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Abstract

Support structures are used in especially overhang areas in laser metal additive manufacturing to prevent parts from distor-
tion due to high thermal gradients. Since the support structures are not a part of the final component, extra time and material
are needed for manufacturing. Moreover, they need to be removed after the build is completed. In addition to waste of time
and material, distortion and/or surface roughness issues at supported surfaces may be observed during support removal.
As a solution, contactless supports with no direct contact between the support and the part are studied in the present work.
Contactless support gap, thickness of each contactless support pieces, and the spacing between two contactless support
pieces were used as design variables, and dimensional variations, microhardness through thickness, microstructural changes
of bottom surfaces, and surface roughness of overhang features were selected as performance outputs. A full set of design
of experiments were manufactured by laser powder bed fusion process using Inconel 718 material. It was observed that all
three geometrical parameters had influence on the performance outputs.

Keywords Laser powder bed fusion - Contactless support - Dimensional variation - Surface roughness - Microhardness

1 Introduction

Today, additive manufacturing (AM) technologies are used
in a wide range of different industries to produce very com-
plex parts with acceptable mechanical properties, tolerances,
and costs which are very difficult or sometimes impossible
to produce with conventional manufacturing processes [1].
Laser powder bed fusion (LPBF) is one of the metal AM
technologies where powder is laid on a platform layer by
layer with a recoater blade and the laser energy is used to
melt the powder according to the machine-specific tool path
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based on a 3D computer-aided design file sliced in a virtual
environment [2].

As well as other powder bed fusion processes, LPBF is a
thermal process, and therefore, some problems due to large
thermal residual stresses like warping, sagging, or shrinkage
may occur after manufacturing affecting the dimensional
accuracy and mechanical performance of the final part. To
reduce this effect, during pre-processing, support structures
are added to especially overhang areas inclined with respect
to the build plate with an angle less than 45° [3, 4]. These
support structures need to prevent the part from distortion
due to high thermal gradients, and they also act as an anchor-
age to the base plate [5]. Yet, support structures are not a
part of the final component, and they need to be removed
after the build process is completed although being a key
factor for manufacturability. Therefore, an additive design
engineer needs to consider not only the production time,
cost, and success but also the removability of supports from
the built geometry during pre-processing [6]. Also, remov-
ing support structures after the build process may cause
some additional problems such as undesired distortions and/
or surface roughness issues at mating areas [7].

Different studies have been performed to eliminate the
need of support structures or to investigate design rules for
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manufacturing overhang parts without support structures.
Ameen et al. investigated the producibility of different types
of overhang geometries without support and stated that con-
vex overhangs up to a 7-mm radius, concave overhangs up to
an 8-mm radius, slope overhangs up to 50° edge, and bridge
overhangs up to 5 mm in length can be built without support
structures [8].

