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Abstract

The aim of this study is to identify the limitations of self-supporting structures and evaluate the deformations associated with
overhang structures fabricated without support structures. To achieve these objectives, a series of experiments involving different
overhang geometries were designed, fabricated, and evaluated. The formation of defects during the fabrication of overhanging
structures is detailed, and the self-supporting limits for different overhangs are established. A segmentation strategy for the
support structure addition is proposed and evaluated in different configurations for ledge overhangs to reduce the amount of
support structures without affecting the overhang accuracy. Based on the inferences of this study, design rules are proposed for
producing overhang structures through electron beam melting. The results identified the self-supporting limits for different
overhang geometries. In addition, the proposed segmentation strategy for support generation in ledge overhangs resulted in
reduction of support structure materials and post-processing time without any effect on the quality of the fabricated overhang.

Keywords Additive manufacturing - Self-supporting - Overhang structures - Design for additive manufacturing - Electron beam

melting - Support structures

1 Introduction and literature review

Electron beam melting (EBM) is a relatively new AM tech-
nology based on the powder bed fusion process, wherein an
electron beam is used to selectively melt metal powder based
on the computer-aided design (CAD) data to produce near-
net-shape parts. The EBM technology is used to produce parts
for high-performance applications within biomedical [1-3],
aerospace [4], and automotive industries. It is more effective
with complex parts manufactured in low volumes, where ma-
chining and casting would involve too much lead time and
wastage of material. However, the manufacture of overhang
structures is one of the major challenges faced by AM tech-
nologies. The production of overhangs without support
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structures through powder bed fusion processes results in
distorted objects, mainly because the loose powder is not ther-
mally conductive [5, 6].

To overcome this limitation, support structures are essen-
tial, especially in cases where the optimum orientation does
not eliminate overhanging features [7-9]. However, the addi-
tion of the support structure results in the increase in designing
and building time and requires post-processing for the remov-
al of support structures. The removal of the support structure
introduces the risk of scarring or damaging the part.
Furthermore, support structures built for the EBM process
are mostly dense metal, which is difficult to remove requiring
additional time and cost [10]. Since EBM is a new technology,
there are no design rules for applying the support structures
during the fabrication of overhangs. In addition, the commer-
cial software that is used usually generates the support struc-
tures without considering the capabilities and the limitations
of EBM process.

Recently, some attention has been given to evaluate the
production of the overhang structures using EBM. Vayre
et al., 2013, evaluated the distortion level of the overhang
surfaces in different orientation angles and the effect of adding
the support structures. The distance between the start plate and
the first layer and the effect of support structure density on the
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fabricated overhang quality was also identified [11]. Ameen
et al., 2018, evaluated the manufacturability of overhanging
holes using EBM. The effect of adding the support structures
on the accuracy, mechanical properties, and microstructure
during the production of overhang holes was identified [6].
Vora et al., 2013, demonstrated new capabilities of the EBM
processes to build overhanging structures without support
structures by using the blended powder approach. Al-Si and
Ti64-Cu alloy systems were successfully processed, and
support-free overhang structures of 5-mm dimension were
produced without any warping or distortion [12]. Cloots
et al. developed a segmentation strategy for assigning support
structures for selective laser melting parts. In the developed
strategy, overhanging structures and surfaces were classified
as uncritical regions when the overhanging region is
surrounded with a sufficient solid material to dissipate the heat
and as critical where no sufficient measures for heat dissipa-
tion are unavailable [13]. Some attention has been given to
develop a simulation model for modeling the AM process
[14-16]. To simulate the temperature and stress fields while
building a Ti-6Al-4V simple overhang through EBM and ex-
amine the root cause of overhang warping, Cheng et al., 2014,
developed a three-dimensional (3D) finite element (FE)
thermomechanical model. It was found that the poor thermal
conductivity of the powder material resulted in higher temper-
atures and slower heat dissipation in the overhang part [17].
Cheng and Chou, 2014, developed a two-dimensional (2D)
FE model to simulate the thermomechanical process and eval-
uate the effect of the EBM process parameters on the severity
of thermal stresses during the manufacture of overhang parts.
It was found that for a uniform set of process parameters, the
overhang areas have a higher maximum temperature, higher
tensile stress, and a larger distortion than the areas on a solid
substrate. In addition, a higher energy density may cause more
severe curling at the overhang area [17]. Cheng and Kevin,
2015, developed a 2D thermomechanical FE model to simu-
late the deformation (warping) on different overhang supports
in the EBM process. In this model, the effects of process
parameter, overhang, support structure, and powder porosity

