propertieseven at 80% relative densitfe.g., ).

Although these parts malyave remarkable
geometrical complexity and be suitable for some applications, theyarapt to be used as
structural ceramics. In many cases, the mechanical properties of thesegadpoor that thegre
not even reported in papers and technicpbris. According to Zocca et al?, AM of monolithic

ceramics, enabling the components to match the physical and chemical psopértibeir
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conventionally manufactured counterparts, is still a challenge and remains thenpasant task
that needs to be solved to promote AM of ceramics to more than a niche techhidoger,
extrusionbased and lithographHyasedAM processesare promising because they are capable of

producing dense ceramic paf¥95% of theoretical density).

The Ceramic OrDemand Extrusion (CODE) processaiqovelfreeform extrusion fabrication
techniquecapable of making largeomplex parts with nedheoretical density (>98%hazanfari
et al. ™ introducedand developedhis process and employed it demonstrate fabricatingeveral
sample parts for various applications. The objective of the presedy is to comprehensively
characterize&eeramic parts producagsing the CODBprocessDensity, strength, fracture toughness,
hardness, stiffness and microstructwke aluminum oxde (Al,O3) parts were examined and
compared tahe properties of AlO; partsfabricated usingonventional manufacturing and other

AM processes
2. Experimental'Procedure
2.1. Paste Preparation

The pasteis.made of a commercially available alumina powder-{8SG, Almatis Inc.,
Leetsdale, PR deionized water anmonium polymethacrylatd DARVAN® C-N, Vanderbilt
Minerals, Norwalky CT), and cold-waterdispersible methylcellulose Methocel J5SM § Dow
Chemical Company, Midland, MI). The powder properéiedisted inTable 1

The alumipa®pewder was dispersed in water usingg Darvan Cper square meter of surface
area of powlersand ballmilled for 15hours to break up agglomerates and to produce a uniform
mixture. Methylcellulose dissolved in waté«1vol%) was used as binder to increase paste
viscosity and to assist in forming a stronger green body after dBinder was chemically surface
treatedby the.manufacturerto become temporarily insoluble in cold water. Thime-delay in
dissolvingthe binderallows for the formation of a homogeneous dispersion of binder in cold water
and eliminatessthe necessity to increase wegmperatureto achievea uniform dispersion A
vacuum mixer{(Medel FWhip Mix, Louisville, KY) wasemployed to mix the paste homogeneously
without introducing airbubbles for 12minutes. Finally, a vibratory table (Syntron Material

Handling,Saltillo, MS) wasused to removthe remaining air bubbles.
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2.2. Processing

In the CODE process, viscouslloids of ceramic particles are extruddédrough a circular
nozzleat controlled flowrates. Thextrusion workheads mounted ora gantry and camove inthe
X, Y and Z directions through G & M code commahdEhe extrudate is deposited on a substrate
located in a tank designed to hold a fluid medium. Once the deposition of each layer etednapl
liquid feeding subsystem pumps oil into the taskrrounding thedepositedlayer, to preclude
undesirablewater. evaporation from the sides of the deposited layers. The level obithis
controlled so that.it reach@sst below the top surface of the part being fabricated. Infrared radiation
is then used to uniformly grthe just deposited layer so that the part being fabricated can maintain
its shape when the next layers are being depasitbdild the partThe part is fabricated in a layer
by-layer fashion by repeating the layered deposition followed by layered radiation dryinghwith a
surrounding the™already deposited layers during the part fabrication process. A t&cloértze
process is shown ihigure 1 . Once the fabrication process is completed, the remaining water content
in the fabricated part is removed further by bulk drying to obtain green parts.o$terqgressing
includes removingsthe binder conteatit elevated temperaturasnd then usinga ceramicsintering

procesdo obtain a dense part.

The experimental setup consists of a motion subsystem (gantry) capable afj nmovhree
directions,anextrusionheadmounted on the gantry amdpable of extruding viscous ceramic paste
at controlledflowrates,an oil feeding device capable of controlling the level of the oil in the tank,
and aninfraredrheating subsystem capable of moving the infrared lamp and turning it on and off.
The gantryis controlled by a motion card (Delta Tau Data Systems Inc., Chatsworth, CA) whereas
all other subsystems are controlled by a-teaé control subsystem with LabVIEW (National
Instruments Corp., Austin, TXMore detailson the CODE systemreavailablefrom ** and™*.