In AM, support structures dissipate heat during process
and help to reduce distortions and dimensional deviations
due to residual stresses. Since different support geometries
have different thermal conductivities, their effects on distor-
tion and deviation of the produced parts are also different
[9]. Different support types were used in the literature to
better estimate these effects: block support, point support,
web support, contour support, line support [10], Y sup-
ports, inverted Y supports, pin supports etc. [11]. Lindecke
et al. stated that for better dimensional accuracy, the sup-
port structure needs to be connected to the part, and this
connectivity length (teeth length) for teeth supports needs
to be minimum 0.1 mm [12]. The importance of the teeth
height on warpage of LPBF parts with tooth support was
studied by Calignano [13]. It was revealed that the teeth
height has the biggest impact on S/N (signal to noise) ratios
for both A1Si10Mg and Ti6Al4V samples [13]. Poyraz et al.
investigated the effect of different block supports with dif-
ferent hatch distances and fragmentation intervals and tooth
supports with different top lengths (length of connection
between support and the part) and Z-offsets (offset between
top of tooth support and mating surface of parts) on the
deformation of bridge-like structures. They concluded that
for block supports, increasing the hatch distance increased
the distortion on the part, and hatching parameters had
higher influence on support structure than tooth parameters
[14]. Umer et al. investigated the effect of support struc-
ture type on the deformation of Ti6Al4V parts produced
by electron beam powder bed fusion (EPBF), another type
of PBF processes. They used column and Y-shape supports
and stated that there was a nearly 22% deviations between
experimental and simulation results. The authors attributed
this deviation to the assumption that there was no deforma-
tion in lateral direction and to deviations in material proper-
ties and lastly to deformations in base plate before printing
process [15]. Ameen et al. used tooth supports in overhang
parts produced by EPBF and stated that supports with 3 mm
tooth height, 0.05 mm tooth top length, and 3.5 mm tooth
base interval reduced the support removal time significantly
[16]. Hussein et al. used gyroid and diamond lattice sup-
port structures for overhang parts and stated that when the
cell size increased, the manufacturability of parts decreased
[17]. Cao et al. investigated the removability of cone and
block support structures in LPBF manufactured AISI 3161
stainless steel parts with milling and stated that block sup-
port is more favorable than cone support since the block
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supports are strong enough to prevent distortion and the
milling forces required to remove the block support is lower
[7]. Leary et al. investigated the effect of support height
and support spacing on contact strength between support
and built part under normal and peel loading conditions and
concluded that contact strength is not affected much by sup-
port spacing with a given support height [4]. Jarvinen et al.
investigated removability and surface quality of laser LPBF
parts with web and tube supports and stated that web sup-
ports showed better behavior [6]. Apart from the support
structure types, some researchers focused on changing the
build orientation or process parameters to reduce the need
for support structure. Since the support structure is mostly
needed in overhang areas, changing the build orientation of
part with respect to build plate may significantly reduce the
need for support structure [18, 19]. However, for complex
geometries, this remedy may create other regions in need
of support. The scanning strategy of the overhang features
affects deformation behavior in LPBF. In one of the studies,
it was revealed that parts scanned in transverse direction (y
direction) showed less deformation than parts scanned in
longitudinal direction (x direction) due to less residual stress
observed on overhangs [20]. However, it is not correct to
generalize this result because the effect of the scan direction
shall be evaluated together with the part geometry.

As stated in most of the scientific papers, 45° angle is taken
as the threshold value for the support structure need in AM
although newer studies can further reduce this angle. Dif-
ferent studies have been performed to redesign and optimize
the parts for making overhang surfaces as self-supporting.
Allaire et al. presented different mathematical models and
algorithms to obtain optimal support structure designs [21].
Das et al. investigated the optimum build orientation which
minimizes support structure volume and contact area between
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Fig. 1 Dimensions of overhang specimen (all dimensions are in mm;
width, 25.4 mm)
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Fig.2 Design variables: support gap (A), thickness of each support pieces (B), and spacing between two support pieces (C)

the support and the part and maximizes the percentage of
removable support structure material while satisfying flatness,
cylindricity, perpendicularity, and parallelism tolerances [22].
Kuo and Cheng used a logistic aggregate function for self-
supporting design methodology based on topology optimiza-
tion by using overhang angle as a manufacturing constraint
[3]. Pellens et al. used topology optimization on support
structures by using maximum allowable vertical displace-
ment in each layer to avoid recoater collision problems [23].
Allaire et al. used shape and topology optimization of support
structures by applying pseudo-gravity loads and equivalent
thermal loads on overhanging surfaces and by using penaliza-
tion on unnecessary contact between the part and the support
[24]. Zhou et al. used a density-based topology optimization
method for designing easy-to-remove self-supporting support
structure which bears the weight of additive manufactured
part [25]. Optimization of the support geometries in terms of
weight, ease of removal, and heat diffusivity was studied by
Zhang et al. They generated biomimetic support structures by
performing genetic algorithm [26]. Zhou et al. used gradient-
based topology optimization method to design thermally con-
ductive support structures [27]. Some authors used topology
optimization to obtain optimized support geometries where
machine tools are accessible from a prescribed tool approach
direction [28, 29].

In some scientific studies, support structures are catego-
rized as active and passive support structures where there is
no contact between the support and the part and the support
is “floating” in the powder in passive support structures.
On the other hand, there is a direct connection between
support surface and mating part’s surface in active support
structures [30]. In the present study, these “passive support
structures” are called contactless supports. Since the remov-
ability of support structures after manufacturing means extra
time and cost, contactless supports where there is no direct
connection between the part and support help to reduce the

efforts spent on removing these structures. In literature, it
was stated that contactless supports act as heat sink which
improves heat transfer efficiency, reduces the thermal
residual stresses [31], improves mechanical properties, and
evolves the microstructures of the part [32]. In contactless