Fig. 1 Fundamental overhang
structures (adapted from [22])

on overhang deformations were evaluated [18]. Cheng et al.,
2014, developed a 3D FE thermomechanical model for tem-
perature and stress simulations in EBM. The temperature and
stress distributions during the fabrication of Ti-6Al-4V over-
hang features were investigated to measure overhang warping
[10]. Chou et al., 2014, proposed systems and methods for
designing and fabricating contact-free support structures for
overhang surfaces using EBM, wherein one or more unmelted
powder layers are disposed in a gap between a lower surface
of the overhang surface and an upper horizontal surface of the
support structure. Heat is conducted from the overhang sur-
face to the support structure through the unmelted powder.
The support structure acts as heat sink, thereby enhancing heat
transfer and reducing the temperature and severe thermal gra-
dients, which arise owing to the poor thermal conductivity of
the powder underneath the overhang [19]. Rami and Frederic
proposed a methodology for the design and optimization of
support structures in the EBM process. New support structures
were designed and their efficiencies were studied. The results
showed a reduction in geometric defects [20]. Cheng et al.,
2017, developed a general framework for the design and op-
timization of the overhang support structure by using a 3D
thermomechanical FE model for the EBM process. The sup-
port structure design problem was formulated using the com-
bined minimum energy and effective heat dissipation
methods. The developed FE model was then used to identify
the locations where a support anchor was required and deter-
mine the support material usage [21]. From the literature re-
view, it is clear that there is a limited research on the fabrica-
tion of overhang structures by using EBM. Also, there are no
specific design rules for support structure generations during
the fabrication of overhangs in EBM.

In this study, the deformations associated with overhang
structures fabricated without support structures are evalu-
ated and the limitations of self-supporting overhang struc-
tures are identified. In addition, a methodology is devel-
oped for designing the appropriate support structures that
result in parts free from deformations while consuming
minimum time and material.
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Fig. 2 Overhang structures. a o1
Convex radii (¢ = 3—-15 mm, v
increment of 1 mm). b Concave ‘ 1
radii (b = 3—15 mm, increment of
1 mm). ¢ Slope overhang (x =
20°-60°, increment of 5°). d
Ledge surface (¢ = 1-15 mm,
increment of 1 mm). e Bridge
overhang (x = 1-10 mm,
increment of 1 mm) r ]
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2 Experimental procedures
2.1 Overhanging structures design

An overhanging structure is a part of a component that is not
supported by a solidified material or substrate during the fab-
rication process. Figure 1 shows the fundamental overhang
structure geometries that include convex radii, concave radii,
downward sloping face, and ledge surfaces.

To identify the self-supporting limitations and evaluate the
deformations associated with the fabrication of overhang
structures without support structures, five overhang structures
were designed, fabricated, and evaluated, as shown in Fig. 2.
The overhang structure dimensions were chosen according to
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Fig. 3 Ledge overhang structure dimensions
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the published scientific works [5, 10, 12, 20, 23-25]. The
thickness of overhanging portion of the ledge structure was
maintained at approximately 2 mm to make the deformation
visible and to avoid potential damage to the machine rake in
case of warping [20]. All the test specimens were supported
with 4-mm height block support structures only at the bottom
surface to prevent any movement of the part during the fabri-
cation process. No support was applied for the overhang
portion.

The effect of the solid support dimensions (L, H) and the
overhang portion dimensions (7, W) on the quality of the ledge
overhang structure is investigated through the design, fabrica-
tion, and evaluation at different levels of each dimension, as
shown in Fig. 3. The selected dimensions and their respective
levels are listed in Table 1.

To reduce the amount of support structures used for the
fabrication of ledge overhangs, the segmentation strategy is
implemented in different configurations and in different direc-
tions, as shown in Fig. 4.

Table 2 lists the chosen levels for each segmentation direc-
tion. More levels are considered for segmentation direction
“d” due to its expected promised results.

