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CHAPTER 1

INTRODUCTION

1.1 Introduction to Rapid Prototyping

Technological advancements in manufacturing include the incorporation of rapid prototyping
(RP) technology. Using RP, a 3D part is developed from layering 2D cross sections successively
to create the final solid. Other terms for the process family include additive manufacturing (AM),
and layered manufacturing. Since inception, this field of technology has grown quickly resulting
in design improvements for multiple applications as undercuts, free form geometry, and blind
features are manufactured “easily”, especially compared to traditional machining processes. In
addition to this, no fixturing or specialty tooling is required for RP processes. There are many
different processes and materials that can be employed under the RP umbrella. With so many
choices, designers and researchers now have the burden of choosing the right combination for
their application. The desired part from an RP machine will need to exhibit specific qualities.
Among the functional qualities, the most important is the desired mechanical characteristics
(compressive, tensile, and/or flexural strength) of the resultant part. By understanding the
material and processes, the usefulness of the part for the desired application can be confidently
predicted. Below, Figure 1 is an illustration to help understand the many types of decision and

factors that can affect the mechanical characteristics of an RP  part.
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Figure 1 Fishbone Diagram illustrating Factors that can affect the Mechanical Characteristics of an RP Part



1.2 Rapid Prototype Technologies

Although there are many different machines used for rapid prototyping, RP technologies can be
categorized into five main manufacturing processes: curing, sheet, dispensing, sintering and

binding. Table 1 defines the main manufacturing processes used in RP.

Manufacturing

Definition
Process

Where a photo-sensitive polymer is exposed to a light source
in order to harden the polymer

Where thin sheets of material are cut to shape and stacked on
top of each other.

Dispensing Where the material is melted and then deposited either as a
Process hot filament or as individual hot droplets.

Where a powdered material is sintered together using a heat
source, typically a laser beam.

Where a liquid binder is deposited onto a bed of powder
material to bind the particles together.

Curing Process

Sheet Process

Sintering Process

Binding Process

Table 1 5 Main Manufacturing Processes used in RP (Adapted from (Upcraft & Fletcher, 2003))

The manufacturing processes is not the only characteristics that makes them different compared
to other forms of RP. Along with the manufacturing process, each RP technology has different
materials and controllable parameters. Examples of the most common RP technologies are:
Stereolithography (SLA), Laminated Object Manufacturing (LOM), Fused Deposition Modeling
(FDM), Selective Laser Sintering (SLS), and 3DPrinting (3DP). The common RP’s are
summarized from authors Upcraft and Fletcher (2003).
1.2.1 Stereolithography

Stereolithography (SLA) can be dated back to the 1980’s, making it one of the oldest RP
technologies. Parts produced by SLA have a comparable surface finish to conventionally
machined parts. The parts are commonly used in investment casting and as part masters in
producing silicone moulds subsequently used in reaction or vacuum molding. The parts are
produced within a vat of liquid polymer with a build platform that can be raised and lowered

within the vat. When a part is being made, the platform’s starting position is (0.050 — 0.250 mm)



below the monomer liquid surface. An ultraviolet laser then traces of the cross section of one
slice of the part, solidifying the liquid into a semi-solid polymer. The build platform lowers the
width of the layer consistent with the starting height and the layers continue until the full part is
produced. The parts will then need to be post processed by removing any support structures and
places in an ultraviolet oven for final curing. This technology is able to produce complex
geometry with good accuracy and surface finish from epoxy-based photo curable resins.
1.2.2 Laminated Object Manufacturing
Laminated object manufacturing (LOM) is the least expensive process to produce large parts with
moderate geometrical complexity. Although non- paper can be used in this process (i.e. thin
plastic sheets), LOM is usually described as turning paper back into wood. Parts made from this
process are often durable wood patterns used in sand casting. The parts are produced by layers of
material stacked up onto each other. For each layer, the material is stacked on to the base or
previous layers with the adhesive coated side down. A heated roller is passed over the material to
ensure that the layer is bonded with the previous one. Then a laser will cut though the layer,
tracing the outline of the slice and to cross hatch the areas that are not included in the part
geometry. After completion and removing the produced solid block of material, the crosshatched
sections are broken away to reveal the final part geometry. Materials commonly used in this
process include; paper, polyester/polyethylene-based material, ceramic coated paper and
polycarbonate composite. Post processing is needed to improve the surface finish and to treat the
material to avoid absorbing moisture.
1.2.3 Fused Deposition Modeling

Fused deposition modeling (FDM) was once known as a concept modeller. The parts are
produced by extruding out filament from a heated nozzle. The nozzle, moving in the X-Y plane,
deposits the filament onto the base to form the cross sectional slice of the part. The build platform
is lowered and the next layer of filament is deposited. The filament is hot and bonds with the

previous layered material. A second type of material is used to produce build up support material.



