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ABSTRACT

In an effort to find out the deviations of prinied ceramic paris on the newly
developed 3D machine and the air force effect on the first drop of the binder stream, an
experimental study was conducted, The errors that caused the deviation were molded as
shrinkage errors, depend on the dimension of the parts, and additive errors, do not depend
on the dimensions but on fixed parameters such as the actual lines widths.

Dimensions of ceramic parts were measured in the fast and slow ax.es of the
machine. The binder was Nyacol 9950 collodial silica sol flowing at 1.3 ml/min., the
layer thickness was 170um, the line spacing was 175um, and the powder was Norton
aluminum oxide 30um with a powder bed density of 35%. The printing variables were
the citricity of the powder , the misting ratio, the direction of printing, and the firing
temperatures. There were 6 experiments in the slow axis with different set of variables
and 3 set of experiments in the fast axis with different set of variables. The measurements
were then plotied and linearly fitted to determine the additive and shrinkage components
for each of the experiments. A file was generated to detect the deviation of the first drop
of the binder stream from the targeted position due to the air force effects.

The additive and shrinkage errors varied for each of the 9 experiments . The
additive errors in the fast axis was of an average of 9.9510.8 mills which is the diameter
of a printed line. While the shrinkage in the fast and slow axis with the additive errors in
the fast axis had no unique values to drive a good conclusions from. Moreover, it was
concluded that the air drag force has a continuos effect on the binder stream. It has no
effect on the dimensional deviation of parts, it only cause parts to be printed in different
locations than their intended ones.

Thesis supervisor:  Dr. Emanuel Sachs
Title: Associate Professor of
Mechanical Enginecring
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1. Introduction

1.1 Motivation

An ingenious idea in a rapidly growing industrial world is the development of the
three dimensional printer. This machine eliminates current expensive, slow, and inflexible
manufacturing techniques. 3D parts are used in industry either as molds or directly as
prototype parts.

The 3D machine is still being researched and work is being done on its
mechanism, software, electronics, and materials for parts. Moreover, the dimensions of
the printed parts tend to deviate from file specifications. The errors that cause this
deviation can be though of as having two components. One component dose not depend
on the length of the sample and the other component is a function of the length. The first
type is termed "additive” and the second type is termed "shrinkage”.

Since the manufactured 3D parts are used for tooling or as direct prototypes, the
accuracy is of extreme importance. The focus of this thesis is to find what causes the
deviation of dimensions from their specified ones. The results of this study will be used

to predict and reduce these errors.

1.2 Three Dimensional Printing

Three dimensional printing is the process of manufacturing complex shapes
directly from a computer model, without the need for tooling. It can be used to fabricate
parts made of ceramics, metals, ceramic-metal, or polymeric material. The final objective
of the machine is to produce parts that will be used in tooling or as direct prototypes.

Three dimensional printing utilizes a layered printing format. (Figure 1.1). The
data for each layer is obtained by applying a slicing algorithm to the computer model.
Each layer is printed on a bed of powder deposited on the top of a piston and cylinder.
The powder is joined at selected locations by means of ink jetted binder. The piston and

the layer are then lowered for another powder spread.  Subsequent layers are printed in
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the same sequence as the preceding one. This layering process is repeated until the part is
fully manufactured. Then the piston moves all the way up and the part is removed and
heat treated to solidify it.

The printed part could be manufactured with different variables: Powder material,
amount of water vapor, the direction of printing, the firing temperature, the binder flow
rate, and layers thicknesses. As mentioned earlier, the powder used could be ceramic,
metal, metal-ceramic, or polymeric. while the part is being printed, it could be either
misted or not by means of water vapor directed at the powder bed. The binder stream
could be released in one fast axis direction, for example releasing the binder from right to
left only, or the binder could be released in both direction of the fast axis, from left to right
and right to left. The first kind of binder release is called one directional printing and the
second is called two directional printing. Finally, the printed part could be heat treated by
either baking under low temperatures for long hours or by firing it at high temperatures

such as the conventional ones of 750°C and 900°C.

7 v 7/
Spread Powder Print Layer

N\

Repeat Cycle

7.

Intermediate Stage Last Layer Printed Finished Part

AZLJ?,,U

Figure 1.1: Sequenée of operation in the 3D printing process
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Slow axis
direction

2. Experimental Procedure

2.1 Apparatus
2.1.1 The 3D Machine

The 3D machine, Figure 2.1, was used to print the parts for this study. A
computer aided design , CAD, software is used to generate a data file which instructs the
3D machine to print a cross section of the part drawing layer by layer, The fabrication of
the part is done by means of spreading powder on a vertically movable piston, the Z axis,
then solidifying the powder by reacting it with a binder. The binder is jetted through a
printhead that moves along the "fast axis" and eventually solidifies the powder into a
printed line. The jet is released only to print the sections of the line instructed by the part's
file. Then the printhead raverses the layer in the "slow a:tis" direction to print an adjacent

line. When the cross section of a part is printed on a layer, the piston moves vertically

downwards and new powder is spread following the same process as the preceding layer.

The part is fabricated when all the layers are printed. Finally, the piston moves all the way
upward on the Z-axis so that the part can be remcved. The part is heat treated and then

dusted off to remove any loose powder.

