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Figure 13. (a) Sample with strategically placed interior voids, (b) Comparison of the compressive strength

of the material used

The other unexpected result is illustrated with the tensile test. The failure points are not in the center
for several (most) cases. The cases are experiments with diverse internal raster fill angle

orientations [20]. Figure 14 shows tensile specimens with different materials.

ABS Polycarbonate

Figure 14. Tensile failure point with ABS and polycarbonate materials (adapted from [4])

The reason for these unusual tensile and compressive test results is due to the presence of
unexpected voids created by the tool path deposition pattern. The toolpath in the AM-ME process
is the trajectory of the nozzle or print head during the manufacturing process to fill the interior of
each layer [30]. There are two kinds of toolpaths typically employed for the AM-ME process. The
first one is a direction parallel toolpath for the interior area of the layer. The raster fill angle or the
fill direction varies 90° between layers [31] and the second one is a contour parallel toolpath for
the boundary of the layer [32]. Figure 15 shows these two toolpaths, respectively.

(@) (b)
Figure 15. (a) Direction parallel toolpath, (b) Contour parallel toolpath (adapted from [4])
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As Figure 16 shows, there are unwanted voids (which are the regions not covered with the material
during the build process) between the contour tool path and the raster fill tool path for a tensile

sample. In this figure, the raster angle, raster, contour, and bead width are shown, respectively.

, Besd Width' ' 7

Vot b il ot

Contour

Figure 16. Voids in the tensile specimen

An additional issue is related to the start and stop points in the tool path. These introduce
discontinuities, which reduces the strength, and typically occur near to the unwanted void regions
(Figure 17 (a)). Having voids, discontinuities, and 3D voids that are interconnected through
multiple layers (chimneys) will introduce internal failure points for a product. Therefore, this
dissertation aims to identify voids region in a toolpath to minimize them in each layer, and to
manage available build solutions to avoid creating an internal chimney condition. Figure 17 (a and
b) illustrates two toolpath types, direction parallel, and contour parallel toolpath, respectively. The
figure shows unwanted voids with both toolpaths, but the number, sizes, and locations vary. If this
information can be captured, then these resultant voids can be reduced, or managed (i.e.,

repositioned).

(@) (b)

Figure 17. Voids and discontinuity (a) Direction parallel toolpath and voids for one layer, and (b) Contour

parallel toolpath and voids for one layer.

The other issue is the component orientation in the build envelope influences the positions and

areas for the voids. By changing the build orientation of the part, the number of slices and the cross-
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sectional areas to be filled, along with the void regions within a component, will be different. Figure

18 shows the three different rotations for one part around the X and Y axes.

The figure shows the number of layers, the area of each layer, the volume of support materials, etc.
are different between these build orientations. The bead height, bead width and raster angle for this

example are 0.254 mm, 0.5064 mm, and 45°.

# of Layers 47 41 80
Material
Support Materia 0.926 1558 0.203
(cm®)
Build Material
uild Materia 1.929 2.317 1.475
(cm®)
Average Volume
per Layer 0.041 0.057 0.018
Time (min) 13 18 9
(a) (b) (©)

Figure 18. Different rotation of one part

The next example shows the relationship between the build orientation and total materials. For
example, the thin covers, with vent holes, are utilized to illustrate the positive and negative
characteristics of the AM-ME processes. The cover in Figure 19 has a large surface volume, and
wall thicknesses that vary between 1.2 - 2.0 mm. The vent holes or slots have a 0.4 mm radius. The
cover has a bounding box of 394 x 166 x 81 mm and 370 vent holes.
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Support material under
394 x 166 x 81 mm the lips of inset geometry
mm bounding box

Support material fills the

cavity
Detail view of
the vent holes

Figure 19. Bottom vent cover geometry and time and material build estimates

The build times are long for any build orientation, and there is support material required for
overhanging structures (Table 9). The critical decisive characteristic for the AM-ME process family
is that complex components such as this part can be readily manufactured using an AM-ME
machine for a moderately low cost and reduced material waste compared to a machining solution;
however, support material (here approximately 380 — 1010 cm®) may be required. Consequently,
support structure optimization has been designed to minimize support material requirements, and

the standard build orientation optimization is linked with reducing support material requirements.
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Table 9. Comparison of time, build and support materials for open face up and down of Figure 19