Table 1  Dimensions and their selected levels

Variables (mm) Level 1 Level 2 Level 3
T 1 2 3

w 5 10 15

L 3 5 10

H 3 8 10

@ Springer
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a b

Fig.4 Support structures segmentation directions. a One-side segmentation ¥ = 20, 40, 60, 80 mm. b Two-side segmentation ¥ = 20, 40, 60, 80 mm. ¢ x
from 10 to 90 mm, with an increment of 10 mm. d Two x segmentation, x = 10, 20, 30 mm

Table 2 Segmentation directions and theirs selected levels

Segmentationmethod 1 2 3 4 5 6 7 8 9

a 20 40 60 8 - - - - -
b 20 40 60 80 - - - - -
c w s 0 - - - - - =
d 10 20 30 40 50 60 70 80 90

2.2 Experimental material and equipment

Titanium alloy (Ti6Al4V) powder with the chemical compo-
sition as shown in Fig. 5 (energy-dispersive X-ray (EDX) test
result) is used as the feedstock material. The particle size anal-
ysis revealed the size of powder particles to be in the range
49-103 wm, with a mean of around 71 pum as shown in Fig. 6.
The morphology of the powder was mostly spherical, with
some smaller particles adhering to the bigger ones. Figure 7
shows the scanning electron microscope (SEM) analysis of
titanium alloy extra low interstitials (Ti6Al4V ELI) powder.
ARCAM A2, an EBM setup from ARCAM AB, Mélndal,
Sweden, was used to fabricate the test parts with default pro-
cess parameters as listed in Table 3. In this process, an electron
beam melts the metal alloy powder into a fully solid part in a
layer-by-layer manner. The schematic diagram of this process
is shown in Fig. 8; the electrons are emitted from the tungsten

2

filament, which is heated at above 2500 °C. These high-
energy electrons are accelerated through the anode. The mag-
netic field of lenses brings the beam into focus and electro-
magnetically scanned. When the high-energy electrons hit the
titanium powder, their kinetic energy is transformed into heat
energy, which then melts the powder. The titanium powder is
fed by gravity from cassettes and is raked into layers across the
table. The built specimen is lowered on to the built table with
each layer melt cycle until the completion of build. In the
current work, the layer thickness is set as 0.05 mm (compat-
ible with available process parameter theme and it is the min-
imum layer thickness for EBM). All the process is performed
under vacuum, which eliminates impurities and yields high
strength properties of the material. Once the build is finished,
the parts are then cooled to room temperature within the ma-
chine chamber.

The fabricated parts are then subjected to the powder re-
covery system (PRS) to blast the sintered powder using com-
pressed air. Figure 9 shows samples of the fabricated speci-
mens after removing the bonded powder.

To investigate the quality of the fabricated specimens,
various tests are carried out such as visual inspection, mea-
surement using a white light microscope (Mikroskop
Technik Rathenow) in combination with a DSLR camera
(Canon EOS 600D), and, finally, mechanical property and
microstructural evaluations.

Spectrum 1
Element | Weight%
Ti 89.99
5.41

4.59

4 6 8
ull Scale 7330 cts Cursor: 0.000

f 600pm

Fig. 5 Chemical composition of Ti6Al4V ELI powder

1 Electron Image 1
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Fig. 6 Powder particle size d(04): 49930  um d(0.5): 71.858  um d(0.9): 103114 um
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Fig. 7 Scanning electron
microscope image of Ti6A14V
ELI powder particles

To measure the deformation, the test specimen is placed
under the microscope along with the test part drawing printed
on 90-gsm semitransparent paper. After the appropriate align-
ment, the part is compared against the original geometry with
the help of the semitransparent paper, including the part num-
ber as shown in Fig. 10. Three samples each of all overhang
structure specimens were measured and then their averages
were computed.

The mechanical properties play an important role in actual
applications; as it is difficult to conduct a tensile test on small

Table 3  Default EBM process parameters

Parameters Values
Beam current, /;, (mA) 15
Scan speed, v (mm/s) 4530
Focus offset (mA) 3

Line offset (mm) 0.1
Acceleration voltage, U (kV) 60
Electron beam diameter, ® (pm) 200
Powder layer thickness (mm) 0.05
Beam penetration depth, dP 1.5 layer
Preheat temperature, Tprepeat (°C) 750

15.0kv SEI b

size samples (overhang structures), micro Vickers hardness
values are used to estimate the yield strength of the fabricated
overhang structures by using the relation (o, = HV/3) [4, 6,
26]. ZHVu micro Vickers hardness from Zwick/Roell with
10-s dwell time and 500-gf force is used for the hardness test.