Table 1 Design of experiment Experiment A B C

(all dimensions are in mm) No
1 0.23 0.76 0.51
2 0.23 0.76 0.76
3 023 0.76 1.02
4 0.23 1.02 0.51
5 0.23 1.02 0.76
6 023 1.02 1.02
7 0.23 1.27 0.51
8 0.23 1.27 0.76
9 023 1.27 1.02
10 0.31 0.76 0.51
11 0.31 0.76 0.76
12 0.31 0.76 1.02
13 0.31 1.02 0.51
14 0.31 1.02 0.76
15 0.31 1.02 1.02
16 0.31 1.27 0.51
17 0.31 1.27 0.76
18 0.31 1.27 1.02
19 0.38 0.76 0.51
20 0.38 0.76 0.76
21 0.38 0.76 1.02
22 0.38 1.02 0.51
23 0.38 1.02 0.76
24 0.38 1.02 1.02
25 0.38 1.27 0.51
26 0.38 1.27 0.76
27 0.38 1.27 1.02
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Fig.3 Specimen layout on build
plate

supports, the gap between the support and part affects the
part distortion. When smaller gaps are used, the part distor-
tion is reduced. However, if small gaps are used and if the
melt pool is deeper than the selected gap, there is a possibil-
ity of the loose powder between the support and the part to
be melted/sintered so that the support is solidified together
with top layers of the part [33]. Cooper et al. investigated the
feasibility of using contactless supports (in their study, they
called it heat support) in different overhang geometries pro-
duced by EPBF. They used 0.49 mm, 0.63 mm, and 0.77 mm
as contactless support gaps and stated that overhang distor-
tions and effectiveness of contactless supports depend on
the gap and thickness values [34]. Zhang et al. investigated
the effectiveness of contactless supports in LPBF and used
0.3, 0.45, and 0.75 mm gaps between the support and the
overhang surface and stated that the minimum distortion
was observed at the smallest gap [35]. Cheng et al. stated
that 3 mm or even 0.8 mm thick contactless supports with
0.21 mm gap successfully reduced the deformation on over-
hang parts produced by EPBF when compared with no sup-
port design [36, 37].

As evident from this short literature survey, most of the
studies carried out with contactless supports are focused on
the EPBF process investigating different design parameters.

To reduce the total cost and time of LPBF parts, contactless
supports seem to be a very good alternative to conventional
support structures. As observed from the literature review,
very few numbers of studies have focused on the effect of
using contactless supports on distortion and dimensional
deviations of overhang areas for LPBF. In these studies, con-
tactless support gaps were used as design variables. How-
ever, support structures can be one piece under overhang
regions or many pieces to reduce the amount of powder to be
used. When more than one piece of support structure is used,
the distance between these pieces and their inclination with
respect to build plate is very important in terms of columnar
pore formation and mechanical properties of the final part
[38]. To the best of the authors’ knowledge, no study has
focused on the effect of contactless support parameters (gap,
thickness, and spacing) on dimensional variations, micro-
hardness, microstructural changes, and surface roughness
of overhang features. To fill this gap, this study investigated
contactless support gap, thickness, and spacing effects on the
aforementioned performance outputs. The rest of the paper is
organized as follows: Sect. 2 details the specimen and sup-
port design, design of experiment, manufacturing, and meas-
urements. In Sect. 3, experimental design is presented and
discussed in detailed in terms of average thickness deviation,

Table 2 Chemical composition

El t Ni C
of Inconel 718 wt% emen ' '

Nb Mo Ti Mn Si Al Fe

wt % 53.00 18.50

5.00 3.00 0.66 3.00 0.35 0.35 Balance
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Table 3 Processing parameters [39]

Laser power Laser scan speed Laser
W) (mm/s) spot size
(jum)
Skin 160 800 80
Core 160 680 53

surface roughness of overhang surfaces, and microhardness
through the thickness of the specimens.