The support material is weaker and will need to be broken away from the part once the build is
complete. There is a variety of build material available; ABS, elastomer and polycarbonate.
Although the machine can be easily set up and used in many environments, the parts produced
have poor strength in the vertical direction and the process is slow on parts with large masses.
1.2.4 Selective Laser Sintering
Selective laser sintering (SLS) can produce parts with complex geometry using a variety of
different powdered material. Because metal powered is commonly used in this process,
production tooling can be made directly. Parts are produced when a laser traces out the cross
section of the layered slice on a layer of powder. The laser fuses the particles of the material
(sinters) where is hits the powder. The un-sintered material deposited in the layers is used as
support material for any subsequent layers with geometry that over hangs or with voids. The
powder is layered on the build platform to start each cross sectional slice. The build platform is
lowered, powder is layered and laser traces the cross sections until the part is complete. The build
platform is raised and the non-sintered material is brushed off. Materials available for this
technology include; carbon steel with polymer binder, nylon, polystyrene, polycarbonate,
investment casting wax, ceramic coated with binder, zirconium sand coated with polymer and
flexible elastomer. Along with the variety of material that can be used, parts often do not need
additional support material or post curing, unless using ceramics. Unfortunately because of the
process, the machines can take a long time to heat up and cool down. Also, being that powder
material is used, the parts are porous and have can have a poor surface finish. If using these parts
in investment casting, this would require the surface of these parts to be sealed.
1.2.5 3DPrinting

Three dimensional printing (3DP) was developed by the Massachusetts Institute of Technology.
The parts that were made in this process were typically for ‘proof of concept’, as the parts were
generally very brittle (Upcraft & Fletcher, 2003). The building of a 3D printed part is achieved by

the layering of powder material and bonding them together. The build bed will have a layer of



power layered on the surface by the feed roller. The printer head/binder cartridge will then
dispense the binding material on the powder at the desired location dictated by the slice produced
from the CAD representation of the part being built. Once that slice is complete, the build surface
will then lower into the build chamber and the feed roller will push another layer of power on top
of the bed. The print head will only deposit binder based on the parts geometry. There is no need
for extra support material as the base powder acts as the support structure each time a new layer is
feed through. Once the building is complete, the build chamber will then be raised and the full
printed part will then be revealed. The excess build powder is brushed off and recycled for future
use.
1.2.6 PolyJet

Along with the traditional categories of RP technologies are also hybrids. An example of a hybrid
RP technology is the PolyJet process. The material that the polyjet uses is similar to that of SLA.
The photopolymers are cured using UV light. The material is dispensed like a printer cartridge
and similar to the application process of binder in 3DP. The liquid is dispensed on each layers
cross-sectional slice and instantly solidified from the UV light with the machine. After each layer,
the build platform is lowered and the process in repeated. Unlike the 3DP and SLA, there is no
bed of material that can be used as support. Therefore, similar to the FDM process, support

material is dispensed in the need areas by the printer head (Lipson & Kurma, 2013).

1.3 Motivation, Thesis Objectives, and Scope of Research

1.3.1 Motivation

There are many factors that can affect the mechanical characteristics of the RP part, and the
contributing factors and their interactions are not well-understood. Each machine is configured
for one technology type, and only certain materials and process parameters can be leveraged
within that machine group. The remaining factors leave the designer with a limited range of

achievable mechanical characteristics; however, there is limited baseline knowledge that can be



leveraged by designers. Understanding and consequently expanding the range of properties could

result in new application of the technology and parts.