Thirty test bars were fabricated using the CODE process to examine the properties of the parts
produced by this process. As shownFigure 2 six bars were printed at a tim€he printing was

performed in_the" longitudinal direction of the bafBhe asprinted size ofthe bars was

"G & M codes are a set of letters and numbers used to program the movements aratithe (tool change, end

of program, etc.) of a CNC machine

This article is protected by copyright. All rights reserved



72x7.8x5.6nm° in length, width, and height, respectivelhe process parameters used to print the

bars aregiven inTable 2.
2.3. Post-Processing

Oncethe_pmarts were completely formed, the oil bath was drained andfieicated piecewere
dried. Humid drying was usedo eliminate the remaining water in the pa®s environmental
chamber(LH-1:5y"Associated Environmental Systems, Ayer, M#gs employedto control the
temperature @nd humidity during the drying process. After several experiméftsrelative
humidity at 25°C was determinetbr the first 46 hours of drying. This condition guarantesafe
drying (i.e. no,cracks or warpagéifter the fist stage of drying, the shrinkage ends and higher
drying rates (could be achievedithout introducing flaws by increasing the temperatutg to
~70 °C.

The binder wa then removed through a burnout proc#s%.°C/min heating rate was chosen to
avoidlarge weight reduction rates. The parts were maintained at@50r two hoursThe calcined
or “brown” pars.werethen sinteredvith a heating rate dd °C/minin an electric furnace (Deltech
Inc., Denver, ‘€0). Thpartswerethensinteredn the same furnacat 1550°C for 1.5h followed by

coolingto room temperature atrate ofL0 °C/min.
2.4. Tests

The size of thébarswas measured with digital calipers affginting, drying, andsintering to
calculate the shrinkage rate during thging and sintering processe&rchimedes’techniquewas
performed to 'measure the density of the printed parts after sintering. After the dry mass was
recorded, samples were saturated by submersion in distilled water under vacui@ iours The

saturated and suspended masses were then metsaadcllate the final density.

Microstructue images were obtaineflom sections of the sintered test barsing Scanning
Electron Microscopy (SEM) Specimens were polished to a Ou@® diamond finish using
successivelffiner diamond abrasives with the following scherae220-grit metatbond diamond
grinding disk for 10min; a 600grit disk for 10min; a 1200grit disk for 10min; a 3um diamond
lapping film for 5min; a 2um diamond paste for 40 min; a 1um diamond paste for 90nin; and a
0.25um diamond paste for 150 min. Thermal etching wasisedto reveal the grain boundariey

placing the polished specimens an electric furnace (Deltech Inc., Denver, CO) at 13DGor
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30min with a heating and cooling rate @0°C/min. A scanning electron microscope (Helios
Nanolab 600, FEI, Hillsboro, ORvas employed to observe the specimens at various magnifications
ranging from 10€20,000X. The crossections of the bars before and after the flexural tests were
also observed under an optical microscope-@0d80, Hirox, Hackensack, NJ) to examassible

flaws.

Four-point bendindests were performeat room temperaturaccording to ASTM C116% to
measure flexural strengtfer 24 test specimendA fully automated surface grindéChevalier, FSG
3A818, Santa,Fe, Springs, CAyas used to machine thgpecimensto standard“B” bars
(3x4x45mm°){" The sides and top surface of the bars were machined with -gri6Gamond
abrasive wheelA 1200grit wheel was used to grind the tensile surfatlee bars were then
manuallychamfered using 4200grit metatbond diamond grinding disklexural $rerngths were
measured usingfailly articulaing B-bar fixturewith an outer span of 4@m and an inner span of
20mm (shown“inFigure 3 in a screwdriven instrumented load frame (5881; Instron, Norwood,
MA). The crasshead speed was @uf/min. Weibull modulus was calculated according to ASTM
C1239%. Young’'s modulus was determined using a deflectometdinéar variable differential
transformey measuring the deflection of the center of the test bar during strength testiyvasrs

Figure 3

Fracturertoughness was measuredubing the chevromotched beam test specimens in four
point bendingwith a fully articulaing test fixture for configuration A (L50mm, B=3mm,
W=4 mm, and-@=0:8mm) according to ASTM C142Y’. Sixtest barsvere ground to standard size
using the same surface grinder employed for flexural tests.chi&@eon notches were machined
using a dicing saw (Aceaut 5200, Aremco Products, Ossining, NY) with a Ol thick diamond
wafering blade. The same fixture and load frame used for flexural tests were employed to break the
chevronnotched. beams with aagshead speed of 0.68m/min. The notch dimensions were then

measuredising‘an‘opticamicroscope (KH3000, Hirox, Hackensack, NJ).