Fast axis direction Fast axis

nthead
- ——ee ﬁ‘ ri

V4 Z axis

7
Piston Cylinder

Printhead

Figure 2.1 : The 3D machine
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2.1.2 Measuring Tools

Since the research focuses mainly on having as accurate measurements as
possible, measuring technique was thoroughly addressed. Several measuring techniques
were considered. One was the use of a super micrometer, but because it was old and may
not have been accurate, it was ruled out. Another possibility was the use of a sensitive
probe screwed into a digital milling machine and calibrated to read a desired height. The
calibration of the milling machine would be used to measure the positive or negative offset
of a part's height from the already calibrated one. Although this measuring method has
0.00005" of accuracy it would measure local heights due to the fact that the head of the
probe is small and that the printed parts have an irregular surface texture, therefore, it was
also ruled out as a useful measuring instrument, Moreover, optical measurements were
not acceptable since visual measurements would measure the distances only between the
high ends of the surfaces.

The measuring technique finally used was a pair of calipers. The calipess were
digital Brown & Sharpe with an accuracy of 0.0005". The calipers were the best way to
measure the testing parts because of the parts’ uneven surface. The flat wide ed ges of the
caliper ignored the irregularities and avoided local measurements of the part. It averaged
out the irregularities and provided more usable measurements. Long parts were clamped
onto a flat table and then measured with the calipers in order to prevent breakage.

Moreover, the SEM machine of Cambridge Stereoscan was used 10 see the micro-

structure of the printed lines and layers,

2.2 Materials
2.2.1 Powders

The powder used was Norton aluminum oxide 30 Hm of Norton Corporation,
Northampton, Massachusetts. To make the powder acidic, a 0.2% by volume citric acid

was added.
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2.2.2 Binder
The binder used in this study was NYCOL 9950 Colloidal Silica Sol manufactured
by PQ Corporation of Ashland, Massachusetts.

2.3 Printing In the Slow Axis
2.3.1 Dimensions of the Printed Parts

In order to determine the shrinkage and additive errors in the slow axis, a file was
generated, fast20bars, using Make3DP software programmed by Alain Curodeau. This
software enabled us to specify dimensions in the slow axis with exact confidence. The
parts were bars of cross sectional areas of 0.372" in the fast axis and 0.3748" in the Z
axis. The lengths of the bass in the slow axis were determined by specifying within the
file the position of the centerline of the outermost scans of the fast axis which define the
printed component. These centerline to centerline dimensions were: 0.372", 0.7441",
1.998", and 3.9961". Naturally, the actual part boundary extends beyond the centerline
of printing and this factor is one contribution to the additive component of the error. The
file was named fast20bars and enabled us to print five bars of each length in order to

examine the statistical significance of the results. Figure 2.2 shows a top view of the bars

printed in the slow axis.

Figure 2.2: A top view of printed bars in the slow axis, figure is not scaled.
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2.3.2 Printing Experiments and their Variables

The fast20bars file was used to print under different combinations of four

variables. Table 2.1 shows the experiment number and the variables under which it was

printed. For all six experiments, the line spacing was 175um, all layers were 170um

thick, and the binder flow rate was targeted to 1.3 ml/min.

Table 2.1: The Experiment number and their variables used to print bars in the slow

axis
Experiment # Powder Misted Firing Temp.’C | | Printing Direc. |
1 Citric Yes 750 2 Way
2 Citric No 750 2 Way
3 Non-Citric Yes 750 2 Way
4 Non-Citric No 750 2 Way
5 Citric Yes 900 2 Way
6 Non-Citric No 900 2 Way

The parts used in experiments 5&6 were the same parts as those used in

experiments 1&2 respectively. The only difference is that they were re-fired to 900°C for

one hour.

2.4 Printing In the Fast Axis

2.4.1 Dimensions of Printed Parts

A file was generated to print bars in the fast axis using Pro-Engineer. The bars

had cross sectional area of 0.375" in both the slow and Z axis. Their widths in the fast

axis were the distance between the far ends of the lines which had dimensions of 0.5",

1.00", 2.00", 4.00", and 8.00". The actual widths of the parts is larger taking into

account the sizes of the bounded matcrials, non the less the additive error will take it into

15



account. The file was named tesrbar7 and printed bars as shown in Figure 2.3. The

testbar7 was modified to restbar4 that does not print central bars in order to save time.

Figure 2.3: A top view of printed bars in the fast axis, figure is not scaled.

2.4.2 Printing Experiments and their Variables

Testbar7 was used to print experiment 2, while testbar4 v:as used to print
experiments 1&3. Table 2.2 shows the experiment number and the variables under which
it was printed. For all the experiments the line spacing was 175um, all layers were

170um in thicknesses, and the binder flow rate was targeted to 1.3 ml/min.

Table 2.2: Experiment number and their variables used to print bars in the fast axis
Experiment # Powder Misted Firing Temp."C|| Printing Direc.
1 Citric Yes 900 2 Way
2 Citric No 900 2 Way
3 Citric Yes 900 2 Way
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2.5 Calculating the Drag Force Effect

Hypothetically there is an air-drag force on the first drop of the released binder
stream. This force causes the first drop to fall at a further distance than the targeted
location (Figure 2.4a). In order to determine the distance error that is caused, a file named
Drag-Error.3dp was generated using Make3DP and printed 112 one directional lines as
follows. There were two sets of lines. Set A are those lines printed from position 0 to
1000 um. The other set, B, are lines printed from position 1000 to 2000 um. Lines were
printed alternating from each set with a space of 350 um in-between each line. (Figure
2.4b).