1.3.2 Thesis Objectives

The objectives for this thesis are to develop a better understanding of the different factors that can
influence the mechanical properties and decisions for design of an RP part, specifically using a
3D printer. The hypothesis is that the infiltrate will improve the tensile, compressive and flexural
properties of the material in the similar ranking as previous studies. The results of the different
infiltrates will also incorporate a range of strengths that will reflect the 3 build orientation
conditions. The knowledge obtained from this comprehensive study can be used to understand
how the different variables and decisions affect the final part and process. Thus, the designer
could be able to more confidently predict the mechanical characteristics of the part through the
use of infiltrates and the use of an intermediary value for build orientations. The introduction of a
multiple infiltrate technique will also help bridge the ranges and demonstrate the ability to predict
with closer tolerances. The analysis and knowledge of mechanical quality ranges will also help
the designer tailor the variables to build a part with specific qualities while considering resource
usage. Below, in Figure 2, is a fishbone diagram illustrating some of the factors that affect the

mechanical properties of 3D printed parts.
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Figure 2 Fishbone Diagram illustrating Factors that can affect the Mechanical properties of a 3D printed Part



1.3.3 Scope of Research
There are many factors that can influence the mechanical properties of a 3D printed part, and
selected elements are illustrated in the Ishikawa diagram (Figure 3(a) and (b)). However, there is
limited published research correlating the tensile, compressive, and bending characteristics with
respect to various infiltrate options. Therefore, the goal of this research is to perform a
comprehensive study with respect to assessing the impact of selected post-processing variables on
these mechanical characteristics. The experimental work is performed on a Z-Printer 450 machine

using the ZP 150 powder, and the ZP 59 binder type.

Infiltrate Used

Epsom Salt Mixture

Epoxy Cyanoacrylate
Two part mixture
Glue
Wax
(a)
Curin Concentration
Time ultiple
/V‘Stage P d
- & rocedure
Application / h\ Single application
Temperature /4 »  Spray Brush
Cure Method
Aid
Absorption Submerge
Post Process
of Infiltrates
(b)

Figure 3 (a) Infiltrate Used — section of fishbone and (b) Post Process of Infiltrate — section of fishbone



The comprehensive study includes the three physical testing methods, with their specific
geometry and test set-ups. The specimens were printed in three different build orientations and
post processed with different types and levels of infiltrates. Force and distance results from the
tests were obtained from the testing software. The absorption depth of the infiltrate was measured
for all the specimens. The test specimens represent different build orientations to understand their
impact on the different stresses present and predict the build directions for the optimal stresses
desired. Curve fitting of the stress and strain observed are used to help to classify, compare and
predict the impact or failure due to stress and/or deflection. These results further analyze their
impact of the decisions affecting the management of resources to decide which factors are most

important when making design decisions.

Presently, there is no complete experimental or theoretical foundation for designers to predict the
mechanical characteristics of a 3D printed part, including employing a standardized testing
methodology. Therefore, a complementary research outcome was establishing a robust approach
for data collection, including standardizing specimen sizes, sample preparation and testing

methods for components fabricated by the 3DP process.
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CHAPTER 2

BACKGROUND

2.1 Background

Three dimensional printing (3DP) was developed by the Massachusetts Institute of Technology.
The parts that were made in this process were typically for ‘proof of concept’, as the parts were
generally very brittle (Upcraft & Fletcher, 2003). This is no longer the case as different materials

and infiltrates can increase the characteristics greatly.

2.1.1 Building of the part

The building of a 3D printed part is achieved by the layering of powder material and bonding
them together. The build bed will have a layer of power layered on the surface by the feed roller.
The printer head/binder cartridge will then dispense the binding material on the powder at the
desired location dictated by the slice produced from the CAD representation of the part being
built. Once that slice is complete, the build surface will then lower into the build chamber and the
feed roller will push another layer of power on top of the bed. The print head will only deposit
binder based on the parts geometry. There is no need for extra support material as the base
powder acts as the support structure each time a new layer is feed through. Once the building is
complete, the build chamber will then be raised and the full printed part will then be revealed.
The excess build powder will be brushed off and recycled for future use. Figure 4a is the
schematic view of the 3D printing process and 4b is an illustrated summary of the 3DP process

flow.