2 Materials and methods

The overhang specimens with an inclination angle of 30°
with respect to build plate were modeled using Siemens NX
12 software (Siemens AG, Germany). The geometry with
its dimensions is shown in Fig. 1. Since 45° is the threshold
value for an overhang surface below which support struc-
tures are needed [3, 4], 30° inclination was used for the
specimen in this study. LPBF process is capable of produc-
ing parts with a wall thickness of greater than 1 mm (at most
0.5-0.6 mm). Therefore, in this study, thin wall specimens
with 1.52 mm (0.06 inch) wall thicknesses were used to pre-
vent build failure. To make surface roughness and dimen-
sional variation measurements effectively, the measurement
area was designed to be nearly 20X 25 mm (0.8 X 1.0 inch).
The contactless supports having some amount of gap with
the overhang specimen were used during production. The
gap between the contactless support and the overhang part,
the thickness of each contactless support pieces, and the
spacing between two contactless support pieces were used

as design variables as shown in Fig. 2. Support structure
was added only under downskin surface of the specimen
since only this surface has an inclination less than 45° with
respect to build plate. A full set of design of experiments
was used in this study with three factors at three levels.
Table 1 shows the related data for the total 27 experiments.
Initial trials have shown that overhang specimens can be
produced without any failure when the contactless support
gap is between 0.23 mm (0.009 inch) and 0.38 mm (0.015
inch). Below 0.23 mm support gap, it was observed that sup-
port structure was fused to the specimen. On the other hand,
above (.38 mm support gap, build failures were observed
in some of the specimens. Therefore, 0.23 mm, 0.31 mm,
and 0.38 mm support gaps were used in the present study.
The thickness of each segment was selected as 0.76 mm
(0.03 inch), 1.02 mm (0.04 inch), and 1.27 mm (0.05 inch)
to prevent build failure due to thin wall production and to
ease the removal of supports from build plate. The spac-
ing between two support segments was selected as much as
lower (0.51 mm (0.02 inch), 0.76 mm (0.03 inch), 1.02 mm
(0.04 inch)) to prevent melt pool sagging during production
due to gravity.

The specimens were located on the build plate as shown
in Fig. 3 where the powder recoater direction is from right
to left. For each configuration of 3 factors, three speci-
mens, in other words repetitions, and a total of 81 speci-
mens were produced in two builds.

The specimens were manufactured using a Concept Laser
M2 LPBF machine (Concept Laser GmbH, GE Additive,
Germany) from Inconel 718 material. DMLM manufactur-
ing was performed under nitrogen gas environment, and
50-pm layer thickness was used. The chemical composition

Fig.4 Produced specimens after powder removal: a top view, b side view, ¢ front view
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Distance 5
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Fig.5 Surface deviation measurements from 6 locations

of the Inconel 718 material used in production is shown in
Table 2, and the standard vendor process parameters were
used during manufacturing as presented in Table 3.

After manufacturing, powder evacuation process was per-
formed on Solukon SFM-AT800 system (Solukon Maschinen-
bau GmbH, Augsburg, Germany). GF AgieCharmilles wire
electrical discharge machine (AgieCharmilles Ltd., Switzer-
land) with wire thickness of 0.3 mm and an average cutting

Fig.6 The effect of support
thickness and spacing on aver-
age thickness deviation for
0.23 mm support gap
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o
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Distance 1
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Actual Dev.  Check

L +1.52400

+1.55556 | +0.03156

B Thin (0.76 mm)
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051 0.76 1.02

Distance 2
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Dev,

Distance 6
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speed of 5 mm/min was used for removing specimens from
the build plate.

The manufactured specimens were scanned with ATOS
ScanBox 4105 blue light device (Carl Zeiss GOM Metrol-
ogy GmbH, Braunschweig, Germany). GOM Inspect
software (Carl Zeiss GOM Metrology GmbH, Braunsch-
weig, Germany) was used to evaluate the scan results and
investigate the dimensional variations of the produced

H Average (1.02 mm)  ®Thick (1.27 mm)

Spacing Between Supports (mm)



The International Journal of Advanced Manufacturing Technology (2022) 122:3235-3253 3241

Fig. 7 The effect of support

thickness and spacing on aver-

age thickness deviation for 0.14
0.31 mm support gap

0.12

0.1
0.08

0.01

[

0.0:

Average Thickness Deviation (mm)
B

0.