Vickers indentation test was carried out according to ASTM C132iging a microhardness
tester (Duramin 5; Struers, Cleveland, OH) to measure hardness. Four sampl@®lisbed to a
0.25um diamond finish usinghe same scheme explained for microstructural tests. Hardness was
calculated fronfive indents pesample The indenter was pressed against the parts with a force of

4.91N for 10s. The indentation size was measured using an optical microscope with a 40X lens.
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3. Results and Discussion
3.1. Shrinkage and Density

The size of the bars reduced tox715x5.4mm® after drying, showing 1.4%, 3.8% and 3.6%
reduction in_lengthy width and height, respectively. This indicates a volursatiitkage of 8.6%.
The dimension®fithe barswere 62.8x6.3x4.6nn? after sintering shaving 12.8%, 19.2% and
17.9% reductionrinslength, width and height, respectjvaynpared to the wéasprinted)samples
This indicates a volumetric shrinkage of 42.1% compardbdaet samplesThe results argiven

in Table3 along with relative densities.

To examine whether the anisotropy in shrinkage is a result of printing direction or thetgeo
of the part,threeblocks were printed. The initial size of the blocks 28%19.8x20mm® and it
reduced tdl6.7x16.6x16.6nm°, showing 16.5%, 16.2% and 17.0% reductioteingth,width, and
height, respectively. This shows an almost isotropic shrinkagéndiwhtesthat he percentage of
shrinkage in each direction is mostly determined byp#ré geometrylt is hypothesized that friction
between specimen’and substrate catise anisotropy irthe shrinkageof long bars during drying
and sintering;ui.edue to friction,it is more difficult for particles to move in the longitudinal
direction of'the bar tham the transverséor thicknesy direction. However, further evidence is

required to confirm this conjecture.
3.2. Microstructure

Figure 4shows, a typicamicrostructure ofa printed Al,O3 test specimerior a crosssection
perpendiculartesthe printing direction. The grains egaiaxed andgmall (<5 um). Grain size was
measuredy the linealintercept methodTwenty horizontal lineswith random distance®lative to
each otherwere drawnon the image of microstructur&he length of the linesvas equal to the
width of the image.and each line had 3Minterceptions with grain boundari@$e grain size was

estimatediusing.the following equation.

Xl

D =1.56
xn;

(1)

where D is the average grain size jum, /; is the length of each line pwm ands; is the number of

interceptions for each line. An average grain size ofithlvasdetermined using this method.

This article is protected by copyright. All rights reserved



3.3. Mechanical Properties

The cumulative distribution function for the Weibull distribution is:

Py =1~ expl~(2)"] (2)
where FPris the probability of failureg,,,, is maximum tensile stress in a test specimen at faiyre
is the Weibull characteristic strength (corresponding ¥ & 0.632 or 63.2%), and?is Weibull
modulus.The'procedure in ASTM 1238 was implementeth a Matlab scripto fit the function on
the raw data, find"the Weibull parameseand obtain the Weibull plot.

The reading of‘the deflectometer @replugged inEquation 8), which wasobtained from Euler
Bernoulli beam théorysee e.g.'® for an explanation of this theoryip calculate Young’'s modulus

as follows:

_11PP

= 3
76816 3)

whereEis Young's'modulus (N/R), Pis the total load (N)/is the outer span of the fixture (n)is
the second mement of inertia of the test specimen esesson about the neutral aXis®), andsis
the midspan.deflection (m)s is measured by the deflectometer ats measured by a loazkll.
For a rectangular crosection with four chamfereedges of size, the adjusted moment of inertia is
given in>

_bd® c¢* ., (3d- 20)2)

I = —(c*+

12 9 2 )

wherebanddare width and height of the b@n), respectively, andis the chamfer size (m).

The Weibull plot of the flexural strength data is showrrigure 5 The Weibull characteristic
strength was 388 MPa and the raweibull modulus was 8.33. According to ASTM 1259 the
unbiasing factor for thenaximumlikelihood estimate of the Weibull eduluswhen 24specimens
are used is 0.943. Thus, the unbiased Weibull modulus is Th&5average flexural strength was
364 MPa with a standard deviation of MPa. Young’'s modulus was found to I8&1+14 GPa.The
average values of fracture toughness and hardness wer@.14v8aenf> and 19.80.6 GPa,

respectively. Allof these values are in good agreement with available data in the literature for
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pressureless sintering of alumina produceddryentionamethods €.g.,2>%%). According to these
references, a dense figeained alumina ceramic has a flexuraésgth of 306600MPa, a Young’s
modulus of 38%00GPa, a fracture toughness of -B.8Pasnf°, and a Vickers hardness of
~20GPa.Figure 6shows typical fracturand indented surfacdsom the specimens tested in this

study.