11



(a)

Process Planning:

Select Layer thickness * = Send build
Position / Orient file file to
. machine

Machine Layer powder via
cycle the feed roller

Dispense the binding
Repeat material on the powder
at the desired location

Lower the build

platform

Extract the component / assembly
Remove excess powder

Recycle unused f[—
powder Post
Processing
(b)

Figure 4 (a) Schematic view of the 3DP process (Upcraft & Fletcher, 2003)and (b) 3DP Process flow

When compared to other RP technologies, 3DP has shorter building times and consumes less
expensive raw materials (Upcraft & Fletcher, 2003). These factors have made the printer more
affordable. Once seen as a disadvantage, part being brittle and requiring infiltration, is now an
advantage. This advantage is realized in the more diverse products that can be obtained from the
variations in powder, binder, and infiltrates (Z Corporation, 2005). These factors and variables
have led to many researchers looking to understand the different combinations and finding the

correct one for their application.
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2.2 Literature Review

The original equipment manufacturer (OEM), Z corp. (Z Corporation, 2005), provides basic

information with respect to adjusting parameters and variables to reach the desired effect and

characteristics of the final printed part, for various machines, base materials, and infiltrates. The

information provides the general applications and characteristics that can be observed with their

products, and the available information is limited. The goal is to be able to build a component

with specified mechanical characteristics; consequently, a more in-depth understanding is needed

when specific results and characteristics are preferred. As a result, researchers have tested and

documented some of the variables that can be altered to understand their effects. These variables

include: infiltrates, binder levels, layer thickness, and the curing method. The results were

compiled through physical testing and measurements. Below in Table 2, various directions of

researchers are summarized. (T-time , M-method, A-absorption)

c E o)
R [=2) b=
(%)) = —_
Author w| 82 | £ = Comments
Z| g5 8| & =
| s|&| £ = M
1O M| M — _
Pilipovic, Raos & Sercer (2009) X X Compared 3DP and Polyjet
components
Frascati (2007) X X Orientation has a significant
Gharaie, Morsi & Massood (2013) X effect
Galeta, Kladri & Karaka (2013) X X _
Vaezi & Chua (2011), X x| X | x Thinner layers are produce
stronger components
Zafartu & Ramos (2010) X
2 phase experimental process,
Suwanprateeb (2006) X X described well
Hsu & Lai (2010) X X X D|n_1er_15|o_nal stability and
optimization
Yao & Tseng (2002) X Dimensional stability
Lu et al (2014) X Control algorithm

Table 2 Critical literature review summary

In most cases, researchers are most concerned with the tensile characteristics of the final part.
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2.2.1 Build parameters

Researchers have been interested in the changing of the building parameter and the affect it will
have on the mechanical characteristics of the printed part. These build parameters range from the
part location on the build bed, direction of build, the thickness of build layers as well as the

binder level.

2.2.2 Orientation

The orientation of the part can have two meanings, location and build direction. In terms of the
location of the specimen on the build bed, researchers observed that it has no significantly effect
on the mechanical characteristics of the printed part. With experimental results, authors Frascati
(2007), Galeta (2013), and Yao & Tseng (2002), have all noted that the location of the part is not
a major factor in the mechanical characteristics or dimensional analysis of the part. However,
build direction was documented to have a significant effect on the test results. Build direction, as
in orientation of the part, is a variable used to understand how the direction of build layers affect
the parts reaction to directional forces. An example of the different orientation is illustrated below

in Figure 5 and adapted from an article by Gharaie, Morsi, & Masood (2013).

Z
90.0°
A7
]
45 .0°
=
b
Build Orientation X

Figure 5 - Three different planes and Build Orientations adapted from, (Gharaie, Morsi, & Masood, 2013)

The above representation helps to visualize the different orientations and understand why the

14



tensile specimens will react differently by directional forces applied on the layers. It was found in
the study that the 45° build orientation exhibited the highest tensile strength while the 90°
(transverse) orientation exhibited the worst. The results from the experiment can be seen in

Figure 6 below.

Tensile Strength Comparison

(Gharaie, Morsi, & Masood, 2013)

- 14
©
Qo 12
z F Fiecd
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» Transverse| 1.71 1.75 10.9 11.1 1.222 1.18
45 degree 4.73 4.75 12.6 12.85 3.98 3.92

Figure 6 - Tensile Strength Comparison w/ Orientation (Gharaie et al., 2013)

It was also noted, by Frascati (2007), that the orientation had this effect because the bond between
layers are not as strong as the layers themselves. The force need to separate the layers would be
less than to stress crack through a number of layer. This is illustrated more clearly with a

representation of the breaks formed in Figure 7.
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Figure 7 Fractures from tensile test based on orientation (adapted from Caulfield, McHugh & Lohfeld (2006)
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Mixed results from the strength from orientation were observed by Galeta et al. (2013). They
experimented with orientation of the build specimen but there was not a significant different in
their test results. This could have been because the author omitted building the specimen in the Z

direction, as it would have taken too much time (Galeta, Kladaric & Karakasic, 2013).