(=3
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specimens. For surface roughness measurements, Alicona
InfiniteFocus G5 (Alicona Imaging GmbH, Graz, Austria)
was used based on focus variation technique. X 10 magni-
fication, polarized coaxial illumination, 6 um lateral reso-
lution, and 900 nm vertical resolution were used during
surface roughness (S,) measurements. For metallographic
studies and microhardness measurements, the overhang
specimens were cut from their middle locations with Stru-
ers Secotom cutter, mounted in Struers CitoPress mount-
ing machine, and finally polished with Struers Tegramin
(Struers LL.C, Ohia, US). Nikon Eclipse MA200 optical
microscope (Nikon corp., Tokyo, Japan) and Zeiss Merlin
FE-SEM scanning electron microscope (Carl Zeiss AG,
Jena, Germany) were used for metallographic studies.
The hardness measurements were conducted by Emco-
Test DuraScan-70 type microhardness tester equipment
(EMCO-TEST Priifmaschinen GmbH, Kuchl, Austria) at
Vickers hardness scale 0.3 (HV 0.3, 2.942 N). The three
microhardness measurements were conducted through the

Fig.8 The effect of support

thickness and spacing on aver- 0.16
age thickness deviation for
0.38 mm support gap 0.14

Average Thickness Deviation (mm)
4

S

¥ Thin (0.76 mm)

0.51

® Thin (0.76 mm)

B Average (1.02 mm) ¥ Thick (1.27 mm)

0.76 1.02
Spacing Between Supports (mm)

thickness of the specimens from the upper to the lower
surface (at the near upper edge, at the middle, and at the
near lower edge). For all measurements, three specimens
for each experiment set were measured, and the average
values were used in the evaluations.

3 Results and discussions

All specimens were successfully produced without any pro-
duction problem as depicted in Fig. 4. All contactless sup-
ports and specimens were removed from the build plate, and
it was observed that there is no partial or full fusion of any
support with the specimens.

3.1 Dimensional deviation results

For each specimen, surface deviations were measured from 6
locations as shown in Fig. 5. The average thickness deviations

m Average (1.02 mm) m Thick (1.27 mm)

0.12
0.1
0.08
0.06
0.0
0
0.51 0.76 1.02

Spacing Between Supports (mm)
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Fig. 9 The deviations of up- and downskin surfaces for all specimens
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Fig.9 (continued)
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Fig.9 (continued)

are shown in Figs. 6, 7 and 8 in terms of support thickness
and support spacing for three different support gap values.
Deviations of up and downskin faces of each specimen are
shown in Fig. 9.

It is clear from Figs. 6, 7 and 8 that average thickness
deviation increases with an increase in support thickness,
support spacing, or support gap. This can be attributed to
the fact that when contactless support gaps are increased,
the powder between the support and the specimen can’t
provide enough heat dissipation, and melt pools freestand-
ing on downskin surfaces penetrate towards the powder
bed, causing more non-fully melted powders sticking to
the melt pool and finally increasing the thickness [40]. The

Fig. 10 The effect of sup-

port thickness and spacing on 80
surface roughness for 0.23 mm
support gap 70

)
(=]

W
(=}

Surface Roughness, S, (um)
w '
S <)

[
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—_
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® Thin (0.76 mm)

0.51

melt pool sagging and non-fully melted powder adhesion
phenomena were also observed in different studies [41-43].
The minimum average thickness deviation (0.0073 mm)
was observed when 0.23 mm support gap, 0.76 mm sup-
port thickness, and 0.51 mm support spacing were used.
On the other hand, the maximum average thickness devia-
tion (0.1519 mm) was observed when 0.38 mm support gap,
1.27 mm support thickness, and 1.02 mm support spacing
were used. When spacing between supports increased from
0.51 to 0.76 mm and from 0.76 to 1.02 mm, average thick-
ness deviation for 0.23 mm support gap increased nearly
134% and 41%, respectively, for 0.76 mm support thick-
ness; 131% and 44%, respectively, for 1.02 mm support

m Average (1.02 mm) ® Thick (1.27 mm)

0.76 1.02
Spacing Between Supports (mm)
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Fig. 11 The effect of sup-

port thickness and spacing on 80
surface roughness for 0.31 mm

support gap 70
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thickness; and 16% and 2%, respectively, for 1.27 mm sup-
port thickness. For 0.31 mm support gap, an increase in
average thickness deviation was observed as nearly 8.5%
and 203 %, respectively, for 0.76 mm support thickness; 45%
and 20%, respectively, for 1.02 mm support thickness; and
finally, 12% and 19%, respectively, for 1.27 mm support
thickness. For 0.38 mm support gap, an increase in average
thickness deviation was observed as nearly 111% and 16%,
respectively, for 0.76 mm support thickness; 16.5% and 8%,
respectively, for 1.02 mm support thickness; and, 16% and
15%, respectively, for 1.27 mm support thickness. It can be
concluded that for each of three different support gaps, the
percentage of increase in thickness deviation related with an
increase in support spacing is higher for thinner supports.
It is clear from Fig. 9 that downskin surfaces have higher
deviations than up faces. Smooth deviation was observed
on up faces; on the other hand, complicated and different

