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Abstract: The addition of support structures is essential for the successful fabrication of overhang
structures through additive manufacturing (AM). The support structures protect the overhang
portion from distortions. They are fabricated with the functional parts and are removed later after
the fabrication of the AM part. While structures bearing insufficient support result in defective
overhangs, structures with excessive support result in higher material consumption, time and
higher post-processing costs. The objective of this study is to investigate the effects of design and
process parameters of support structures on support removability during the electron beam melting
(EBM)-based additive manufacturing of the Ti6Al4V overhang part. The support design parameters
include tooth parameters, no support offset, fragmentation parameters and perforation parameters.
The EBM process parameters consist of beam current, beam scan speed and beam focus offset.
The results show that both support design and process parameters have a significant effect on support
removability. In addition, with the appropriate selection of design and process parameters, it is
possible to significantly reduce the support removal time and protect the surface quality of the part.

Keywords: additive manufacturing; support structures; electron beam melting; support
structure removability

1. Introduction and Literature Review

Additive manufacturing (AM) is a manufacturing technique used to fabricate three-dimensional
parts in a layer-by-layer manner directly from a computer-aided design (CAD) model.
In powder-bed-fusion (PBF) processes, such as electron beam melting (EBM), and in selective laser
sintering and melting, a thin powder layer is selectively melted using an electron or laser beam [1,2].
Once the powder layer is molten, a new powder layer is spread and melted based upon the CAD data,
the steps are repeated until the full component is fabricated. Although PBF technology can fabricate
complex geometries, it has some limitations in the fabrication of structures with overhang geometries.
The fabrication of structures with overhang geometries that do not contain support structures results
in warpage deformation due to the thermal gradient and residual stress.

Support structures are essential in the manufacturing of defect-free overhang structures through the
PBF process [3]. By facilitating the removal of heat from the structure, support structures prevent part
curling, distortion, sagging, cracks, shrinkage, and/or other deformations that result from thermal stresses.
They also serve to hold the fabricated part in the construction platform during the manufacturing process [4].
Current support generation methods usually involve the use of certain types of structures to cover the
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overhang space. These methods may result in overestimation of the support volume or the placement
of a large number of supports, which may be unnecessary and increase the post-processing time [5].
Support structures have many design rules that are to be incorporated by the designers. For example,
the support structures should be designed to engage in minimal contact with the overhang surface parts [6].
The design of the support structure must also consider the post-processing costs. For instance, minimising
the number of supports, which leads to a minimal number of marks on the surface and reduces the amount
of part clean-up and post-processing [7]. Support structures are the non-functional part of the structure
and are removed after the construction process. Optimisation of the support structure is an important
consideration for the successful fabrication of parts. Accurate selection of support structure design is critical,
as it affects the production cost, time and quality of construction. For example, applying a large contact area
support to the overhang part would result in increased difficulty in support removal, and it might damage
the part surface during removal [8,9]. The support structures are used to build the overhanging geometries
and are later removed by breaking them away. Often, commercial software like Magics (Materialise, Leuven,
Belgium) is used to automatically generate support structures. After the parts are fabricated using AM
technology (EBM), the excess powder and support structures are removed. In PBF, the support structures
are mechanically removed by the application of force or cutting (often manually) [10]. In some cases,
the inability to remove the support structures leads to the inability to manufacture the desired structures.
Various methods are used to remove metal support structures, depending on the material and geometry.
Wire electrical discharge machining, saws [10,11], Dremel handheld power tools [12] and pliers [13] are
popular methods and tools for removing the support structures from PBF parts [14]. Sandpaper is a quick
tool that is used to remove the witness marks leftover by the supports on the bottom surface.

For metal supports, a wire EDM machine, milling equipment, and bandsaw may be required to
remove the part support from the baseplate and then remove the supports from the part [7]. Most of
the AM cost models consider support structures as main parts and as a factor in the estimate of the
total cost. Furthermore, some cost models consider the density of the support structure to estimate the
cost of AM [15,16]. Calignano et al. investigated the effect of block support structures fabricated by
selective laser melting of aluminium and titanium alloys. The results show that the removal of the
support structures from the titanium samples is an easier task as compared to the aluminium samples.
In addition, the support design has an effect on the removability of the applied support structures [17].
Kuo et al. used topology optimisation to design an easily removable support structure that minimises
support material and fabrication time, and results in the fewest artefacts on the surface of the specimen.
A cost-based formulation, comprising a simple and straightforward method, is employed to find a
compromise between the cost and surface profile error induced by specimen weight [18]. To select the
type of support structure design for optimal support removability and the surface quality of the parts,
Jarvinen et al. compared the properties of two types of support structures (web and tube) during the
evaluation of removability. The results showed that the web supports provided superior removability
as compared to the tube supports [19]. All block support structure parameters (tooth, no support offset
parameters, fragmentation, and perforation parameters) are shown in Figure 1.
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Figure 1. Design parameters: (a) tooth parameters, (b) fragmentation parameters, (c) perforation parameters.
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In the EBM process, parameters such as beam current (I), beam scanning speed (V), line offset (LO)
and beam focus offset (FO) are the most relevant process parameters [20]. Line offset refers to the distance
between two hatch lines, and focus offset is the offset of the focal plane from its zero position. Increased line
offset results in lower energy densities, which forms voids in Ti-6Al-4V specimens. An increase in the focus
offset increases the beam diameter and reduces the energy density, which in turn, results in an increase in
the porosity [21]. From the above parameters, the energy density (J/mm?) can be calculated as follows [22]:

IT X Viee X Iscan X Vaps
4 X Dpeamn X Visean

Q= @D
where Q is energy input/mm? (J/mm?), IT = 3.14, V. is accelerating voltage (V) = 60,000 V (standard
accelerating voltage in Arcam EBM), ;¢ is beam current (mA), Vieay is beam scan speed (mm/s), Dyegp
is beam spot diameter (mm) and P1 is focus offset (mA). Dy, is calculated from the focus offset (P1)
by using quadratic nonlinear regression approximation (Source: Arcam AB):

Dypeam = 0.000102 (P1)? + 0.00151 (P1) + 0.131, @)

where y is percentage of energy absorbed by the system, 1 — eback. Mahale [22] by Monte Carlo
simulation in CASINO software, obtaining a value of eback = 0.0025; thus, yabs = 0.9975.

EBM is a metal additive manufacturing process that utilises stiffness support structures for the
production of overhangs. In this study, the effect of support structure parameters (design and process)
is envisaged to develop the design rules for the support structure of Ti6Al4V parts fabricated by EBM.

2. Experimental Procedures

In the current study, ledge overhangs with an overhang portion length of 15 mm and a thickness of
5 mm were designed using block support structures in Magics software (Materialise, Leuven, Belgium).
ARCAM A2 (Arcam EBM, Molnlycke, Gottenburg, Sweden) was used to construct the overhang
specimens. The support structure design and process parameters were varied to evaluate their effect
on support structure removability during the fabrication of the overhang structures. Table 1 lists the
design and process parameters, and their corresponding settings.

In the EBM process, after the completion of the build, the specimens were surrounded by sintered
powder within the build envelope, as shown in Figure 2a. The build envelope was subjected to a
powder recovery system (powder blasting process) to obtain parts free from sintered powder, as shown
in Figure 2b.

Figure 2. Fabricated specimens: (a) specimens on sintered powder; (b) specimens after sand blasting.

The fabricated specimens were then subjected to the support structure removal process. To evaluate
the effect of support structure design and process parameters on the removability of the support
structures, the support structures were removed manually using simple pliers, and the time consumed
in removing the support structures for each specimen was recorded. To maintain uniformity, the support
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structure removal pattern was kept the same for all the specimens and rest time was given after each
specimen to avoid the fatigue. The support removal process was started by removing the support
tooth and then the support body to make the pliers accessible to the interior tooth. Finally, the supports
adhered to the body of the overhang part were removed.

Post processing such as powder and support removal as performed as a last step of the fabrication
stage. However, small support removal burrs remain on the supported part surface, which in turn effect
the surface quality of the produced part. To evaluate the effect of the addition of a support structure
and its parameters on surface quality, surface roughness analysis was carried out by utilizing the
Dektak XT surface profiler (Bruker, Germany), as shown in Figure 3. The support teeth, fragmentation
and process parameters were considered in this investigation. The surface profiles were measured
at three different locations on the supported surface with evaluation length of 10 mm, as shown in
Figure 3b, and then the averages were calculated.

Table 1. Support structure design and process parameters.