The Griffith criterionwas used to calculatbe critical flaw sizein each sampleAssuming the
flaws areinternal(based on observations discussed nei® size of flaws can bealculatedusing

the following equation:

Kic

2c=2
¢ (O'fy

)? (5)
where Zis the"length of the flaw (m)Kc is the fracture toughnegMPam®?), o is thefracture
stresgMPa), and¥is the stress intensitghapefactor. oy is measureat theflaw location which is
assumed to be near the tensile surfats.equal to1.77 and 1.13 for long flaws and round flaws,
respectively, ecording to ASTM C1322°. Thus, theestimatedength of the flaw(2¢) is 102+34um

for long flaws and 252+8dm for round flaws.

Figure 7shows,aypical crosssectionof printedsamplesusingSEM at alow magnification No
printing flawswereobserved in thémages of the samples after fabricati6igure 8demonstrates
two typical fracture origins believed to result from air bubbles or binder agglomerates in the paste.
Most fracturessurfaces revealed similar ffiavear the tensile surface

Available ‘datasin the literature for other additive manufacturing processes were collected for
alumina to compare the resutithis study with other AMprocesses. As stated in ASTM 16¥3
the observed strength values of advanced ceramics are dependent on test specimen size, geometry
and stress statdhus,the procedure explained in tA&STM standad was employed to convert the
strength values reported in different sources to the strength of standard “B” b4xgd%8m°) in
order tohave aimeaningful comparisorOther propertiege.g., modulus, hardnesaje not size
dependent andhus thereportedvalues wereused in the comparison, even though different test
methods and parameters may have affected the results to some extent.
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According to ASTM 1683*, Equations (6)and {7) can be used to obtain the Weibull material
scale parametdrom the mean flexural strengdnd vice versaEquation (6) is for volumerigin
flaws and Equation (7) is for surfaceigin flaws (hence the subscripi&andA).

ool (Em ) o )

1
MG + 1)

(6)

(go)v =

' 1/m
ufto (e +0) (Bt 1) (o))

2 ™
F(m—A +1)

(00)a =

whereag, is the®"Weibull material scale paramete&ris the mean strength measured in experiments,
L; andL, arethelengths of inner and outer spans, respectivedis the Weibull modulus) and ¢
are the width and.height of sample, respectiveig, the gage volumébxaxL,), andr is the gamma

function.

As mentioned in théntroduction section, the mechanical properties of products of many AM
processes [ofceramics are poor and researdiss do not report the mechanical properties.
However there_aresome AM processes capable gioducing dense ceramic parts with notable
properties. Br each of these processes, the highest vadymestedin the literature areollected and
listed in Table 4 for comparison. These processes includghographybased Ceramic
Manufacturing (LCM)®, Selective Laser Sintering (Sl ?°, Robocasting (RC}’, Freezeform
Extrusion Fabrication (FEE}*® Three-Dimensional Printing (3D and Binder Jetting (BJY.

It should ke noted thah AM processes, thdeposition orientatiolcould affect the mechanical
propertiesof.the parts to some extent. For example, Huang &traported flexural strengths of 219
and 198MPa forengitudinallyprinted and transversely pratt samples, respectively. This effect is
hypothesizedo*be“small for CODE aso printing flaw was observed in the samples andisible
differences incrosssections and microstructures of samples cut in different directiere
identified Howevenfurther evidence is required tonfirm this hypothesidNote thatfor otherAM

processeghe highest values reported in each reference are given in for comparison.
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Table 4shows that th€ ODE processhas a very good standimgnong AM processean terms of
mechanical propertie$his is due toesveral factsncluding:

- fine alumina powdefacilitating the sinteng process,

- high solids loading paste resulting in a dense green body,

- printing at room temperature as opposed to high temperature or low tempeftzitirenay
cause clogging of the nozzle as a resufiadtedrying or freezing,

- optimal_partial drying dung the printing process with the aid of an infrared lamvpich
enables,strong bonding between layers,

- uniform partial drying during the printing process with the aid of an oil bath surrounding the
part, which_precludes crack formation, warpage, and mogdemperaturegradient in the
part,

- employinga new extrusion mechanismwhich guarantees consistent flowrate and avoids
pores in‘the part, and

- use ofthumid drying toemovewatercontentafter partfabricationwhich increases the green
body density