0.178 mm slice thickness, 2:1 ratio bead thickness: bead height

Open face UP Open face DOWN
Solid, Basic Solid Build & Sparse Solid, Basic Solid Build & Sparse
Supports Support Material Supports Support Material

Time 3%hr9m 32 hrs.3m 58 hrs. 44 m 34 hrs. 59 m

Build 189.0 188.9 228.2 208.3

(cm’)
Support 646.8 384.4 1013.1 403.7

(cm’)

Total 835.8 573.3 12413 612.0
material

A complementary venting cover (Figure 20 and Table 10) has an optimal build orientation, as there

is one build orientation that minimizes support material and the total build time (Table 11).

Open face
Support material OPTIMAL Solid, Basic
394 x 166 x 116mm under the lips orientation Supports
bounding box 20h2m
Emm-

Interior support

) Almost no support
material

material @ 46.5°

Figure 20. Cover vent cover geometry and time and material build estimates

Table 10 compares the time, build material, and support material for two positions shown in Figure
20.
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Table 10.Comparison of time, build and support materials for open face up and down of Figure 20

0.178 mm slice thickness, 2:1 ratio bead thickness: bead height

Open face UP Open face DOWN
Solid, Basic Solid Build & Sparse Solid, Basic Solid Build & Sparse
Supports Support Material Supports Support Material

Time 43h47m 36 hrs. 43 m 48 hrs. 33 m 37 hrs. 12 m

Build 264.5 252.6 278.7 251.1

(cm®)
Support 391.3 2815 576.6 304.3

(cm®)

Total 655.8 534.1 855.3 555.4
material

For the cover in Figure 19, the four build options were generated in less than 10 minutes. The

generated tool path and the build parameters for the process are opaque to the user.

Table 11. Comparison of time, build and support materials for optimal position

Open face Optimal Solid, Basic Supports
Time 20 h 2 min

Build (cm?®) 216.8

Support (cm®) 39.1

Total material 255.9

As Figure 19 and Figure 20 show, the build orientation effects on time, build support materials. In
the AM-ME process, by changing build orientation (XY plane versus the XZ plane), the volume of
voids are adjusted, too. Figure 21 compares two build orientation and size of voids of one part. The
green color shows the toolpath for the specific layer and the red color illustrates the voids in that

layer. It can be seen that there are numerous interior voids during the process.
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Figure 21. Different rotation and position of voids

In the process planning of AM-ME process, the voids regions have occurred during the toolpath
step of the AM-ME process (Figure 22). As it was discussed before in this section, the deposition
toolpath leaves voids, which impacts the strength and performance of the finished product. There
is a lack of methodologies to optimize available the standard raster and contour toolpath strategies
in the existing process planning software. Contemporary solutions cause unwanted voids, which in
turn creates a set of potential failure points within the finished product. The goal is to minimize
voids in each layer, and to prevent void regions being stacked in 3D, i.e., avoid creating an internal
chimney by using available machine/process settings. Also, the build orientation is studied to

choosing the best build orientation to minimize the volume of voids.
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Figure 22. Problem statement in the process planning of material extrusion process

Dissertation Outline

In this dissertation, the derived mathematical model, which establishes a build solution based on
the component geometry and the available build options for a given AM-ME process is novel. A
C++ program has been developed to select a set of standard (available) toolpath parameters to
determine the optimal output process variables (bead width, raster angle, and the overlap
percentage) for a layer, and for the stacked layers. This optimization strategy has not been proposed

before.

Chapter 2 reviews the background on optimization strategies in the AM-ME process. A collection
of significant studies done on toolpath solutions is presented. The five parameters, the orientation
of the part, bead height, bead width, overlaps, and raster angle, which influence the toolpath are
explained by details. The relationship between toolpath and strength, surface finish, and accuracy

are studied.