Duc to air drag force the first drops in lines A should fall past 0 um position and
the same is so for the first drops of lines B which should fall past position 1000. On the
other hand, the last drops of all the lines in both sets should fall at their targeted positions,
that is, 1000 um and 2000 pum for lines A&B, respectively, since the air drag force is
minimized. Connecting an imaginary line between the end of the lines of set A and
another imaginary line for the beginnings of the lines of set B, one could determine the
shift in locations for the beginnings of lines in set B from what was targeted. This shift is
cased by air drag force and could be measured using an SEM machine. (Figure 2.4c)

The layer that consist of lines As&Bs was printed on five preceding layers so that
the lines would not brake off easily. The six layers were printed on a large SEM stub. A
washer was silver glued to the stub to get a streng base for the printed layers. (Figure
2.4d). File Drag-Error.3dp enabled us to print the specimens on four different powder
bed locations. (Figure 2.4e). The four specimens were printed using citric ceramic
powder and one set was misted while the other set was not misted. The two sets of
misted and not misted specimens were backed at 300°C, to avoid melting the stubs
themselves, for 24 hours. Then the two sets were gold plated and experimented under an

SEM machinc.
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Lines of set B Lines of set A

Fast axis direction

é—

; Printhead

R - Air force on the

. I\:’/ﬁmdmp

Acual location of the first drop Intended locstion of the first drop

Figure 2.4a: The effect of the air drag force on the first released binder drop.

Fast axis direction

000
+ mon * ll’osil.ion

Position Position Position
2000

-

o {
Position A -::

t

Using the two imaginary lines, the effect of the air drag
force on the first drops of lines of set B could be
determined.

Figure 2.4b: A sample of A&B printed lines.  Figure 2.4c: The shift of the beginning of

the lines from 0& 1000 um positions,

SEM stub Powder bed
Front side of the 3D Machine
Figure 2.4d: The SEM stubs used to print Figure 2.4e: The locations of the
the specimens.. stubs on the machine.
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1 Results

1.1 Slow Axis Measuring Results

For each of the six experiments, the measured lengths in the slow axis were
plotted on the x-axis and the deviation of the measured length from the intended ones,
what we had specified in the fasr20bars file, were plotted on the y-axis. Graphs were
linearly fitted. Even though a linear fit is not the best fit, it gives the graphs significant
values by looking at the line slope and on the intersection of the line with the Y axis. The
reason for saying that a linear fit is not the best solution is due to the fact that the collected
data do not pass through some of their error bars. Such thing would make a linear fitting
an unconfident fitting and a higher degree fitting might be advisable. For example,
Figure 3.1 shows a linear fitting for experiment | of table 2.1 for a citric misted 2Dir. 750
°C parts. The figure shows by linear fitting the results, measurements, we would miss
three out of the four error bars of the measurements. The error bars represent the + the
standard deviation of the measurements divided by the sq. root of the number of
measurements taken. The results for experiment 1 though 6 are shown in figures 3.2 to
3.7 respectively. The significance of a linear fit is that the slope represents the shrinkage
since it depends on the dimensions of the parts, and the intersection of the line with the Y
axis is the magnitude of the additive error since it is present even for a 0 part dimension.
Large number of parts in the citric not misted two directional 750" C experiment,
experiment 2, got broken easily. The data of the measurements taken are tabulated in

appendix A.
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Deviation of Length (Measured- Intended) *in"

0.012 -

0.010 A

0.008 -

0.006 -

0.004 -

0.002 -

€.000

y = 1.0074e-2 - 2.2840e-3x
i RA2 = 0.963

Ll v ] v J v ]
1 2 3 4
Measured Length In The Slow Axes “in®

Figure 3.1: Results for citric misted 2Dir,750°C, Experiment 2 of table 2.2. linearly fitting experiment # 2

results in missing the error bars the measurements. Error bars are the * standard deviation of the measurements

for a part divided by the sq. root of the number of measurements taken on that part, 5 measurements.
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. y = 1.0162e-2 - 2.38400-3x RA2 = 0,932
a
=

0.000 - T T v ) E— 1

Deviation of Length {Measured-intended) "in*

1 2 3 4
Measured Length In the Slow Axes "in"

Figure 3.2: Results for citric misted 2Dir.750°C parts, Experiment 1 in table 2.1. The slope of the line

shows shrinkage, -0.023%, while the intersection shows the additive error, 10.1 mills,

0.010 -
y = 9.1783e-3 - 1.8490e-3x RA2 = 0.917

0.004

0.002

Deviation of Length (Measured-Intended) *in'

[
]
0.000 T T T T T T
0 1 2 3 4 5

Measured Length in the Slow Axes ‘in"

Figure 3.3: Results for citric not misted 2Dir.750°C parts, Experiment 2 in table 2.1. The slope of tbe line

shows shrinkage, -0.018%, while the intersection shows the additive error, 9.17 mills ,
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y = 9.3521e-3 - 1.0579e-3x RA2 = 0.745

0.004 v N D ' v | Ad N | v
0 1 2 3 4
Measured Length In the Slow Axws 'in"