Support Structure Parameters Level 1 Level 2 Level 3 Level 4
Tooth height (mm) 1.2 1.80 24 3
Tooth top length (mm) 0.05 0.1 0.15 0.2
Tooth and No Tooth base length (mm) 0.5 0.7 0.90 1.1
Support Offset
Parameters Tooth base interval 0.5 1.50 2.5 3.5
Z offset (mm) 0 0.5 0.1 0.25
No support offset (mm) 0 2 4 6
Desi Xand Y hatching (mm) 3 6 12 15
esign Hatching and -
parameters Fragmengtation Fragmentation 0 1 - -
Parameters Fragmentation interval (mm) 2.5 5 10 -
Separation width (mm) 0.2 0.4 0.8 1.6
Perforation style 0 1 (Diam.) 1 (Rect.) -
Perforation beam (mm) 1.75 35 7 -
Perforation forati )
Parameters Perforation angle 30 45 60 -
Perforation height (mm) 1 2 4 -
Perforation solid height (mm) 1 2 4 -
Current (mA) 1.5 2.5 5 10
Process Processes Scan speed (mm/s) 1000 1400 1800 2200
parameters Parameters
Focus offset (mA) 1 2 4 4
3
2
L,
B

“ 10 mm ‘

(b)

Figure 3. Surface roughness measuring (a) Dektak XT surface profiler; (b) specimen measured surface.
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3. Results Analysis

3.1. Effect of Design Parameters

During the support removal process, it was found that the time taken to remove the support
structure tooth is very small as compared to the time consumed in removing the support structure body,
particularly when some of the support body is adhered to the part surface. In addition, the supports,
which are very close to the part surface, affect the surface quality of the part, as shown in Figure 4.
Therefore, it is recommended to offset the side support body from the part surface, even by a small
distance (no support offset).

b

Figure 4. Overhang side surface quality: (a) No support offset; (b—d) layers of support adhesion on the

a

overhang wall.

It was observed that the support structures with a hatching distance of 6 mm consumed more
time to remove than the supports with a hatching distance of 12 mm. This is because of the increase in
the number of the support teeth for the 6 mm hatching, which decreases the accessibility of the cutting
tool during the removal process. Therefore, the support structures with 6 mm hatching are removed
in smaller segments, which result in increased removal time. It was also observed that the sintered
powder behind the support walls act as an obstacle to support removability, as shown in Figure 5.
To remove the effect of the sintered powder on support structure removability, the powder-blasting
process is carried out as and when it is required.

Support teeth

b

Figure 5. Support tooth structures: (a) before powder removal; (b) after powder removal.

The influence of support structure teeth parameters, hatching, fragmentation parameters and
perforation parameters were evaluated in this section. To study the effect of the support tooth
parameters on support structure removability, overhangs with different support tooth parameters were
constructed and analysed. Teeth parameters after the removal of the sintered powder are presented in
Figure 6.
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2.4mm

Figure 6. Support structure teeth parameters.

The effect of support design parameters on the support removal time for 6 and 12 mm hatching
distances supports is shown in Figure 7. Tooth height, tooth top length, tooth base interval, no support
offset and separation width were found to have significant effect on the support removal time.
Whereas the other factors had little or no effect on the removability. The support removal time
decreases with increase in the tooth height, this is because the increase in the tooth height increases
the accessibility of the cutting tool (pliers) and reduces the need to remove the support body to reach
all teeth. In addition, with increased tooth height, the non-melted powder around the tooth is easily
removed during powder blasting, thereby easing the support removal. Regarding the effect of the
tooth top and base length, the support removal time increases with increase in tooth top length. This is
because the tooth strength increases with increase in tooth top length. However, the tooth base length
did not have a significant effect on support removal time. The results also found that the support tooth
interval has a significant effect on the support removal time. As the tooth interval increases, the support
removal time decreases. This is because as the support tooth interval increases, the total number of
teeth decrease, and the removal tool accessibility increases, which results in easier support removal.

Reducing the support structure volume through the increase of no support offset has a significant
effect on the support removal time. As the no support offset increases, the support removal time
decreases significantly. This is due to the decrease in the supported area and increase in the accessibility
of the cutting tool during the support removal. In addition, the elimination of the contact between
the support structure wall and side surface of the part facilitates the support removal process, which
results in reduced support removal time.

The effect of the hatching distance in the x- and y-directions on support structure removability
is shown in Figure 8. It can be seen that at lower hatching distance, the support removal time is
significantly high. This is because the lower hatching distance results in greater support structure,
and the support-part contact area decreases the removability of the non-melted powder and accessibility
of the support removal tool (pliers).
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Figure 8. Effect of hatching distance on support removability.

Implementing the fragmentation design strategy results in subdivision of support structures and
slightly improves its removability. It can be seen in Figure 7 that the improvement is higher in the case
of the 6 mm hatching distance support, because without the fragmentation strategy, the support body
is solid; therefore, the addition of fragmentation strategy results in subdivided support blocks which
ease the support removal. Whereas in the case of the 12 mm hatching distance, the perforation strategy
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is present by default even without the fragmentation strategy. The application of the fragmentation
strategy results in the elimination of the perforation strategy. Therefore, there is very little effect on
support removal time.