2.2.3 Layer Thickness and Binder level

Layer thickness and binder level are parameters that can be changed within the printer’s software,
therefore, it is easy to alter to compare results. It is observed in the article by Galeta et al. (2013)
that test specimens that had the smaller layer thickness resulted in a higher tensile strength than
that of the thicker layers. In the article by authors Vaezi & Chua (2011), their test experiment did
not add infiltrates but only looked into the effects of binder saturation and layer thickness. They
investigated two levels of binder saturation and layer thickness and they similarly observed that
the thinner layers with higher binder saturation produced a stronger part. This is not surprising

that the specimens with the highest binder content performed better because the build material

16



itself is just powder and would not positively affect the parts strength. The results also show that
when the binder saturation level remained constant, that the thin layer resulted in a stronger part.
Similar to the other article, the observed increased strength in thin layers is due to the fact by
having more layers, more binder was subsequently used building the specimen (Vaezi & Chua,
2011). Although experimenting with a different process of 3D printing, the author, Zafartu-Apara
& Ramos-Grez (2010), also observes that the printed parts with thinner layers are stronger. It is
their assumption, that when more binder is used it aids the material to be more compact resulting

in a more dense part, and therefore stronger (Zafnartu-Apara & Ramos-Grez, 2010).

Another research direction focuses on dimensional characteristics as opposed to the strength (Yao
& Tseng, 2002). They used the Taguchi method to optimize the process parameters to create a
better part based on dimensional tolerances. The process parameters were the layer thickness,
binder levels in shell and core, and part location on the build plane. The optimal parameters, for
the study conducted by Yao & Tseng (2002) to result in an improvement in performance, are
presented in Table 3. The chart leads the reader to believe that the improved performance
measures were a desired outcome. But if it were a desired outcome, there would be a comparison
with more samples within the experiment. For example, some of the specimen measurements did
not have a significant different in their measured height. It is observed that there is only 0.025%

difference in height among some of the specimens with different process parameters.

Item Time Parameter Layer Binder Used
(ZP11) Criginal 98 min 0.007inch (0.1778mm) 100 units
(ZP11) Optimal 91 min 0.007inch {0.1778mm) 90 units
Saved 7 min 10 units
(ZP 100) Original 207 min 0.0035inch (0.0889mm) 251 units
(ZP 100) Optimal 170 min 0.004inch (0.1016mm) 200 units
Saved 37 min 51 units

Table 3 Improved performance from new optimal parameters (Yao & Tseng, 2002)
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Figure 60 Compressive stress — strain curve for polyurethane (P1)

While this type of curve representation is expected from a brittle material, the other infiltration
type specimens need three curves equations to fit their respected stress-strain curves. An example
is illustrated in Figure 61 with the stress-strain curve of the epoxy (R2). This curve has an extra

polynomial curve at the beginning of the test.
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Figure 61 Compressive stress — strain curve for epoxy (R2)

This ramp up polynomial curve is also reflected in the polyurethane (P2), epoxy (R1),

cyanoacrylate and the control specimens which can be seen in Appendix J.

Some of the infiltration type might have had the same type of curves to fit but each was at
different magnitudes and was bounded in different areas. Table 36 gives a summary of the
different curve types, equations and bounded sections. The region number is given along with the

linear equation that is used as the specimen’s modulus of elasticity (E).
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Compression
Infiltrate Code | Run Equation Region #| Curve Shape Bound
y =448961x2 + 352.86x + 0.1006 1 Polynomial [0,.002]
Control C 49 y =2429.63x - 2.26178 2(E) Linear [.002,.004]
y =-741718x2 + 7975.6x - 12.583 3 Polynomial [.004,.005]
y =700610x2 + 1051.6x + 0.124 1 Polynomial [0,.002]
R1 37 y = 4507.36x - 4.266 2 (E) Linear [.002,.007]
Epoxy y =-217778x2 + 6725.2x - 9.5406 3 Polynomial [.007,.005]
y =445514x2 + 808.53x + 0.112 1 Polynomial [0,.003]
R2 27 y =4749.504x - 8.09208 2 (E) Linear [.003,.0085]
y =-214262x2 + 7499.5x - 16.379 3 Polynomial | [.0085,.0184]
y =452727x2 - 154.42x +0.2059 1 Polynomial [0,.003]
Cyanoacrylate| B 19 y =4351.22x - 9.34866 2 (E) Linear [.003,.0063]
y =-406170x2 + 8605x - 20.331 3 Polynomial | [.0063,.0108]
54 2 y = 3416.786x + 0.399 1(E) Linear [0,.004]
y =-398236x2 + 5307.5x - 0.8901 2 Polynomial [.004,.007]
Polyurethane y = 356186x2 + 755.89x + 0.0995 1 Polynomial [0,.0014]
P2 89 y =2385.85x - 1.564 2 (E) Linear [.0014,.0043]
y =-157085x2 + 2726.9x - 0.0894 3 Polynomial [.0043,.01]