Deviatin of the Length (Measured-Intended) *in"
o J

Figure 3.4: Results for citric misted 2Dir.750°C parts, Experiment 3 in table 2.1. The slope of the line

shows shrinkage, -0.01%, while the intersection shows the additive error, 9.35 mills .

y = 1,1466e-2 - 1.8367e-3x RA2 = 0.947

a0

0.002 A\l | v | B R v | v 1
0 1 2 3 4 5
Measured Length in the Slow Axes "in®

Devation of the Length (Measured-intended) "in*

Figure 3.5: Resuits for citric misted 2Dir,750°C parts, Experiment 4 in table 2.1, The slope of the line

shows shrinkage, -0.01%, while the intersection shows the additive error, 9.35 mills.
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y = 1.0115e-2 - 3.1169e-3x RA2 = 0.793

- -

Deviation of the length (Measured-intended) *in®

0.002 v  § v T \ 1
0 1 2 3

Measured Length in The Slow Axes *in*
Figure 3.6: Results for citric misted 2Dir.900°C parts, Experiment 5 in table 2.1. The slope of the line

shows shrinkage, -0.031%, while the intersection shows the additive error, 10.1 mills .
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Figure 3.7: Results for citric not misted 2Dir.900°C parts, Experiment 6 in table 2.1. The slope of the line

shows shrinkage, -0.026% , while the intersection shows the additive error, 9.61 mills.
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1.2 Fast Axis Measuring Results

The printed horizontal bars were separated into three sections on the powder bed.
A front, center, and back sections. The back bars are the ones printed at the far end of the
machine, parts printed first. The front bars are the ones printed at the front of the
machine, parts printed last. For each section of the three experiments, the measured
dimensions in the fast axis, call the measured widths, were plotted on the X-axis while
the difference between the measured widths from the intended ones were plotted on the Y-
axis. Figure 3.8 through 3.14 shows the front, center, and back results for experiment 1
through 3 in table 2.2. The results were linear fit. The slope shows the shrinkage value
while the intersection of the line with the Y axis represents the additive error value.
Experiment 1,3 used testbar4, while experiment 2 used testbar7 to printed. The data of

the measurements of experiments 1&2&3 of table 2.2 are tabulated in appendix B.

0.012 -
£ e
= 2
3 0.010 1 z y = 1.0115e-2 - 3.1169e-3x RA2 = 0.793
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2 4
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o
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o 0 1 2 3

Measured Length in The Slow Axes “in"
Figure 3.8: Results for the front bars of the citric misted 2Dir.900°C, experiment 1 in table 2.2.

The shrinkage error was -0.031%, while the additive error was 10.1 mills.
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Figure 3.9: Results for the back bars of the citric misted 2Dir.900°C, experiment 1 in tablc 2.2, The

shrinkage error was -0.033%, while the additive error was 4.4 mills.
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Figure 3.10: Results for the front bars of the citric not misted 2Dir.900°C, experiment 2 in table 2.2. The

shrinkage error was- 0.022%, while the additive error was 0.99 mills.
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Figure 3.11: Results for the center bars of the citric not misted 2Dir.900°C, experiment 2in table 2.2, The

shrinkage error was -0.023%, while the additive error was 1.0 mills,
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Figure 3.12: Results for the back bars of the citric not misted 2Dir.900°C, experiment 1 in table 2.2. The

shrinkage error was -0.024%, while the additive error was 1.4 mills,
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Figure 3.13: Results for the front bars of the citric misted 1 Dir.900°C, experiment 3 in table 2.2. The

shrinkage error was- 0.026, while the additive error was 5.6 mills.
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Figure 3.14: Results for the back bars of the citric misted 1Dir.900°C, experiment 3in table 2.2. The

shrinkage error was -0.03%, while the additive error was 3.9 mills.

27



3.3 The Air Drag Force

The Drag-Error.3dp file was used to print the four sets of the testing stubs under
the citric, misted and not misted conditions. Unfortunately the 350 pm chosen separation
between the lines was small and hard to obtain useful information from. Figure 3.15

Shows an SEM Sony pictures of a front right not misted printed lines.

Figure 3.15 : An SEM photo for a front right not misted specimen using Drag-

Error.3dp file. As itis noted the lines tend to merge at the sides.

Therefore, in order to obtain a better results, the Drag-Error.3dp file was modified
to avoid the interference of the lines by increasing the separation between a line from set A
and a line from set B from 350 pm to 700 pm. The results were surprising. The SEM
pictures did not show any kind of shifi of the beginning of lines of set B from the ends of
the lines of set A. (Figure 3.16). As the SEM picture shows, the end of the lines
overlapped with the beginnings of the other set of lines. The overlap is due to the fact that
the iines of sct A&B in the generated files are one dimensional but in reality the printed

lines are three dimensional. This over lap ranges from 80 um to 100 pm, which is around
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half of the diameter of a printed line, indicates that the last drop of lines A fell in its

intended position the same for the first drops of line set A.

Figure 3.16 : An SEM photo for one of the specimens fusing an Drag-Erro.5dp file. As

it is noted the lines fal in their intended positions and the over lap is due to actual drop size.

29



4 Conclusions and Discussion

4.1 Conclusions for the Slow and Fast Axis Experiments.

Table 4.1 and 4.2 sows a summary of the results for the slow and fast experiments

respectively.