To study the effect of the support structure on the mechan-
ical properties, the samples are ground and polished for the
hardness test. The tests are conducted near the bottom edge of
the overhangs, as shown in Fig. 11. Multiple hardness mea-
surements are taken along the edge, and then the averages are
calculated. For the microstructural analysis, polished speci-
mens are etched for 10 s using a modified Kroll’s regent
(2 ml hydrofluoric acid, 6 ml nitric acid, and 92 ml distilled
water).

3 Analysis of results

All the test specimens were successfully fabricated using
EBM without any harm/damage to the machine (i.c., the
teeth of the machine rack). Some of the specimens fabri-
cated without support structures showed significant defor-
mations, which was overcome by the flexibility of the
machine rake. From the visual inspection, it is clear that
EBM is capable of fabricating some overhang structures
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Fig. 8 Schematic diagram of
electron beam melting process

Electron Gun

Astigmatism lens ———

[~ Electron beam

Focus lens \
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Powder hopper

Build specimen

Build platform

successfully without support structures; however, the pro-
cess has limitation in respect of some overhang structures.
For the purpose of comparison between the results of the
present study and the default support structures from the
Magics® software, the support structures are generated
automatically for some overhangs, as shown in Fig. 12.

Fig. 9 Fabricated specimens. a
Concave radii. b Convex radii. ¢
Slope overhang. d Ledge
overhang
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The concave and convex overhangs are self-supporting for
the 4-mm radius and 65° angle overhangs. There is no self-
supporting limit in the case of specimens where the overhang
portions are parallel to the base plate like the ledge overhangs,
whereas the 1-mm bridge overhangs are self-supporting. The
following sections will evaluate and identify the self-
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Fig. 10 Warping deformation
measurement by using
Mikroskop Technik Rathenow

supporting limits and the associated deformations of the dif-
ferent overhangs built without supports.

3.1 Overhang deformations and self-supporting
limitations

3.1.1 Convex overhang

Initially, convex overhang specimens were examined
through visual inspection. These initial observations con-
firmed the effectiveness of EBM to fabricate convex over-
hang structures without support structures. The overhangs
were free from defects up to a certain limit, after which
there was some deformation. Figure 13 shows the effect
of the support structure addition to the convex overhang
having a radius more than the self-supporting limit.

The evaluation of convex overhang structures by using
the microscope indicated the 7-mm convex radius as the
self-supporting limit for the EBM to fabricate defect-free
specimens without support structures. The results also
showed that unsupported fabrication of convex overhangs
of a radius more than 7 mm resulted in shape distortion
due to loss of material on the overhanging surface. This
deformation increases with an increase in the convex ra-
dius, as shown in Fig. 14. The fabricated overhangs held
its convex shape until the 12-mm radius on the side sur-
faces but they were associated with multiple inaccuracies
as shown in Fig. 15. The actual radius of the convex
overhang was not same as the radius of computer-aided
design (CAD) models. The surface quality near the lower
region of the convex radius was found to be poor as com-
pared to other regions due to the loss of material defect.

The results obtained in this study were compared with
the default support structures generated by Magics® soft-
ware. It can be seen in Fig. 12 that the default self-
supporting limit in the Magics® software for the convex
overhangs is 4-mm radius, whereas in this study it was
found that the self-supporting limit for EBM to fabricate
defect-free convex overhangs is 7 mm. These results show
that the commercial software sometimes generates nones-
sential support structures, which results in the increase in

material consumption, build time, and post-processing
time.

