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Abstract

We present new material/binder systems for usgbiprinting hardware for the creation
of mid-fire to high-fire ceramics. 3D printing @e of a variety of techniques in which objects
are produced by printing binder onto a layer of geww A brief overview of our process is
presented and demonstration works are shown. &eaeailable dry clay bodies were adapted
for use in an existing, commercial 3D printer. &lst of powder formulation are presented.
Experimental results are presented for strain,uflaixstress, and porosity for the various clay
bodies as a function of firing temperature.

Keywords: 3D printing, new material/binder systemgj-fire to high-fire ceramics
1. 3DP Introduction

3DP is a type of solid-freeform fabrication (SFRat converts a digital CAD model to a
tangible object by taking the model, slicing itard predetermined number of layers (depending
on the slicing parameters), and finally printing thodel [7,12]. The object is built in a layer-by-
layer fashion, using an inkjet printer that depositoplets of binder activator the shape of a
particular cross-section of the part to be produoetb a bed of powder. Then, a roller or scraper
adds a layer of powder atop the previously bougdrlaand the process repeats until the part is
complete [7,12]. 3DP has been in practice for a emof years and new applications are
continually being discovered.

Numerous powder and binder combinations have beenulated and utilized in 3DP
processes, and typical materials used include peddmetals, plasters, and ceramics, with
binders generally containing some type of adhepiv&2]. The material systems that we are
presenting in this paper are new and unorthodoxhoaest for producing three-dimensionally
printed parts wherein the adhesive substance ngetoresides in the liquid binder, but in the
powder itself [8,11]. We have a desire to produew powder/binder compositions in hopes of
democratizing the 3DP niche by creating readilyilatséee materials, thereby increasing the
breadth of applications lying outside of industndaacademia [8]. More information regarding
the testing and formulation of new material/bindembinations for use in 3DP can be found in
past research and literature presented by Gamtair[¥EL].

Ganter and collaborators developed the necessargigrthinder formulations to produce
3DP stoneware, terra cotta, and low-fire dry clagibs, which can be purchased for reasonable
prices [8]. The powder consists of dry clay bodies., stoneware slip), maltodextrin (a fiber
supplement found at your local grocery store), poddered sugar. The binder is comprised of
distilled water, food-coloring (for troubleshootipyrposes), and alcohol (found at your local
liquor store) which acts as a surfactant to atthenproper binder viscosity and surface tension.
As opposed to using an adhesive in the liquid binde decided that the best choice for this
process was to use binder, namely maltodextrinpanwetered sugar, in the powder itself. Using
the powder as the binder as opposed to “jetting”dimder out of the print head is advantageous
with respect to conventional 3DP (printing bindentaining adhesives) for two main reasons: it

ar7


rosalief
Typewritten Text
Reviewed, accepted September 15, 2009

rosalief
Typewritten Text

rosalief
Typewritten Text
477


simplifies the problem domain and increases rdligbBYy printing a solvent that is inexpensive
and easy to attain, we are able to increase thefithe print head, due to the lower viscosity and
surface tension. Printing adhesives is very taxin@D print heads, but we have been successful
in the general approach of printing a solvent a&sliduid (binder activator). In particular, this
tends to simplify the overall task of material gystdevelopment to creation of the powder
system. We are able greatly reduce the costs assdavith the regular maintenance and upkeep
of 3DP’s. Increasing the life of the print head,aiddition to decreasing the costs of materials
(both binder and powder), equates to affordable.3DP

By weight, the powder is made up of approximate6/666 dry clay body, 16.7%
maltodextrin, and 16.7% powdered sugar [8]. Thrsnida is the result of prior testing, and was
chosen because of tgeeenstrength of the parts. For the duration of thipgrgagreen parts will
refer to objects that have been 3D printed, bufined, and brown parts will refer to objects that
have been both printed and fired. Using organicstuizes in the material system can present
difficulties later in the process, such as incrdasiain (shrinkage) due to the organics being
burned out during sintering.