In addition, it was found that the fragmentation separation width has a significant effect on the
removability of support structures. As the fragmentation separation width increases, the support
removal time decreases. This is due to the decrease in the supported surface, increasing the accessibility
of the removal tool and separating the supports into contiguous blocks that are easy to remove,
as shown in Figure 9.

Figure 9. Support structures with various fragmentation separation widths.

Application of perforation strategy results in new support structure configurations, wherein
the supports have holes, which make them weaker as compared to the solid supports and they
consume less material. The effect of perforation style, beam, angle, height, and solid height on support
removability in the 6 and 12 mm hatching distance specimens is shown in Figure 7. The diamond-style
perforation had no effect on support removal time in the 6 mm hatching case, because there is no
change in the geometry of the support. However, in the case of the 12 mm hatching distance support,
the diamond-style perforation resulted in a decrease in the support removal time. Rectangular-style
perforation was found to have a negative effect on support removal time, owing to the disintegration
of the body of the built support into small pieces, which consumes more time.

Figure 7 shows the influence of the perforation beam on support removability. As the perforation
beam increases, the time required to remove the support increases. This is due to the reduction in the
perforation holes, which in turn results in the increase in support body strength. It was also found that
the default perforation angle of 45° performed better than other angles in terms of support removal
time. Regarding the effect of perforation height and perforation solid height, it is found that an increase
in the perforation height resulted in the slight decrease in support removal time, causing a decrease in
solid-wall support and an increase in hole size, and vice versa, for perforation solid height, as shown
in Figure 7.

An ANOVA test with 95% confidence was performed to determine the significance of the selected
parameters. Results of 6 and 12 mm hatching are presented in Tables 2 and 3, respectively.

In case of 6 mm hatching distance supports, most of the selected factors were found to have
significant effects (p < 0.05) on the support removal time. The factors such as tooth top length, tooth
base length, tooth top height and fragmentation interval were found to have no significant effect on the
support removal time, as shown in Table 2. However, in case of 12 mm hatching distance supports,
all the factors except the fragmentation interval were found to have significant effect on the support
removal time.
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Table 2. ANOVA for support removability with respect to the support design parameter (hatching 6).

Source df Sum of Squares Mean Square  F-Value  p-Value Prob > F
Model 34 36.411 1.071 13.88 <0.0001
Linear 34 36.411 1.071 13.88 <0.0001
Tooth height 3 4.698 1.566 20.29 <0.0001
Tooth top length 3 0.613 0.204 2.65 0.093
Tooth base length 3 0.575 0.192 2.48 0.107
Tooth base interval 3 6.341 2.114 27.39 <0.0001
Tooth top height 3 0.022 0.007 0.09 0.962
No support offset 3 10.558 3.519 45.60 <0.0001
Fragmentation 1 2.255 2.255 29.23 <0.0001
Fragmentation interval 2 0.089 0.045 0.58 0.575
separation width 3 5.021 1.674 21.69 <0.0001
Style 2 0.837 0.419 5.42 0.019
Beam 2 0.753 0.377 4.88 0.026
Angle 2 0.592 0.296 3.84 0.049
Height 2 0.712 0.356 461 0.031
Solid height 2 1.368 0.684 8.86 0.004
Error 13 1.003 0.077 - -
Total 47 37.415 - - -

Table 3. ANOVA for support removability with respect to the support design parameter (hatching 12).

Source df Sum of Squares Mean Square  F-Value  p-Value Prob > F
Model 34 12.275 0.361 45.08 <0.0001
Linear 34 12.275 0.361 45.08 <0.0001
Tooth height 3 0.746 0.249 31.06 <0.0001
Tooth top length 3 0.250 0.083 10.42 0.001
Tooth base length 3 0.989 0.330 41.17 <0.0001
Tooth base interval 3 2.371 0.790 98.70 <0.0001
Tooth top height 3 0.141 0.047 5.85 0.009
No support offset 3 2.133 0.711 88.77 <0.0001
Fragmentation 1 0.469 0.469 58.52 <0.0001
Fragmentation interval 2 0.000 0.000 0.00 0.997
separation width 3 1.490 0.497 62.03 <0.0001
Style 2 0.310 0.155 19.38 <0.0001
Beam 2 0.293 0.147 18.31 <0.0001
Angle 2 0.061 0.031 3.82 0.049
Height 2 0.176 0.088 10.96 0.002
Solid height 2 0.284 0.142 17.71 <0.0001
Error 13 0.104 0.008 - -
Total 47 12.379 - - -

3.2. The Influence of Process Parameters

The effect of the EBM process parameters on support structure removability is shown in Figure 10.
It was found that as the beam current increases, the support removal time increases. This is due to
the fact that as the beam current increase, the input energy into the supports increase, which in turn,
increases the support strength, thereby increasing the support removal time. In case of scan speed,
it was found that as the scan speed increases the support removal time decreases. Focus offset was
found to have a little or no effect on the removal time, as shown in Figure 10.
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Figure 10. Effect of EBM process parameters on support removability.