Othea advantages of thCODEprocess includéow cost and simplicity of feedstock preparation,
fabrication system. and peptocessing potentialfor fabricating functionally graded materials via
mixing tworormorepastes of different materiadd varying ratescapability of embeding sensors or
other componentsuring the fabrication process demonstrated i3; and use of water as thiquid
medium in thewpaste which facilitiesficient postprocessing and enables fabrication of large solid
components (mainly becausatercanbe more readilyremoved) Howeverthe CODE process has
two mainlimitations: 1) significant staircase effectand?2) difficulty in fabricating fine features in
complex parts. These limitatiomduld be alleviated by enmpjing finer extrusionnozzles(up to
~150pum diamete).which, on the other handavould increas¢he fabrication time. Adaptive slicirig
and adaptivefasteting techniqueshave beemproposed to minimize thiabrication time when fire

diametemozzlesare used.
4. Conclusions

Properties of advanced ceramic parts produced by a novel additive manufacturing qalbegss
the CeramicOn-Demand ExtrusionGODE) processhave beercharacterized extensivein this

paper.Thirty Al,O3 test bars were fabricated using the CODE protteexamine the properties of
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the producegbarts after sinteringThe specimens had a relative dgnsit 98%, a Young's modulus
of 371+14 GPa, an unbiased Weibull modulus of 7.85, an average flexural strengtht6036Ra,

a fracture toughness of £B.1 MPasnf->, and a hardness of 12@®6 GPa.Theseproperties surpass
those produced bynost other addive manufacturing processes and matbbse produced by
conventional [fabrication techniqueBhis indicates thdnigh potential of theCODE process to be
employed in industrial applicationgspecially whereone-of-akind parts ora small number of

customizable products with good mechanical properties are needed.
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Figure 1.Schematic.of the Ceramic &@emand Extrusion process.

Figure 2.Test bars during th€ ODE process.

Figure 3.Fully articulating test fixture and deflectometer.

Figure 4.SEM image showing a typicalionostructureof the Al,O; produced via the CODE process

Figure 5.Weibull'plot of the flexural strength data from,@l; test specimens.

Figure 6.Typical‘fracture surface (a) and indented surface (b).

Figure 7.A typical crosssection under SEM showing a solid surface with no flaws.

Figure 8.Two typical fractureorigins near the tensile surface of the®¢ flexure test specimens.

Table 1.Powdermroperties

Particle Surface Area .
Name ) Purity
Size (um) (m“/g)
Al ;03
0.34 9.44 99.8%
(A-16SG)
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Table 2.Printing parameters used in the CODE process to fabricateatest

Nozzle diameter (um) 610
Nozzle travel speed (mm/s) 30
Layer thickness (um) 400
Number of layers 14
Line spacing (um) 600
Number of lines in a layer 13
Lamp distance (m) 0.25
Radiation time (s) 30

Table 3.Amount of shrinkage and relative densities of partsaah stage

. Linear shrinkage Volumetric Relative
Size (mm) . .
(%) shrinkage (%) density (%)
As-printed 72.0¢7.856.6 - - 57
Dried 71.0x7.5x5.4 1.4x3.83.6 8.6 62
Sintered’ 62.8x6.3x4.6 ~ 12.8¢19.2x17.9 42.1 98

" These.densities are calatéd by dividing mass @lumina powder by volumef the part

Table 4.Mechanical properties of alumina parts produggdifferent additive manufacturing processes

Relative,Young’s Flexural Characteristic . Fracture 2¢ (um) 2¢ (pm)
Process density modulus strength  strength Weibull toughn&ssHardness assuning assuming
(%) : (GPa) (MPa) (MPa) modulus MPaem®?) long flaws round flaws
CODE 98 37114 364450 385.3  8.3x0.943 4.5x0.1 19.80.6 102+34  252+84
LCM* 99 : - 369-383 - 11.2¢0.95E - - - -
SLS*® 88 ... - 255+17 - - - - - -
RC" % 97 | |- 236-248 297 8.9x0.901 3.3+0.2 186x0.8 89 218
FEF™ 2°% 87.92 32720 219 - 5.4x0.947 - 14.4:09 - -
3DP™" 30 .85 - 62 - - - - - -
By & " B4+14.5 Very low’ - i - 15001 - -

" Original value onverted to standard “B” bar using equations (6) anéb{7gir comparison
™ Highest values in the paper are reported here.
TVacuum infiltration was used to enhance the mechanical properties
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¥ The compressive strength was only MRa, so the flexural strength was minimal.
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