Fig. 12 The effect of sup-
port thickness and spacing on
surface roughness for 0.38 mm 20

support gap

90
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0
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B Average (1.02 mm) ™ Thick (1.27 mm)

0.76 1.02
Spacing Between Supports (mm)

amounts of deviations were observed on downskin faces
from the root to the tip of the specimen. This can be attrib-
uted to the fact that downskin surfaces for different speci-
mens were supported by contactless supports of different
amounts of support gaps, support spacing, and support
thickness resulting in different heat dissipation behaviors.
It is also observed that the deviation increases towards
the tip of the specimen. Since root of the specimens has a
contact with base plate, this hard connection or anchorage
results in less deviation; however, towards the specimen tip
region, deviation increases since contactless support can’t
provide enough heat dissipation to these free edges.

3.2 Surface roughness results

Figures 10, 11 and 12 show the effect of support thickness and
support spacing on surface roughness for different support

m Average (1.02 mm)

0.76 1.02
Spacing Between Supports (mm)

m Thick (1.27 mm)
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Fig. 13 Surface texture maps for all specimens

gap values. The minimum surface roughness (49.99 um) was
observed at 0.23 mm support gap, 0.51 mm support spacing,
and 0.76 mm support thickness. On the other hand, the maxi-
mum surface roughness (73.62 um) was observed at 0.38 mm
support gap, 0.51 mm support spacing, and 1.02 mm support

@ Springer
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thickness. It is not always the case, but in general, for fixed
support gap and support thicknesses, surface roughness
increased with an increase in support spacing.

Figure 13 shows the Alicona measurement results (sur-
face texture maps) for downskin surfaces of all specimens.
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Fig. 13 (continued)
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Fig. 14 Optical microscope
image of the downskin surface
of specimen 8

Surfaces of each specimen consist of valleys and peaks, and
deviation of these from mean plane represents the surface
roughness. In these maps, valleys are represented as blue
and blue-green color, whereas peaks are represented as red,
yellow, and yellow-green color. The fraction of valleys and
peaks are consistent with the surface roughness values in
Figs. 10, 11 and 12. For instance, comparing specimens 1,
2, and 3 shows that the percentage of peaks, meaning the
number of red areas, increases from specimen 1 to 2 and 2
to 3, which supports the statement that surface roughness

200 pm EHT = 20.00 kV Signal A = HDBSD

WD =8.11mm Mag= 100X

Date: 17 May 2022

Fig. 15 SEM image of the downskin surface of specimen 2

@ Springer

increased with an increase in support spacing for fixed sup-
port gap and support thicknesses.

One of the disadvantages of Alicona measurement is
that it heavily depends on the surface profile where there
might be some data loss if there is no proper line of sight
[44]. Therefore, using optical microscope of the downskin
surfaces is a good approach to verify the surface roughness
measurements by Alicona. The optical microscope image
of downskin surface of specimen 8 was shown in Fig. 14.
It is evident from Fig. 14 that there are different surface

EHT =20.00 kV Signal A = HDBSD
WD=811mm Mag= 500 X

Date: 17 May 2022
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Fig. 16 The effect of sup- 318
port thickness and spacing on
microhardness for 0.23 mm

support gap 314

316

Hardness (HV)
5 E & ®

o

discontinuities resulting to valleys and peaks with different
heights and finally to different surface roughness values.
SEM images can reveal these surface discontinuities more
clearly. Figure 15 shows SEM image of specimen 2 with
three different surface topographies: non-melted particles
stuck to the surface (green arrows), particles due to balling
phenomena (yellow particles), and bump structures (blue
arrows). During laser scanning of the powder bed, some
powder particles may not be fully melted, and these non-
fully melted particles can attach to the surface and increase
the surface roughness of the specimen [45]. On the surface
of the specimens, some spherical or ellipsoidal particles
can be observed due to balling phenomenon. During laser
scanning, liquified powders in melt pool tend to wet the
neighborhood non-melted powders. However, due to the
surface tension effect, the wetting ability of molten liquid
decreases causing splashed particles out from the melt pool

Fig. 17 The effect of sup-
port thickness and spacing on
microhardness for 0.31 mm
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[46-48]. These particles due to balling phenomenon can
also increase surface roughness of the specimens. Apart
from these, due to the increase in the viscosity of molten
metal in melt pool, melt pool expansion occurs which result
in bumps or mushroom-like structures on the surface. This
phenomenon can also increase the surface roughness. Fig-
ure 15 also reveals some microcracks present on the surface
(red arrows). It was stated in the literature that these micro-
cracks initiate severe cracks and decrease the fatigue life of
the specimens [49].