A number of very different operations go into swsfally producing a 3D printed and
sintered part. Our goal was to create new matssiatems for use in 3DP technologies that
would incorporate dry clay bodies fired at mid tghhtemperatures (1149-1316°C). The effects
of sintering have been partially explored using 8P ceramic material systems, namely,
porcelain and stoneware. A maximum sintering temipee of 1316°C was used based on the
properties of porcelain, which is a high tempemtumon-engineering ceramic that is rated as a
cone 11 (1316°C) dry clay body. Stoneware, a mitptrature, non-engineering ceramic is rated
as a cone 7 (1240°C) dry clay body. In additior @rton AutoFire kiln used for firing the
specimens was rated at a maximum temperature @& C3hnd so data beyond this temperature
were not explored. In order to achieve temperatgreater than 1316°C, a more expensive kiln
would be necessary. For this initial, experimeimakstigation of the properties of the sintered
3DP ceramics presented in this paper, we employnale fast firing sintering schedule (see
Figure 1) and focus on the effects of a single variablakp@ntering temperature.

Once a new material/binder system had been redl@easse in 3DP, it was desirable to
understand the characteristics of the parts pratibgeconducting a series of engineering tests.
The analysis of two dry clay bodies, porcelain atoneware, produced by 3DP has been
performed to reveal strain, flexural stress, andogity as functions of peak sintering
temperature. The green test specimens were priptedhrough a drying cycle, measured, and
then kiln fired. Upon completion of firing, the sjimens were cooled and experiments for the
aforementioned properties were performed.

478


rosalief
Typewritten Text
478


=o—Fast Firing
1400

1200

'_\
o
o
o

800

600

400

Temperature (°C)

200 —

0 0.5 1 1.5 2 2.5
Time (hr)

Figure 1. Fast firing heating schedule with a peak tempemtof 1260°C. The fast firing
schedule was plotted using 10-minute intervals)enthie kiln was heating at its maximum rate.
The curve is logarithmic in nature and experienasgmptotic behavior as the kiln temperature
approaches the desired input value.

3. Strain Experimentation

To determine the amount of linear strain experidnoe the two types of ceramic
materials, numerous “test bars” were printed based 3D CAD model of a 10x10x100 mm bar.
The 100 mm length was built parallel to the fass &zonventionally, the y-direction) defined by
the movement of the inkjet print head on the gastyle 3D printer. (Conversely, the slow axis
conventionally, the x-direction) is defined by tm®vement of the entire printer assembly). This
orientation was chosen to increase the green strefighe samples [1,2,7,8,11].

3.1 Experimental Setup

A total of six test bars per firing temperature gvprinted per ASTM standards on testing
whiteware(i.e., porcelain). ASTM suggests that a minimunfieé specimens should be tested
for each data point, but variability in printinghzvior led to decision of six specimens per point.
Cross-sectional area measurements of the greenMeaestaken at three different points along
the bars using digital calipers, and the heightd amdths of the bars were recorded. After
measuring all of the bars, the average cross-settayea was calculated, and the formulation of
arepresentative lengthroceeded. Representative lendtk,for a bar of heighh and widthw is
given by:

Lr = (hw)*? (1)

The representative length was used to produce racweirate linear strain when

compared to conventional linear strain, which usgshe original length, andL, the change in
length with respect to time or temperature [1,2p Strain,e, is a dimensionless material
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property that is defined by the change in lengthyet length, and can also be referred to as
shrinkage when dealing with percentages [4]. Ferrdmainder of this paper, we will refer to
linear strain resulting from firing as final sintey strain. Since we have adapted new material
systems to 3DP, and due to the unavailability dbrpresearch, we decided to take the
representative approach for acquiring final simgistrain {ILg/Lg). Final sintering strain curves
for the porcelain and stoneware clay bodies arsegmted irFigure 2
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Figure 2: Final sintering strain as a function of peak figitemperature. The plot indicates that
both porcelain and stoneware experience a lineatesing strain-temperature relation, with
porcelain having a greater sensitivity to highentsring temperatures resulting in a steeper
curve. The pointy, refers to the quantity of strain that occurs dae¢he organic binder burning
out. Strain beyond this threshold is attributedhe sintering mechanism.