Chapter 3 presents the mathematical model to minimize voids and its conditions. Variables and
parameters involved in the mathematical model are defined and explained. Optimal relationships
are established based on the geometry and available machine build configurations. The component
geometry is analyzed and decomposed into build regions. The mathematical model is used to
determine a standard (available) toolpath with optimal variables (bead height, bead width, raster
angle, part orientation and the air gap) to minimize voids for each layer and build region. The
relationship between build orientation and volume of voids is studied, and the algorithm for

choosing the best build orientation to minimize voids is demonstrated.

Chapter 4 gathers the results and discusses the effect of different variables on the toolpath. It was

found that the new model decreases unwanted voids. The final component will contain multiple
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bead widths and overlap conditions, but all are feasible as the available machine solutions are
employed to seed the model. The total voids are compared before and after when the voids are
managed and covered between layers. The experiments are categorized into three main groups
which are solid shapes, non-solid shapes, and the combination of solid and non-solid shapes. This

chapter is shown that the new model is independent of the form of the part and layers.

Chapter 5 compares the build orientation of some case studied. The difference of volume of voids
in each build orientation is discussed. In the end, the best and worst build orientation of the case

studies are compared.

Chapter 6 highlights the contributions arising from the current dissertation and summarizes the

conclusions. Also, the recent research trends and potential future work on toolpath are discussed.
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CHAPTER 2
LITERATURE REVIEW

In this chapter, the previous researches on the AM-ME process, the toolpath parameters, and the
relationship between the toolpath and strength, surface finish, and accuracy will be reviewed. In
the end, the researchers who were working on creating a new toolpath for the AM-ME process will

be mentioned.

Toolpath Parameters

There are five parameters which influence the toolpath, and the resulting voids. These parameters
are the build orientation, the bead height, the bead width, the percent overlaps, and the raster angle.
These parameters influence the toolpath, potential voids follow, strength and the surface finish.

Each of these parameters is explained individually, below.

Build Orientation
The part build orientation affects strength, build time and the appearance of the product. Table 12
and Figure 23 present the differences for the build material (cm?®), support material (cm®), number
of layers and build time (min) for the 0°, 45° and 90° rotation about the X-axis. As it shows, the 90°

has the maximum build and support materials and the smallest number of layers.

Table 12. Results of changing the part orientation

Orientation
0° Rotation about X 45° Rotation about X 90° Rotation about X
5
£
=
=z
(5]
T
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n
[5) [«5) [«6)
—_ - w £ - —| £ — — | E
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Figure 23. The comparison of (a) The build and support materials (cm®), (b) Number of layers and (c) Build

times (min) for the 0°, 45° and 90° rotations about the X-axis

It is well known that the AM-ME processes have anisotropic properties, which are influenced by
the build orientation [33] [34]. For example, after comparing two build orientations for the part
presented in Figure 24, it has been experimentally shown that build orientation in Figure 24 (a) has
a higher tensile strength than that shown in Figure 24 (b). Consequently, understanding the possible
mechanical properties for a material-machine-process set is an ongoing area of research. However,
as it was described before (Figure 14), for the higher strength orientation configuration (Figure 24
(@), the tensile testing failure points are not in the center for several experiments with varying

internal raster fill angle orientations [20].

(@) (b)

Figure 24. (a), (b) Part orientation influences the tensile strength of the sample (b) being weaker than

sample (a) in the longitudinal direction

For compressive strength on surface “A” in Figure 25. The maximum compressive strength is for
Figure 25 (b) rather than Figure 25 (a).
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Figure 25. The relationship between part orientation and compressive strength on surface “A”

The build parameters and the resulting characteristics are interlinked. The build orientation also
influences these results. Figure 26 shows voids in the 32" layer for both cases, (a) 90° around the
X-axis and (b) 30° around the Y-axis. The volume of voids, position of voids, and shape of voids

are depended on the build orientation.

@) n (0)

Figure 26. The relationship between build orientation and voids (a) 90° around the X-axis, and (b) 30°

around the Y-axis
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