Table 36 Summary of the different curve types, equations and bounded sections for compression

8.4 Flexural

The curves that were selected to examine more closely are the curves illustrated earlier in the
paper. Below illustrated in Figure 62 are the curves selected for the measuring curve shape. These

samples are selected from the highest performing test runs of each of the infiltrate types.
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Flexural Response Curve to Failure
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Figure 62 Select compressive response curves

Each of the curves were separated and graphed individually to examine the curves more closely.
While each of the specimens was built using the same material, the infiltration type produced
different stress-strain curves. Unlike the compression and tensile test, the flexural stress-strain
curves are not smooth. This made is more difficult when fitting the curve and therefore, led to the
curves being segmented into different linear regions. The curves observed could be represented

by two or three different linear regions.

The control specimen, as illustrated in Figure 63, was particularly choppy and therefore, was only
fitted with two linear regions. The graph shows the original curve along with the bounded areas

for the linear regions.
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Figure 63 Flexural stress — strain curve for control

The other curves were a bit smoother and led to dividing them into 3 linear regions. An example

of this separation can be seen in the stress-strain curve for polyurethane (P2), illustrated in Figure

64. Like the above graph, the bounded areas are marked and the linear regions are shown

overlapping the original curve.
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Figure 64 Flexural stress — strain curve for polyurethane (P2)

Other examples of this three linear region curve fit can be seen in the stress-strain curves of the

cyanoacrylate, epoxy (R1, R2 & Rg), and polyurethane (P1), in Appendix K.

The other infiltration types had the same type of curves fit but each were at different slopes and
were bounded in different areas. Table 37 gives a summary of the different curve types, equations

and bounded sections. The region number is given along with the linear equation that is used as

the specimen’s modulus of elasticity (E).
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Flexural
Infiltrate Code | Run Equation Region #| Curve Shape Bound
y =949.41x + 1.7855 1(E) Linear [0,.0023]
Control C 4 -

y =51.5309x + 3.902 2 Linear [.0023, .0034]

y =3130.423x +.895189 1 Linear [0,.0038]
R1 11 y =2542.037x + 3.156562 2 (E) Linear [.0038,.0059]
y =1118.201x + 11.55107 3 Linear [.0059,.0066]

y =2781.91x +.09499 1 Linear [0,.005]
Epoxy R2 | 10 y =1910.758x + 5.3448 2(E) Linear [.005,.0068]
y =981.2559x + 11.71955 3 Linear [.0068,.0074]

y =2745.512x + 1.1375 1 Linear [0,.0044]
Rg | 27 y = 1887.03x + 4.9416 2 (E) Linear [.0044,.0063]
y =484.627x +13.77 3 Linear [.0063,.0069]

y =1991.9 +.830699 1 Linear [0,.0024]
Cyanoacrylate| B 28 y = 1157.402x + 2.8602 2 (E) Linear [.0024,.0048]
y = 189.611x + 7.56076 3 Linear [.0048,.0063]

y =1793.75x + 1.324 1 Linear [0,.0029]
P1 6 y =1047.79x + 3.472376 2 (E) Linear [.0029,.0056]
y =359.37x +7.3275 3 Linear [.0056,.0082]

Polyurethane -

y = 1606.7x +.9572 1 Linear [0,.0037]
P2 20 y =900.28x + 3.5786 2 (E) Linear [.0037,.0069]
y =181.6337x + 8.5437 3 Linear [.0069,.0083]

Table 37 Summary of the different curve types, equations and bounded sections for flexural