3.2 Discussion of Strain Experiment Results

As can be seen iRigure 2 a linear model describes the dependence of straipeak
sintering temperature with a high coefficient otateination,R?, exceeding 98% for both the
porcelain and the stoneware [1Bfjuations for the linear models ape= 0.0011T-1.152@&nd
&s = 0.0006T-0.56320r the porcelain and stoneware, respectively. Magmum sintering strain
experienced in the porcelain specimens was 0.26Ammmmas compared to that of the stoneware
at 0.206 mm/mm. The results indicate that whilecplain is qualified as a high-fire clay body,
and stoneware as a mid-fire clay body, the rat®hath porcelain experiences strain is slightly
higher than stoneware (referk@mure 2.

At the two lowest fast firing temperatures, 11628@d 1186°C, final strain is largely
attributed to the organic binder burning out. Sitfteeparts are comprised of 1/3 organic material
by volume (maltodextrin and sugar), and all of talume theoretically burns off during firing,
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the parts should shrink 12.6%. This value does inolude shrink caused by initial stage
sintering, which is defined by the presence of ngwth in adjacent (powder) particles, and
marks an object’s transition from green to browj3[3,10]. Typically, initial stage sintering only
produces shrinkage values of 0-3%, therefore shge& below 15.6% are caused by initial stage
sintering combined with organic binder burnout [1(8. Shrinkage above approximately 15.6%
is a result of intermediate/final stage sinterimgaddition to binder burnout. The bars that were
sintered at lower temperatures were extremely weaH, particles were easily shed from the
surface during handling. As the peak temperatucecased, the test bars became more robust,
and sloughing (loss of material via handling or Brfrectional forces) was nonexistent. This
transition occurred at approximately 1288°C and 05 for the porcelain and stoneware,
respectively. When the bars were dropped or tapipedcharacteristic “ring” of a ceramic was
heard. As the peak temperature increased, thedr@gsat higher pitches.

4. Flexural Stress Experimentation
4.1 Experimental Setup

The test specimens used for the flexural stressrarpnt were taken after completion of
the strain testing, therefore, the bars had grderertsions of 10x10x100 mm and brown
dimensions as measured during the strain curvediations. In this experiment, the test samples
were placed on an Instron 5585H stress testing imacland were subjected to a load until
failure (Figure 3. In a three point bend test setup, the loadaelthe Instron was calibrated to
move towards the specimen at a rate of 1 mm peutsirand the specimens were simply
supported with a distance between support centetgpequal to 50 mm. The procedure was
repeated with every test sample and the followiatadvas gathered; maximum flexural load,
flexural stress at maximum flexural load, and fl@tiextension at maximum load. Maximum
flexural stress is defined as the maximum fibeessty or the maximum stress at the outer most
fiber of the specimen at peak loading [4,16]. Geplere created using the flexural stress at
maximum load versus peak fast firing temperatund, @rresponding equations can be found in
the literature [4,16].

Figure 3: Experimental set up for the three point bend tssigithe Instron.

481


rosalief
Typewritten Text
481


¢ Porcelain

1

A Stoneware — = Linear (Porcelain)

Linear (Stoneware)
R2=0.9842 R2 =0.989

0.8

0.6

e

e d

0.4

0.2

0

\

-0.2

A _—~—

-0.4

N o D
A)

L
-
Lg

Log-Maximum Flexural Stress

-0.6

e

-0.8

-1

-
G

1140

(@

¢ Porcelain

1160 1180 1200 1220 1240 1260 1280 1300 1320 1340

A Stoneware = = Expon. (Porcelain)

Peak Fast Firing Temperature (°C)

Expon. (Stoneware)
R2 =0.9842 Rz =0.989

9

(o]