3.1.2 Concave overhang

Two main defects were observed in concave overhang
structures fabricated without supports. One was the bot-
tom edge defect of the overhang (none of the overhanging
ends achieved rectangular geometry) and the other was
the warping in upper layers of the overhang as shown in
Fig. 16. The level of warping deformation appeared to
become a reliable visual representation that occurred dur-
ing the build. The microscopic images showed the self-
supporting limit of the 8-mm radius for the concave over-
hang produced without support and free from defects as
shown in Fig. 17. The self-supporting limit is relatively
wide in the concave overhang; this is because of the shape
of the overhang in which each layer is supported by the
previous one. In addition, visual inspection showed the
surface quality on the concave radius degraded as radius
increased. Similar to the convex overhangs, the default
self-supporting limit for the concave overhangs is 4-mm

Fig. 11 Microhardness test locations
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Fig. 12 Magics default support structures for overhang structures

radius in the Magics® software as shown in Fig. 12. It is
clear that the commercial software sometimes generates
nonessential support structures, which result in an in-
crease in material consumption, build time, and post-
processing time. Figure 18 shows the variation in defor-
mation as a function of the concave overhang radius. The
deformation increases with an increase in the concave
overhang radius.

With support Without support

10 mm
Fig. 13 Convex overhang structures fabricated with and without supports
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3.1.3 Slope overhang

The evaluation of slope overhang structures fabricated
without supports showed that the minimum angle (critical
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Fig. 14 Overhang deformation as a function of convex overhang radius
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Fig. 15 Defective convex
overhang structure

Actual part

Actual part

Fig. 16 Concave overhang
structures (15-mm radius) with

. With support
and without support structures

10 mm

inclined angle) for the defect-free overhang that could be
fabricated through EBM is 50°. Therefore, the 50° angle
is considered the self-supporting limit for fabricating
slope overhang structures using EBM. The production of
slope overhangs with angles less than 50° and greater than
30° resulted in loss of material and curved bottom sur-
faces without any deformation on the edges of the over-
hang, as shown in Fig. 19. The fabrication of slope over-
hangs with angle equal or less than 30° resulted in dross
formation and edge loss owing to the unstable melt pool
at the bottom. In addition, the surface quality on the
downward faces of the slope overhangs deteriorated as
overhang angle decrease. The default limit for slope over-
hangs to be produced without support by EBM using
Magics® software is 65° slope as shown in the Fig. 12.
However, in this study, it was found that EBM could
fabricate defect-free overhangs without support up to
50° slope.

Fig. 17 Results of concave
overhang structure (8- and 15-mm
radii) without support structures

Without support

3.1.4 Bridge overhang support

A bridge overhang structure is similar to a ledge overhang
wherein the overhang portion is parallel to the base plate.
However, in the bridge overhang, the layers of the overhang
portion are built between two solid supports that facilitate the
fabrication of this overhang without support structure up to a
certain limit. The results showed that EBM is useful to fabri-
cate defect-free bridge overhangs without support structures
up to 5-mm length, beyond which any increase in the over-
hang length results in warping deformation in the middle of
the overhang, as shown in Fig. 20.

3.1.5 Ledge overhang

The evaluation of the self-supporting limit for the ledge over-
hang shows that the addition of support structure is necessary,
wherein the overhang length is 1 mm. Fabrication of ledge
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Fig. 18 Concave overhang deformation value as a function of overhang
radius

overhangs without support structure resulted in several defor-
mations. The main deformations that were observed are
warping, variation in the thickness of the overhang, and ver-
tical side loss as shown in Fig. 21.

The warping distortion was found to have the most signif-
icant effect on the part geometry. Two components are

Fig. 19 Deformation in slope
overhang

40°

@ Springer

Fig. 20 Deformation in bridge overhang of 15-mm length

considered to evaluate the warping distortion on the ledge
overhang, and height and length of the warp, as shown in
Fig. 22.

The results showed that it is not possible to fabricate a
surface parallel to the build platform unless supports are
used. It is found that in general, the warp distortion in-
creases with an increase in the length of the overhang.
The increase in warping is significant after 10-mm over-
hang length; it then peaks at 12 mm and after that, it starts
to decrease as shown in Fig. 23.

29~

40° 45°
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Straight

50°
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Without
support

5 mm

Fig. 21 Deformations in ledge overhang structure

3.2 Effect of ledge overhang dimensions
on deformation

To find the effect of ledge overhang dimensions on the resul-
tant deformations, four parameters with three levels each are
considered, as listed in Table 1. The results show that, in
general, only some of the ledge overhang dimensions have
an effect on the amount of deformation.

Ledge overhangs were built with varying thickness
and width of the overhanging portion as shown in Fig.
24. It was found that increasing the overhang portion
thickness (7) and width (W) resulted in an increase in
the overhang warping deformation, as shown in Fig.