8.5 Observations

The results from the test runs and curve fittings are subject to the specific machine-materials used
in this experiment. While the outcome might be specific for this experiment, the changes that
were made on the material with the different infiltrate type are quite dramatic. The material and
specimens were brittle and there was no necking evident during tensile testing. The curves did
resemble more toward that of curves from tests conducted on brittle material. Each of the curves
for the in-depth study all were fitted with linear regions. The linear regions, with the resulting

slopes for tension, compression and flexural, are summarized in Tables 38, 39, and 40.
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Tensile
. E=0o/¢e .
Infiltrate Code | Run Region #
Slope
Control C 37 160.22 3(E)
R1L | 72 1080.23 3(E)
Epoxy
R2 | 48 1387.62 2 (E)
Cyanoacrylate| B 19 753.52 (E)
P1 | 22 808.57 2 (E)
Polyurethane
P2 | 89 591.67 2 (E)

Table 38 Linear regions, with the resulting slopes for tension.

Compression

Infiltrate Code | Run =@ Region #
Slope
Control C 49 2429.63 2 (E)
R1 37 4507.36 2 (E)
Epoxy
R2 27 4749.5 2 (E)
Cyanoacrylate B 90 4351.22 2 (E)
P1 30 3416.79 1 (E)
Polyurethane
P2 19 2385.85 2 (E)

Table 39 Linear regions, with the resulting slopes for compression.

Flexural
. E=0o/¢e .
Infiltrate Code | Run Region #
Slope

Control C 4 949.42 1(E)

R1 11 2542.037 2 (E)

Epoxy R2 10 1910.76 2 (E)

Rg 27 1887.03 2 (E)

Cyanoacrylate B 28 1157.4 2 (E)

P1 6 1047.8 2 (E)

Polyurethane
P2 20 900.28 2 (E)

Table 40 Linear regions, with the resulting slopes for flexural.
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For all of the tests, the hardest material with the largest slope was the epoxy specimens. By
infiltrating these specimens with the epoxy, they not only became the strongest of the samples but
became the most brittle. Other than the control specimens, and the cyanoacrylate tensile
specimen, the polyurethane specimen sets produced the lowest slope. Of the set, the specimens

with the longer application time had the lowest. This could show that the material, while getting
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Figure 66 Predictive strength vs. Build angle (a) Tensile (b) Compression

To determine the performance characteristics for different base material and infiltrate options,
and prior to performing optimization or virtual simulations, experimental work must be
conducted to determine how the samples react to applied forces, as well as the failure points. The
material-infiltrate performance characteristics vary per build orientation; hence, the necessity of
determining the best and worst cases for designers. Ranked results from the study, illustrated in
the Table 41, show that there are many of the build areas to view the variable and the outcome.
Not one type and orientation is completely better than another as they all have their advantages.
The ranked results summary can be used by designers as a decision matrix to understand the
different resources, variable and how they interact with obtaining the results. It can be used in the
planning stage to ensure that the correct resources are available to achieve the desired results or
what types of results would be expected with the specific resources on hand. Immediately below

the summary table, Table 42 is the legend and rational for ranking the items.
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*Absorption depth represents the different test specimens and not the build orientation, (0O=Tensile,
45=Compression & 90=flexural)

**Curve fitting represents the different test specimens and not the build orientation, (0=Tensile,
45=Compression & 90=flexural)

*** Rg would always represent the 0 build orientation and the flexural test specimen

Table 42 Legend and rational for ranking of summary table

The table includes the ranking of each of the items, whether qualitative or quantitative. For all
gualitative data, bounded levels were made to rank the observations. The lowest result of the
category / column was subtracted from the highest recorded result. The resultant was then
subdivided into 5 equal levels with the highest and lowest points being the ultimate bounds. By
ranking them by this method, the table would reflect the possible large variation between the
results. The grey squares in the chart are items that do not have data to allow them to be ranked.
Also, in the table, there are some blacked out squares. These squares represent the results of the
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items that were observed to perform worse than the control specimen set. This is made to
standout showing there is no benefit found by building a part at the particular build orientation,

with the specific infiltrate for the type of testing.

The qualitative ranking was produced to understand the complexities within the choice of the
level of effort need for the item. The curve fitting rankings reflect the types and amounts of
stress-strain curves that can be observed while reacting to forces. Infiltrate cost is based more on
the perceived availability and the speed at which the item can be replaced. The safety ranking is
one of the most important items ranked and can be easily overlooked. For example, proper
personal protective equipment (PPE) must be used, including a respirator when working with the
two infiltrate type that raked as the strongest, cyanoacrylate and epoxy. If the proper PPE is not
available, another infiltrate should be used or the post processing put on hold until the items can

be obtained, as safety should always come first.