Table 4.1: A summary of the results of the shrinkage and additive errors for the slow

axis experiments.
Experiment # and its Description Additive error ' 0.001" ' Shrinkage " % "
1: Citric Misted 2Dir 750 °C parts 10.1
2: Citric Not misted 2Dir 750 °C parts 9.17
3: Non citric Misted 2Dir 750°C parts 9.35
4: Non citric Not misted 2Dir 750 °C parts 11.4
5: Citric Misted 2Dir 900°C parts 10.1
6: Citric Not misted 2Dir 900°C parts 9.6

Table 4.2: A summery of the results of the shrinkage and additive errors for the slow

axis experiments.

Experiment Front Center Back

Additive Shrinkagg Additive Shrinkage || Additive Shrinkage

I 1: Citric, Misted 2Dir 900 || 10.1mills 0.3% - 4.4 mills 0.32%

‘Z:Citric Not misted 2Dir 900]|] 0.1 mills 0.22% || 1 mills 0.023% 1.4 mills 0.24%
3: Citric Misted 1 Dir900 || 5.6 mills 0.26% - 39 mills 0.3%
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Several conclusions may be drawn from table 4.1 and 4.2

The average additive error for the slow axis experiments was 9.9510.8" mills. This is
very important result since the average width if a printed line is 9.5 mills. Therefore,
the additive error contribution is solely due to half the width of a printed line on one
side plus another haif of that line on the other side of the parts.

It was supposed that the shrinkage be less for not misted parts while fixing other
parameters. But that is not the case since some parts shrunk less when they were
misted, experiment 3 & 4 table 4.1. Parts shrunk less in the misted case, 0.1 %, than
in the not misted case, 0.18%

The additive error in the fast axis varied in a very wide range. It is hard to conclude

any good reasoning for this variation.

It has been noted that some parts printed in the fast axis have different measured
dimensions from one section to another. Therefore in order to see if there is a
difference among the front, center, and back parts for each of the 0.5", 1.0", 2.0",
4.0", and 8.0" parts, graphs were plotied showing the average of the measurements
for a single part with its error bars. The error bars represent + the standard deviation
of the part's measurements divided by the sq. root of the nuinber of the
measurements. If error bars for any two sections overlap, we can conclude that their
is no difference between the two readings. Figures 4.1 through 4.15 are the

comparisons of the sections for experiments 1, 2, and 3, respectively.
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Figure 4.1: Experiment 1 in table 2.2: Comparison between the front and back measured widths for the 0.5" part using

citric misted 2Dir. 900°C variables, . The points represent the average width. Error bars represent the standard deviation of the

measurements divided by the sq. root of the number of measurements, 15 measurements.
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Figure 4.2: Experiment 1 in table 2.2.: Comparison between the front and back measured widths fer the 1.0 part using
citric misted 2Dir. 900°C variables, The points represents the average width,. Error bars represent the standard deviation of the

messurements divided by the sq. root of the number of measurements, 15 measurements.
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Figure 4.3: Experiment | in table 2.2: Comparison between the front and back measured widths for the 2.0" par using
citric misted 2Dir. 900°C variables, . Thie points represents the average width. Emror bars represent the standard deviation of the

measurements divided by the 5q. root of the number of measurements, 15 measurements.
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Figure 4.4: Experiment 1 in table 2.2: Comparison between the front and beck measured widths for the 4.0 part using
citric misted 2Dir. 900°C variables, The points represents the average width,. Error bars represent the standard deviation of the

measurements divided by the £q. root of the number of meazurements, 15 measurements.
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Figure 4.5: Experiment 2 in uble 2.2.; Comparison between the front and back measured widths for the 8.0 part using
citric misted 2Dir. 900°C variables, The poinis represents the average width,. Error bars represent he standard deviation of the

measurements divided by the 3q. root of the number of measurements, 15 measurements,
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Figure 4.6: Experiment 2 in table 2.2: Comparison between the front, center, and back measured widths for the 0.5" part
using citric not misted 2Dir. 900°C variables, The points represents the average width,. Error bars represent the standard

deviation of the measurements divided by the sq. root of the number of measurements, 15 measurements.
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Figure 4.7: Experiment 2 in uble 2.2 : Comparison between the front, center, and back measured widths for the 1.0" pan
using citric not misted 2Dir, 900°C varizbles. The points represent the average width,. Error bars show the standard deviation of

the measurements divided by the sq. root of the number of measurements, 15 measurements.
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Figure 4.8. Experiment 2 in table 2.2: Comparison between the front, center, and back measured widths for the 2.0" part
using citric not misted 2Dir. 900°C variables, The points represent the average width. Error bars show the standard deviation of

the measurements divided by the 3q. root of the number of measurements, 15 measurements.
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ngre 4.9: Experiment 2in table 2.2: Comparison betwecn the front, center, and back measured widths for the 4.0" part
wing ciric not misted 2Dir. 900°C variables, The points represent the average width, Error bars show the standard deviation of

the measurements divided by the sq. root of the number of measurements, 15 rreasurements.
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Figure 4.10: Experiment 2in table 2.2: Comparison between the front, center, and back measured widths for the 8.0
part using citric not misted 2Dir. 900°C variables, The points represent the average width. Esror bars show the standard deviation