A beam current of 1.25 mA in the specimen labelled C1 resulted in supports wherein the supports
were broken during the powder-blasting process, as shown in Figure 11. The support remains were
easily removed by hand owing to the low strength of supports due to the low input energy. It was
observed that the increase in current from 1.25 to 2.5 mA resulted in supports that could withstand
powder blasting but were very easy to remove. A further increase in the beam current resulted in
supports with considerable strength and significantly higher support removal times.

Remained support
tooth

(®)

Figure 11. Specimen C1 (current = 1.25 mA) (a) before powder-blasting process, and (b) after
powder-blasting process.

Regarding the effect of the scan speed as the scan speed increases, the energy flux decreases,
which reduces the support strength. The support structure of specimen S4 (speed = 2200 mm/s)
had the lowest strength and was most easy to remove. Some of its support was broken during the
powder-blasting process.

The results of ANOVA tests for the effect of the EBM process parameters on support removability
are shown in Table 4. It is clear that the beam current and scan speed have a significant effect on the
removal time. Whereas, focus offset was found to have no significant effect on support removal time.

Table 4. ANOVA for the effect of EBM process parameters on support removability.

Source df Sum of Squares Mean Square  F-Value  p-Value Prob > F
Model 9 3.691 0.410 109.84 0.009
Linear 9 3.691 0.410 109.84 0.009
Current 3 3.354 1.118 299.48 0.003
Scan speed 3 0.228 0.076 20.33 0.047
Focus offset 3 0.040 0.013 3.61 0.224
Error 2 0.007 0.004 - -
Total 11 3.698 - - -
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3.3. Surface Roughness

Support structure parameters were found to have an effect on the surface roughness of the
overhangs. In general, 6 mm hatching support structures resulted in higher surface roughness,
as compared to 12 mm hatching support structures, as shown in Figure 12. This is because of the
presence of a greater number of support teeth with the 6 mm hatching supports, than with the 12 mm
hatching supports. Tooth top length, tooth base length and separation width were found to have
significant effect on the surface roughness. The surface roughness decreases with increases in tooth top
length and separation width. Whereas it increases with increases in tooth base length, as shown in
Figure 12.
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Figure 12. Effect of support parameters on surface roughness.

The surface profiles of the samples with minimum support removal time (0.2 min) and maximum
support removal time (4.77 min) are shown in Figure 13a,b, respectively. The surface roughness results
showed the Ra of 21.9 um for the sample with minimum support removal time, whereas the sample
with maximum support removal time resulted in Ra of 20.68 pm. It was found that the support
structure parameters that resulted in minimum support removal time did not have any adverse effect
on the surface quality of the overhangs and that the surface roughness was similar to the samples built
with other parameters.
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Figure 13. Surface roughness profiles: (a) minimum support removal time; (b) maximum support
removal time.

4. Conclusions

In the current study, the effect of support design and process parameters on support structure
removability was evaluated during the additive manufacturing of Ti6Al4V overhangs via electron
beam melting. In general, the results show that the design and process parameters of the support
structures have a significant effect on support removability. It was found that with the appropriate
selection of design and process parameters for the support structures, it is possible to reduce the support
removal time and protect the part surface quality. The results show that support removability can be
improved significantly with help of proper support design parameters by reducing the supported area,
decreasing the strength of the part/support contact area, and decreasing the strength of the support
structure body. Process parameters, such as beam current and scan speed, were found to have a more
significant effect on support structure removability as compared with beam focus offset.

Based on the current study the following conclusions can be drawn:

1.  Ascompared to the default support tooth parameters, 3 mm tooth height, 0.05 mm tooth top length
and 3.5 mm tooth base interval were found to significantly reduce the support removal time.

2. The fragmented support structure with separation width of 1.6 mm was found to decrease the
support removal time by about 80%.

3. The perforation parameters such as 1.75 mm perforation beam, 60° angle, 4 mm height, and 1 mm
solid height resulted in around 20% reduction in support removal time, as compared to the
default parameters.

4. In case of EBM process parameters, as compared to the default parameters, the beam current
of 1.25 mA and scan speed of 2200 mm/sec resulted in more than 80% reduction of support
removal time.
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