This experimental data related to the both the performance results and the resources needs to be
collected to be able to develop a design-build optimization model. With respect to time and
binder usage, for this experiment set, the horizontal build orientation is the most sensitive to
design variants in the Z plane and overall had the least performance improvements. However,
this would provide a conservative baseline. Specific testing is required for new machine-material-
infiltrate combinations to calibrate a performance model and to develop a post-processing

configuration database.
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CHAPTER 10

FUTURE WORK

This study is only the beginning to help understand the reactions that some of the processing and
post processing decision affecting the design decision. Short term future work include testing
different intermittent angles, testing using double angles, and adding analysis under the stress
statin curve. Testing the specimen built at intermittent angle will aid in better understanding and

mapping the mechanical characteristics based on build orientation.

Currently, it is known that the three build orientations have an effect on the parts but the reaction
of the material between the measured angles cannot be confidently predicted. As a supplement to
this testing, double angles specimen can be integrated into the experiment to observe the reaction

of multiplying the variable.

Reporting and analyzing the ultimate strengths are important but to add to the overall knowledge
of this material, an area under the curve analysis should be done. The area under the stress strain
curve is the strain energy density. This analysis shows insight on the toughness of the material to

the amount of force absorbed, not just the acute force observed at failure.

Future work in general will include greater detail and focus toward standardizing specimen
geometry for 3D printed or AM material, introducing and testing different infiltrates, and

observing the curve reactions for more studies and physical tests.

Further understanding of the material and mechanical characteristics can be realized through
different specimen geometry and testing methods. This study adapted standard geometry to help
eliminate some of the bias and noise that could have been a factor with different geometry. The
shape was used to reduce the number of specimens that needed to be built. While this was a way

of limiting, the rectangular version could be made to see if the actual build rotation at the
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different directions could affect the parts. Also, the diameter of the specimen was chosen because
that the deepest observed distance an infiltrate was observed. Similar results could be found using
smaller specimens but tests must be conducted to ultimately understand the standard thickness
that a standard test specimen must have for AM material. This would take into account for the
optimum number of layers needed and distance between shells and support material. By having a

standard, more technologies and material could be easily compared.

Along with different test geometry, additional physical testing should be performed to access the
torsional, fatigue, notch strength and delamination characteristics for this infiltrate set. This
complete test set should be conducted for the infiltrates covered and for all new infiltrates. To
maximize the information and knowledge from the test runs, the use of stain gauges should be
incorporated. With more data, trends might seem more evident among not only this technology
but other AM technologies. With this added knowledge and trends, a robust package could be
obtained to include simulation on how the materials and subsequent parts will react to forces.
This simulation could lead to more development and usages for these printed parts. Scale models
that could perform with scale failures could be used for demonstrations, testing and models.
While this test is specific for this machine and material, other tests can be conducted and results
can be calibrated with these. By using at least one of the mention infiltrates with the proper post
processing, the results and ranking can be used any other subsequent tests conducted. Whether the

tests were different infiltrates or application, the results could help to identify how they will react.

The curve fittings can help designers choose unique reactions that might mimic the reactions to
force found in biomechanical testing. The curve fittings would help to produce items to scale or
variants that could be used as testing with the advantage of predictive replication of the specimen.
Combination of geometry and post processing would assist in altering reaction curves to the

designers’ specifications.
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APPENDIX A

ASTM tensile test specimens (adapted from ASTM std. B557-14)
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Specimen 1 Specimen 2' Specimen 3 Specimen 4 Specimen 5
G— Gage length 2.000 £ 0.005 2.000 £ 0.005  2.000 £ 0.005 2.000 =+ 0.005 2.000 = 0.005
D—Diameter (Note 1) 0.500 £ 0.010  0.500 £ 0.010  0.500 £ 0.010  0.500 £ 0.010  0.500 % 0.010
R—Radius of fillet, min % % Yo % %
A— Length of reduced section 2%, min 2%, min 4, approxi- 2%, min 2%, min
mately .

L—Over-all length, approxi- 5 5% 5% 4% 9%

mate
B—Length of end section 1%, approxi- 1, approxi- - %, approxi- Y, approxi- 3, min

(Note 2) mately mately mately mately

. C— Diameter of end section % % T Y

E— Length of shoulderand fil- % % %

let section, approximate
F— Diameter of shoulder % % 192
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