of the measurements divided by the sq. root of the number of measurements, 15 measurements.
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Figure 4.11: Experiment 3in table 2.2: . Comparison between the front and back measured widths for the 0.5" part using
citric misted 1Dir. 900°C variables, The points represent the average width. Error bars show the standard deviation of the

measurements divided by the sq. root of the number of measurements, 15 measurements.
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Figure 4.12: Experiment 3 in table 2.2.: Comparison between the front and back measured widths for the 1,0" part using
citric misted 1Dir. 900°C variables, The | .nts represent the average width. Error bars show the standard deviation of the

measurements divided by the sq. voot of the number of measurements, 15 measurements.
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Figure 4.13: Experiment 3in table 2.2.: Comparison between the front and back measured widths for the 2.0" part using
citric misted 1Dir. 900°C variables, The points represent the average width. Error bars show the standard deviation of the

measurements divided by the £q. root of the number of measurements, 15 measurements.
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Figure 4.14: Experiment 3 in table 2.2.: Comparison beiween the front and back measured widths for the 4.0" part using
citric misted 1Dir, 900°C variables. The points represents the average width. Error bars show the standard deviation of the

measurements divided by the sq. root of the pumber of measurements, 15 measurements,
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Figure 4.15: Experiment 3in table 2,2: Comparison betwonn the front and back measured widths foc the 8.0" part using
citric misted 1Dir. 900°C variables, The points represent the average width. Error bars show the standard deviation of the

measurements divided by the sq. root of the number of measurements, 15 measurements,

As noted there is a 75 % confidence, using ANOVA method, in saying that back
parts shrink more than front parts in the citric misted 2 Dir 900°C experiment. On the
other hand, there is no conclusion about the shrinkage difference between the front and the
back parts in the citric not misted 2 Dir. 900°C experiment. The difference between the
front and back for the citric, misted 1 direction 900°C parts is very noticeable and
increases as the part's width increases in the fast axis. There is a 100% confidence in
saying that the front bars shrink less than the back bars. Table 4.1 shows the difference
between the front and the back for the 0.5", 1.0", 2.0", 4.0", and 8.0" bars.

Tabte 4.1: The difference between the front and back parts for citric, misted,
1Dir.900°C parts

0.5"

005"

0.0035"
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 For a better fit, some graphs could have been polynomial of the second degree fit so
that the curve would pass through the error bars of the measurements. The non linear
behavior of the results is due to what is being modeled as frictional force.
Hypothetically there is a frictional force between the printed line as it is being
deposited and the adjacent loose powder . The frictional force magnitude depend on
the dimension of the part itself in a non linear fashion and on its shape. Small parts
tend to have a higher shrinkage than larger ones because the friction force is small, on
the other hand large parts shrink less since the magnitude of the frictional force is large
and prevent their shrinkage.

 The frictional force hypothesis is more confirmed since Jain Chamnmmarong had
discovered recently that 80% of the parts shrinkage occurs in the drying stage before
firing. His findings indicates that dimensional error occurs mainly when the part is
being printed, supporting the friction hypothesis since it is the only major factor before

firing.

4.2 Conclusions for the Drag Error Effect

The hypothetical idea that there is a drag force on the first drop is partially right.
There is a drag force but not on the first drop of the binder stream as was assumied. It
is on all the binder drops. This conclusion is reached because there is no significant
shift between the last drops of line set A and the first drops of line set B. The reason
for not detecting the shift is because the reference frame that was chosen , the last
drops of line set A which are suppose to fall exactly at position 1000 pm, itself was
shifted by the drag force. All the lines were shifted and the technique chosen for
printing lines for sets A&B was not appropriate. Nonetheless, this technique proved
at least that the air drag acts continuously on all the binder drops.

Since the drag force tends to shift all printed lines, one could concludle that, the

part's dimension in the fast axis is not affected by it. The drag force simply acts as an
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external fixed parameter that carries the whole line from the intended location to

another, but the length of the line is not affected.
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Recommendations
Understanding the control of dimensions for printed ceramic parts using the 3D
priinting machine is a topic of importance to the accuracy of the parts for their industrial
usage. This research has made several findings in the area of the dimensional errors.
The following are recommendaxiors for future research.
The graphs that represent disnensional deviations, figures 3.1 to 3.14, could be
usefully used to compare dimensional errors of different powders and different
variables.
Another important issue that has to be further addressed is the full use of an
orthogonal experimental process. Bevause of the constrains of time and the expense
of 3D printing, nnly pait of the orthogonal process was conducted. A continuum of
the experiments for different variable settings is desirable.
Even though calipers were the best measuring tool when the experiments were done,
their usage are not ultimately the best way for a dimensionally dependent research. An
excellent alternative would be a coordinate measuring machine, CM, because of its
high accuracy.
The experiments carried out concentrated on dimensional control in the fast and slow
axes of printing. To fully understand the dimensional errors in the 3D process, one
should print bars of different heights in the Z-axis and then perform control of
dimensions on those parts. It may be the case that the errors' magnitudes in the fast
and slow axes change for different part heights.
In order to understand the effect of frictional force on printed parts, one should print
parts which have lengths less than 0.7441", measure their dimensions, and plot
graphs, to see what kind of fit goes through them and to se¢ wither or not the frictional
force has a different values for small parts.
Another recommendation about the frictional force is to find wither or not the

geomeltry of the parts have an affect on the frictional force. Since only rectangular
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parts were printed, a T shape parts would be suggested to see if there is 2 difference in
shrinkage.