Fig. 22 Ledge overhang structure
warping deformation

No warp

\

1.4

12 il .\
1.0 - n
0.8 —-

/
i o

02 A

0.0

warping (mm)

-0.2

T T T T T T T T T T T T T 1
4 5 6 7 8 9 10 11 12 13 14 15 16
Overhang portion length (mm)

Fig. 23 Effect of overhang portion length on warping

25. This is mainly caused by variations in the number
of thermal cycles, higher thermal energy concentrations,
and rapid cooling compared to a smaller overhang of the
same specimen.

To study the effect of solid support dimensions on the
deformations, ledge overhangs were built with varying
solid support length and height as shown in Fig. 26. The
results show that the solid support length (L) has no effect
on warping. However, the warping deformation decreases
with an increase in the solid support height (H) in the
selected range, as shown in Fig. 27. This is because the
overhangs with small solid support height are very close
to the baseplate and hence they get more heat from the
baseplate. This increase in the thermal energy results in
higher warping deformation.

Warp height

Warped part\

..... e o i i i e s W e o s Wi
.
Warp length i
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Fig. 24 Variation in deformation
versus the thickness and width of
ledge overhang

Fig. 25 Effects of thickness and

width of overhang portion on i 20
warping
104 ‘
N / ]

@
1

warping (mm)
>
1

warping (mm)

2 3 5 10 15
Overhang Thickness (mm) Overhang Width (mm)
3.3 Segmentation strategy for ledge overhang variation in the location and magnitude of warping based on
support structures the segmentation direction and dimension.

The application of the support structure with the seg-
The segmentation strategy was used for the application of = mentation strategy on both sides in the Y-direction, as
support structures in ledge overhangs. The results showed a ~ shown in Fig. 4a, resulted in warping near the extreme

Fig. 26 Ledge overhangs with

varying solid support length and
height
. —

10 mm
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Fig. 27 Effects of the solid 08+
support length (L) and height ()
on warping 074
0.6
€
£
<, 05
£
2
g 04
0.3
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solid support length (mm)

Fig. 28 Segmentation strategy in
Y-direction. a Two sides. b One 5 mm
side

Fig. 29 Segmentation strategy in the middle of the overhang in X-
direction

T 0.0 T T T T 1
10 4 6 8 10 12 14

solid support height (mm)

i
if

edges of the overhang portion. Increasing the segmenta-
tion dimension resulted in an increase in warping defor-
mation near the edges of the overhang portion, as shown
in Fig. 28a. Applying the segmentation strategy in the
Y-direction on the one side, as shown in Fig. 4b, with
varying segmentation dimension resulted in warping de-
formation at the extreme edge of the overhang portion
where the segmentation is applied, and the value of
warping increases with an increase in the segmentation
dimension, as shown in Fig. 28b. In general, the applica-
tion of the segmentation strategy in the Y-direction in one
or two sides with varying dimensions did not have any
positive affect.
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Fig. 30 Segmentation strategy in X-direction

Appling the segmentation strategy in the X-direction in the
middle of the overhang with varying segmentation dimen-
sions, as shown in Fig. 29, showed no change in the warping
magnitude and position.

Application of the segmentation strategy in the X-direction
away from the solid support side resulted in overhangs with
lesser deformations. The results indicated the segmentation
distance of 5 mm as the limit for defect-free overhangs, as
shown in Fig. 30.

The application of this segmentation strategy (5 mm) re-
sulted in reduction of material consumption by 39% and the
post-processing time by 57% compared to the specimens pro-
duced without segmentation. The segmentation strategy ap-
plies supports at an offset from the vertical side surface which
prevents the adhesion of the support to the vertical wall.
Moreover, the unnecessary supports generated by Magics®

350

software affect the quality of both overhanging and vertical
side surfaces.