~

~

~lo
NN

\

7

Maximum Flexural Stress (MPa)
(6}

-~
-

1

0

DA

o — —

= -

1140

(b)

1160 1180 1200 1220 1240 1260 1280 1300 1320 1340

Peak Fast Firing Temperature (°C)

Figure4: Linear models (a) of log of maximum flexural stress veprak temperature with
high coefficients of determination{R 0.98) establish exponential relations shownkih (
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4.2 Discussion of Flexural Stress Experiment Result

Using a linear modelR? values of 0.93 and 0.87 were found for the pometnd
stoneware, respectively. The results indicate @ahiatear model is a non-optimal approximation
and an alternative method should be employed [h8figure 43 it can be seen that by plotting
the log of the maximum flexural stress versus fasakfiring temperature, and applying a linear
fit, much higher values were attained. TH& values for the log plot were 0.98 and 0.99, for
the porcelain and stoneware, respectivBlyverifying that the linear model for the log pleas
a good approximation, we were able to justify thpl@ation of an exponential model to the data
(Figure 4. The results show high coefficients of determorat exceeding 98%, for the
exponential growth experienced by both the poroedaid stoneware, indicating accurate models
were realized.

We were only able to find limited data regardirige tmaximum flexural stress of
porcelain and stoneware clay bodies. Prior invaibg into tensile and compressive strength
was performed by Moore [15], and the ultimate sires, was revealed for porcelain and
stoneware. Accepted published values for the uténbansile stress arg > 20.7 MPa ¥ 3000
psi) and 7.84-15.2 MPa (1100-2200 psi) for porceknd stoneware, respectively [15]. Since
ceramics are considered brittle materials, ultimatesile stress is comparable to maximum
flexural stress, because brittle materials do nqiegence necking, and therefore, do not
experience a significant change in cross-sectiangd during loading. The ultimate stress for
3DP porcelain and stoneware was achieved at 1316PA@, values for the porcelain and
stoneware were 6.27 MPa and 4.97 MPa, respectiVbly.data signifies that 3DP porcelain and
stoneware, which are porous in nature (discusseberfollowing section), can attain ultimate
stress values of approximately 1/3 of the accepidalished values. While the 1/3 number is
consistent between materials, further testing ballrequired to determine if our 3DP materials
and process match existing models for strengthuggusrosity [17].

5. Porosity and Bulk Density Experimentation

All powder material systems which are subjectedsitttering techniques undergo a
process known as densification [1,3,5,10]. Deraifan within the specimen occurs due to a
number of processes including neck growth, gragwgin, and pore shrinkage [1,3,5,10]. During
the early stages of sintering (adhesion and ipt@kerman [10] reveals that necking occurs
within the loose powder particles, which signifigat the specimen has begun densification.
During the intermediate stage of sintering, porethiw the body begin to elongate, and this
elongation has a significant effect on the denaifan rate of the porous powder body [10]. Final
stage sintering has minimal effects on the derddityre body, and pores ultimately are engulfed
by grain growth or remain as closed pores withm ltlody [1,3,5,10]. For this experiment, test
subjects with cubical geometries were printed usiiregstoneware material system, and fast fired
at various temperatures (1204-1316°C). The porosityhe stoneware specimens was then
measured according to ASTM standard C 373-88.

5.1 Experimental Setup

Upon completion of the aforementioned fast firgngtering methods, the specimens were
dried to a constant mass. The dry md3s,was recorded, followed by placement of the
specimens into a pan of distilled water. The samplere then boiled for a total of 5 hours (in
the distilled water), and were allowed to soakhia water for an additional 24 hours, to allow for
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complete impregnation of the distilled water irte specimens. Once the specimens had reached
maximum saturation, they were weighed while bewgpsnded in a bath of distilled water. Let
the mass of the cubes (specimens) while suspemdedater be denoted & Next, it was
necessary to determine the mass of the saturagsihsgn,M, while being weighed in air. After