In order to reduce the shrinkage, a better undersianding of the frictional force could be
the first step.

There are two conclusion for the drag force effect. The first is that the drag force
affects all the binder stream drops. The second is that the drag force shifts the Line the
intended location to another. However, the magnitude of the resulting shift is not yet
determined. A second technique that would make drag force effects fully

understanding should be found.
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Appendix A: Data of the Measurements in the Slow Axis
A.1 Data for experiment 1: Citric misted 2Dir. 750°C parts.

Measured Length "in" Deviation of Length "in"

0.38150 0.00950
0.38250 0.01050
0.38200 0.01000
0.38250 0.01050
0.38200 0.01000
0.75150 0.00740
0.75200 0.00790
0.75150 0.00740
0.75150 0.00740
0.75200 0.00790
2.00350 0.00550
2.00300 0.060500
2.00300 0.005c0
2.00350 0.00550
2.00250 0.00450
3.99750 0.00140
3.99700 0.0009

44



A2 Data For Experiment 2 : Citric not misted 2Dir. 750°C parts.

Measured Length Deviation of Length
0.38000 0.00800
0.37900 0.0070¢
0.38100 0.00900
0.38000 0.00800
0.38000 0.00800
0.38100 0.00900
0.38050 0.00850
0.75250 0.00840
0.7525¢ 0.00840
0.75200 0.00790
0.75300 0.00890
0.75200 0.00790
0.75150 0.00740
0.75250 0.00840
0.75200 0.00790
0.75150 0.00740
0.75250 0.00840
0.75200 0.00790
0.75200 0.00790
0.75250 0.00840
0.75250 0.00840
0.75250 0.00840
2.00400 0.00600
2.00350 0.00550
2.00350 0.00550
2.00400 0.00600
2.00300 0.00500

2.00300 0.0C500
2.00300 0.00500
2.00300 0.00500
2.00250 0.00450
2.00300 0.00500
2.00300 0.00500
2.00250 0.00450
2.00300 0.00500
2.00300 0.00500
2.00300 0.00500
3.99800 0.00190
3.99700 0.00090
3.99950 0.00340
3.99650 0.00040
3.99700 0.00090
3.99700 0.00090
3.99800 0.00190
3.99800 0.00190
3.99950 0.00340
4.00000 0.00390

3.99800 0.00190
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A.3 Data for experiment 3: Non citric misted 2Dir. 750°C parts.

Measured Length "in" Deviation of Length "in"
0.381500 0.009500
0.381500 0.009500
0.380500 0.008500
0.381500 0.009500
0.381500 0.009500
0.381500 0.009500
0.381000 0.009000
0.381000 0.069000
0.380500 0.008500
0.381000 0.009000
0.380500 0.008500
0.380500 0.008500
0.381500 0.009500
0.380500 0.008500
0.380500 0.008500
0.752000 0.007900
0.752500 0.068400
0.751500 0.007400
0.751500 0.007400
0.753000 0.008900
0.752500 0.008400
0.753500 0.009400
0.753000 0.008900
0.753000 0.008900
0.753000 0.008900
0.752500 0.008400
0.753000 0.008900
0.753500 0.009400
0.753500 0.009400
0.753000 0.008900
2.005000 0.007000
2.005000 0.007000
2.005000 0.007000
2.004500 0.006500
2.004000 0.006000
2.004000 0.006000
2.005500 0.007500
2.005000 0.007000
2.005000 0.007000
2.006000 0.008000
2.005500 0.007500
2.005000 0.007000
4.001000 0.004900
4.001000 0.004900
4.003000 0.006900
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0.38300
0.38300
0.38400
0.38300
0.38350
0.38300
0.38300
0.38400
0.38350

0.38300
0.38300
0.38300
0.75400
0.75500
0.75400
0.75400
0.75300
0.75400
0.75450
0.75450
0.75350
0.75350
0.75350
0.75450
0.75350
0.75300
0.75300
2.00600
2.00600
2.00600

Length "in"

0.01100
0.01100
0.01200
0.01100
0.01150
0.01100
0.01100
0.01200
0.01150

0.01109
0.01100
0.01100
0.00990
0.01090
0.00990
0.00990
0.00890
0.00990
0.01040
0.01040
0.00394
0.00894
0.00894
0.01040
0.00894
0.00890
0.00890
0.00800
0.00800
0.00800

Measured Length Deviation of Measured

A.4 Data for Experiment 4; Non citric not misted 2 Dir. 750" C parts.

Deviation Of

Length "in" Length "in"

2.00600
2.00600
2.00600
2.00550
2.00600
2.00600
2.00600
2.00550
2.00550

2.00500
2.00550
2.00550
2.00500
2.00600
2.00500
4.00100
4.00000
4.00050
4.00050
4.00050
4.00050
4.00050
4.00000
4.00000
4.00000
4.00100
4.00050
4.00000
4.00050
3.99950
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0.00800
0.00800
0.00800
0.00750
0.00800
0.00800
0.00800
0.00750
0.00750

0.00700
0.00750
0.00750
0.00700
0.00800
0.00700
0.00490
0.00390
0.00440
0.00440
0.00440
0.00440
0.00440
0.00390
0.00390
n0.00390
0.00490
0.00440
0.00390
0.00440
0.00340



A.5 Data for experiment 5: Citric misted 2Dir. 900°C parts.