3.3 Microhardness results

Three microhardness measurements were performed
through the thickness of the part, near to the upper face, at
the middle, near to the downskin face, and average of them
which are shown in Figs. 16, 17 and 18 in terms of support

®Thin (0.76 mm) ™ Average (1.02mm) ™ Thick (1.27 mm)

0.76 1.02
Spacing Between Supports (mm)
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Fig. 18 The effect of sup-
port thickness and spacing on 330
microhardness for 0.38 mm
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thickness and support spacing. The minimum average micro-
hardness (304 HV) was observed at 0.38 mm support gap,
0.51 mm support spacing, and 1.02 mm support thickness.
On the other hand, the maximum average microhardness
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Fig. 19 Microhardness through thickness of specimen 1
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(322 HV) was observed at 0.38 mm support gap, 1.02 mm
support spacing, and 1.27 mm support thickness. The micro-
hardness measurement results are consistent with the results
in literature [50].

Microstructure of upskin surface, mid-surface, and
downskin surface along with microhardness measurements
is shown in Fig. 19. It is obvious that microhardness at
downskin surface is higher than the microhardness at the
mid- and upskin surfaces. The increase of microhardness at
the downskin surface of the specimens can be attributed to
the formation of finer microstructure at the downskin sur-
face than the upskin surface where coarser microstructure
was observed as shown in Fig. 19. Grain size increase from
downskin surface to the upfacing surface as shown in Fig. 19
can be attributed to the thermal cycle change during print-
ing. At downskin area, due to the large thermal gradient
between surface and the contactless support, high cooling
rate based on conduction and fine grains can be obtained
[51]. When build height increases towards the upfacing sur-
face, conduction and convection phenomena towards the
surrounding powders become more dominant resulting in
coarser grains [52]. Figure 20 shows cross-sectional opti-
cal microscope image of specimen 14. It is clear that some
particles were fused to the overhang surface. After melt
pool penetration to the powder bed during laser scanning,
some non-fully melted powders can fuse to the overhang
surface during solidification. These fused powders change
the thermal behavior of interface surface and microstruc-
ture. Columnar grain structures starting from the interface
between fused particle and the material and protruding to
the inside of the material can change the hardness behavior
of the specimens [53]. In Fig. 20, some inner porosities can
also be observed. These porosities decrease the mechanical
behavior of the specimen.
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Fig. 20 Cross-sectional optical microscope image of specimen 14

4 Conclusion

This experimental study investigated the effect of contact-
less support gap, segmented contactless support thickness,
and spacing between each segment on dimensional devia-
tion, surface roughness, microhardness through thickness,
and microstructure of the overhang thin wall specimens
produced by LPBF process from Inconel 718 material. The
following main conclusions can be drawn:

e High-dimensional deviation is one of the drawbacks of
LPBF process. In the present study, it was observed that
decreasing support thickness, support spacing, or support
gap increases the dimensional accuracy.

e Thickness deviation is more susceptible to changes in
support spacing for thinner support than thicker ones.

e Complicated and higher deviations were observed on
downskin surfaces than upfacing surfaces. Moreover, due
to free edge effect, tip of the thin wall specimens showed
higher deviations than the root of the specimens.

e [t was observed that surface roughness can be decreased
by decreasing spacing between each support segments.

e Sticking of non-fully melted particles to the overhang
surfaces, particles due to balling effect and bump struc-
tures were observed on downsking surfaces for nearly
all specimens. These surface irregularities are the main
causes of high-dimensional variations and surface
roughness values.

e Microstructure through the thickness changes from
coarse microstructure at near up face to fine micro-
structure at near bottom face. Due to this microstruc-
ture change, microhardness was observed to be higher
at downskin surfaces than upfacing surfaces.

e Columnar grain formation at the interface between fused
particles and the overhang surface was observed in nearly
all specimens which also increases the microhardness at
overhang surface.
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