3.4 Mechanical properties and microstructures
3.4.1 Microhardness

To see the effect of the overhang geometry on hardness,
Vickers microhardness tests were carried out near the edges
of the overhangs. Figure 31 shows the hardness results for the
self-supporting overhangs. It was found that the hardness
values of the convex and slope overhangs were in range of
the base material whereas that of the concave overhang was
found to be significantly lower as compared to other
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Fig. 31 Hardness results for self-
supporting structures
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Fig. 32 Effect on support 345
structure on hardness of ledge
overhang 340 ¢
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To study the effect of the support structure addition on the
hardness of the overhangs, Vicker’s microhardness tests were
carried out for the ledge overhangs built with support and
without support. As shown in Fig. 32, the hardness of the
ledge overhang built without support was lower than the over-
hang built with support. This is because the absence of support
structures induces extensive thermal gradients during the

Fig. 33 Optical microscope
images depicting the
microstructures. a Fully
supported edge. b Convex
overhang edge. b Concave edge.
d Slope overhang edge

With support Without support

fabrication of ledge overhangs, which in turn affect the micro-
structure and hardness of the overhang region.
3.4.2 Microstructure

A microstructural analysis of the overhang structures was car-
ried out using optical microscopic images. The microstructures

@ Springer
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Fig. 34 Optical microscope
images depicting the
microstructures of the ledge
overhang. a With support. b
Without support

a With support

near the edges of the different overhang geometries were com-
pared with the fully supported edge of the built part. All the
edges showed the Widmanstitten pattern microstructure with
approximately the same grain size. However, the « lath thick-
ness was slightly higher for the overhang edges as compared to
the fully supported edge, as shown in Fig. 33. This is because
the absence of support structures in the overhangs reduces the
heat transfer from the top layer to the bottom of the build
resulting in thermal gradient and increase in o lath thickness.

The microstructural analysis of the ledge overhangs built
with support and without support revealed similar microstruc-
tures, with approximately the same grain size. However, the
average « lath thickness in the overhang built without support
was approximately 1.45 pum as compared to 1.02 um in the
overhang built with support, as shown in Fig. 34. This in-
crease in the « lathe thickness resulted in a decrease in the
hardness of the overhang built without support.
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3.4.3 X-ray diffraction peak analysis

The XRD peak analysis was carried out for the ledge
overhang samples built with and without support. A sim-
ilar pattern was observed for the both the ledge over-
hangs. However, there was a slight shift of the peaks
toward the higher angle in case of the overhang built with
the support structure, as shown in Fig. 35. This can be
attributed to the additional heat and internal stresses in the
overhangs built with support structures.

4 Conclusion

This paper presented an overview on the production of
Ti6Al4V overhanging structures through EBM. Self-
supporting limits of various overhang structures were

Fig. 35 XRD peaks for the ledge 8 83 = S, A BE
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established and overhang structures were evaluated. Overhangs
with downward-facing surfaces such as convex, concave,
slope, ledge, and bridge were considered fundamental over-
hangs wherein the part deformation was caused by the thermal
stresses. The effect of ledge overhang dimensions on the de-
formation was investigated. Finally, the segmentation strategy
for the supports was proposed to reduce the material consump-
tion and the process time.

The following inferences were drawn based on the present
study:

» Convex overhangs up to a 7-mm radius can be built with-
out support structures. The fabrication of convex over-
hangs of more than 7-mm radius without support struc-
tures results in shape distortion.

* Concave overhangs up to an 8-mm radius can be built
without support structures. The fabrication of concave
overhangs of more than 8§ mm in radius without support
structures results in bottom edge defects and warping.

» Slope overhangs up to 50° edge can be built without sup-
port structures. The fabrication of slope overhangs less
than 50° without support structures results in wastage of
material at the bottom surface.

* Support structures are essential for building ledge over-
hangs and no self-supporting limit was found for this over-
hang geometry.

* Bridge overhangs up to 5 mm in length can be built with-
out support structures. The fabrication of bridge over-
hangs more than 5 mm long without support structures
results in warping deformation in the middle portion.

* In case of ledge overhang, as the overhang thickness and
width increases, the residual stress increases cumulatively,
thereby causing significant warping deformation.
However, the deformation decreases as the solid support
height of the overhang increases. There was no effect of
solid support length on the extent of warping.

* Finally, applying the segmentation strategy in the X-direc-
tion (near to solid support) with 5-mm dimension gave
favorable results in terms of material consumption and
the part quality.

The results obtained in this work can be generalized for
Ti6Al4V overhangs fabricated by using default process pa-
rameters in EBM. This study can further be extended to in-
vestigate the effect of process parameters on overhang
fabrication.
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