Measured Length "in" Deviation of Length "in"
0.38100 0.00900
0.38300 0.01100
0.38250 0.01050
0.38200 0.01000
0.38250 0.01050
0.38200 0.01000
0.38150 0.00950
0.38250 0.01050
0.38150 0.00550
0.356200 0.01000
0.38200 0.01000
0.38200 0.01000
0.38100 0.00900
0.38100 0.00900
0.38100 0.00909
0.75050 0.00640
0.75000 0.00590
0.75100 0.00690
0.75100 0.00690
0.75100 0.00690
0.75100 0.00690
0.75100 0.00690
0.75100 0.00690
0.75100 0.00690

0.75100 0.00690
0.75100 0.00690
0.75100 0.00690
0.75100 0.00690
0.74950 0.00540
0.74950 0.00540
2.00200 0.00400
2.00250 0.00450
2.00250 0.00450
2.00200 0.00400
2.00200 0.00400
2.00200 0.00400
2.00250 0.00450
2.00300 0.00500
2.00300 0.00500
2.00150 0.00350
2.00200 0.00400
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Measured Length "in"

0.75200
0.75150
0.75150
0.75150
0.75150
0.75150
2.00250
2.00300
2.00200
2.90250
2.00250
2.00200
3.99650
3.99550
3.99456
3.99500
3.99400
3.99400

Deviation of Length "in"

0.00790
0.00740
0.00740
0.00740
0.00740
0.00740
0.00450
0.00500
0.00400
0.00450
0.00450
0.00400
0.00040
-0.00060
-0.00160
-0.00110
-0.00210
-0.00210

A.6 Data for experimenti 6: Citric not misted 2Dir. 900°C parts.
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Front Data

G.50600
0.50550
0.50550
1.00300
1.09150
1.00200
1.99700

1.99700
1.99600
3.98950
3.9885¢C
3.98800
7.98200
7.98000

7.98100

Deviation

0.00600
0.00550
0.00550
0.00300
0.00150
0.00200
-0.00300

-0.00300
-0.00400
-0.01050
-0.01150
-0.01200
-0.01800
-0.02000

-0.01900

B.1 Data for experiment 1: Citric misted 2Dir. 900° C parts

Back Data

0.505
0.504
0.504
1.005
1.005
1.000
1.996

1.996
1.995
3.989
3.989
3.988
7.980
7.980

7.980
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Appendix B: Duata of the Measurements in the Fast Axis

Deviation

0.005
0.004
0.004
0.005
0.005
-0.000
-0.005

-0.004
-0.005
-0.010
-0.011
-0.011
-0.020
-0.020

-0.020



B.2 Data for experiment 2: Citric not misted 2Dir. 900°C parts.

Front Data

0.502000
0.501500
0.502000
0.999000
0.998000

0.998000
1.994500
1.994500
1.995000
3.992500
3.991000
3.992000
7.984000
7.983000
7.984000
7.983000
7.981000

7.983000

Deviation

0.002000 0.502000
0.001000 0.501500
0.002000 0.501500
-0.001000 0.999000
-0.002000 0.998500

-0.002000 0.998500
-0.005500 1.994000
-0.005500 1.994500
-0.005000 1.994000
-0.007500 3.991500
-0.009000 3.991500
-0.008000 3.991000
-0.016000 7.983000
-0.017000 7.981000
-0.016000 7.983000
-0.017000 7.983000
-0.019000 7.981000

-0.017000 7.983000

Center Data Deviation

0.002000 0.502000
0.001500 0.502000
0.601500 0.501500
-0.001000 0.999500
-0.001500 0.998500

-0.001500 0.998500
-0.006000 1.994500
-0.005500 1.994500
-0.006000 1.995000
-0.008500 3.992500
-0.008500 3.991500
-0.009000 3.992000
-0.017000 7.983000
-0.019000 7.981000
-0.017000 7.983000
-0.017000 7.981000
-0.019000 7.982000

-0.017000 7.983000
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Back Data

Deviation

0.002000
0.002000
0.001500
-0.000500
-0.001500

-0.001500
-0.005500
-0.005500
-0.005000
-0.007500
-0.008500
-0.008000
-0.017000
-0.019000
-0.017000
-0.019000
-0.018000

-0.01700C



B.3 Data for experiment 3: Citric misted 1Dir. 900°C parts.

Front Data

7.99000
7.98700
0.50900
0.50800
0.50800
1.60300
1.00300
1.00300
1.99900
1.99800
1.99900
3.99100
3.99100

3.99100

Deviation

-0.01000
-0.01300
0.00800
0.00800
0.00800
0.60300
0.00300
0.00300
-0.00100
-0.00200
-0.00100
-0.00900
-0.00900

-0.01000

Back Data

7.98300
7.986300
0.50700
0.50600
0.50600
1.00100
1.00100
1.00100
1.99500
1.99500
1.99400
3.98800
3.98700

3.98800

Deviation

-0.01700
-0.01700
0.00700
0.00600
0.00700
0.00100
0.00100
0.00100
-0.00500
-0.00500
-0.00500
-0.01200
-0.01300

-0.01100
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