D, S,andM were recorded, the calculations for appaparbsity P, and bulk densityB, could
be performed using the following equations:

V= (M - S/pw (2)

whereV is the exterior volume of the specimen, dha@andS are previously defined as saturated
mass and suspended mass, respectively. The defsigter, p,, was measured to be 0.998
glcnt at 20.5°CThe apparent porosit{, which is the relationship of the volume of opemgso
to the exterior volume of the sample, could be meitged using:

P = [(M — D)/V]x100 3)

whereM, D, andV are saturated mass, dry mass, and exterior volgspectively [9]. Using the
information from Equation (3), the relative densitywas determined as follows:

p=1-P (4)

OnceV, the exterior volume was known, calculations &f llulk densityB, in grams per cubic
centimeter (g/cr}) were performed using:

B =D/V (5)

A Stoneware Linear (Stoneware)
80 R2=0.9919

70

3
60

50

Apparent Porosity (%)

40

30
1180 1200 1220 1240 1260 1280 1300 1320 1340
Peak Sintering Temperature (°C)

Figure5: Apparent porosity as a function of peak temperature
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Figure 6: Bulk density as a function of peak temperature.
5.2 Discussion of Porosity and Bulk Density Results

Using a linear model for the apparent payosersus peak temperature, Bhvalue of
0.99 was achieved, indicating an accurate fit. Hugiation for the apparent porosity is
P,=-0.046T+168.84Brown parts manufactured in a 3DP powder envirortraesmonly capable
of reaching relative densities of 40-60%, thatw&hout any external forces applied such as
mechanical compaction or by using a pressurizedsphere [13,14]. Referring feigure § it
can be seen that a maximum porosity of 67.2% washexl at a sintering temperature of
1204°C, therefore indicating a minimum relative signof 32.8% in the stoneware material
system. Also, a minimum porosity of 58.2% at 12049&s achieved, resulting in a maximum
relative density of 41.8%. Previous work by Sacls][reveals a packing density of
approximately 50%, and the relative densities ef 3DP stoneware system are approximately
20% lower than the expected 40-60%. This is diyertlated to the aforementioned ceramic
process in which our system is comprised of 33%amigmaterials. During the firing, organics
burn out of the green part at temperatures in B2-482°C range, therefore our parts lose
approximately 1/3 of their green volume [1]. Takitings into account, it was expected that our
material systems attain a relative density of betw20-40%. In terms of bulk density, the
stoneware system started at a minimum value oR8bSthe bulk density of water, 0.815 gf&m
at 1204°C. At the 1316°C (refer Eagure 6), the bulk density of the stoneware system wa33.9
glent, nearly equivalent to the density of water at theasured temperature of 20.5°C (0.998

glent).
6. Conclusions

This paper presented experimental measurementsigihezring properties for 3DP
porcelain and stoneware. Experimental data wa®pted for strain, flexural stress, and porosity
as a function of peak fast firing. Data revealst ttiee strain-temperature relation for both
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porcelain and stoneware follows a linear curve.cBlain is subject to higher values of strain
than stoneware, but it is stronger, which is exgeadf high-fire (porcelain) versus mid-fire
(stoneware) ceramics. Flexural stress values ferstoneware approach 1/3 of the quantities
found using conventional manufacturing techniques, (fully dense), foreshadowing possible
future applications. Density testing of the stoneania consistent with prior research indicating
that a maximum of 40-60% apparent density can tagnad in 3DP processes. While other SFF
processes can achieve 40-60% apparent densityy osinmaterial system consisting of 33%
organic materials, an apparent density of 20-408&tteéned.

Using the fast firing heating scheduled, kiln rdast roughly 2 hours, and cost between
$0.20 and $0.40 per run. This inexpensive heatihgdule, combined with reasonably priced
materials, and the increased lifespan of the 3B¥Reay components allows for high volume, and
various material testing that could not be donemtise. By sharing this information, we hope
to democratize the 3DP process, and make availkldeintriguing technology to a larger
audience via introduction of new materials.
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