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Abstract
Additive manufacturing technologies give engineers and researchers a high level of design freedom to produce complex 
components or entire assemblies previously impossible or impractical to manufacture by conventional means. Although 
additive manufacturing has many advantages compared to conventional machining, it has some drawbacks, two of which 
are higher surface roughness and dimensional inaccuracy of as-built part surfaces especially in overhang features. Support 
structures are one of the solutions to mitigate these drawbacks at a cost of additional post-processing efforts. The aim of the 
present study is to investigate the effect of different support geometries on the mechanical properties of laser powder bed 
fusion manufactured Inconel 718 overhang parts. The tested support geometries are comprised of several pieces to ease post-
processing instead of using single-piece supports filling all over the overhang surface. One of the tested support structures 
is contactless support with no direct contact between the part and the support itself. The others are tooth support where the 
contact is on the tooth faces and line support where the contact is along a line. The thickness of each support piece and the 
spacing between the two support pieces were used as design variables. The dimensional accuracy of printed specimens with 
respect to the computer-aided geometry, distortion of overhang features, microhardness through the thickness, microstructural 
changes of overhang surface, and surface roughness of overhang features was experimentally evaluated. The results revealed 
that support type, support spacing and support thickness directly affect the performance characteristics used in this study.
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1  Introduction

Considered as one of the pillars of the fourth industrial 
revolution [1], Additive Manufacturing (AM) or three-
dimensional (3D) printing is a layer-by-layer manufacturing 
process in which a part can be built on a build plate from 
a 3D computer-aided design (CAD) file sliced in a virtual 
environment, and then for each slice a machine-specific 
tool path is generated [2]. Unlike conventional methods, 
namely subtractive manufacturing methods, AM is based 
on incremental layer-by-layer manufacturing [3]. AM gives 
engineers and researchers new design freedom to produce 
enhanced components or entire assemblies which were 

previously impossible or impractical to manufacture [4]. In 
Powder Bed Fusion (PBF) processes, a group of AM pro-
cesses, powder particles are laid on the build plate attached 
to the build platform by a recoater blade. For each layer, gen-
erally a laser or electron beam is used to selectively melt the 
powder particles layer by layer. According to the employed 
energy source, the process is called the laser powder bed 
fusion (LPBF) or electron beam powder bed fusion (EPBF) 
process. Although PBF processes have many advantages 
compared to conventional machining, they have still some 
bottlenecks to be overcome. The most important disadvan-
tages limiting the adoption of these processes are mainly 
insufficient surface roughness and dimensional inaccuracy 
in comparison to conventional manufacturing methods [5].

In most of the studies related to the metal PBF processes, 
the bad surface quality is mainly attributed to the stair-step 
effect due to the inherent nature of AM processing and par-
tially melted powders bonded to the surface [6]. Especially 
when materials with high thermal conductivity such as cop-
per or aluminum are used, a deeper heat-affected zone is 
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formed on the surface, which leads to more powder adhering 
to the surface without fully melting and consequently higher 
surface roughness [7]. In general, downskin surfaces, also 
called as overhang surfaces, have higher surface roughness 
than other surfaces, i.e., upskin or vertical surfaces, due to 
the fact that heat transfer phenomena through angled sur-
faces result in bigger overheating zones in downskin surfaces 
which eventually causes more particle adhesion [8]. High 
surface roughness of as-built samples was also attributed 
to surface pores due to the lack of fusion and adhesion of 
partially melted powder particles [9]. Partially melted pow-
der particles increase the surface roughness of printed part 
surfaces. These rough surfaces play a very important role in 
stress–strain behavior of AM parts especially in small cross-
sectional areas [10]. Moreover, the high surface roughness 
of as-built samples gives rise to reduced corrosion resistance 
when compared to polished samples having higher surface 
quality [11]. As expected, the surface roughness also affects 
the fatigue life of AM parts [12]. It is found in the literature 
that the surface roughness of built parts is more influential in 
high cycle fatigue (HCF) rather than low cycle fatigue (LCF) 
applications [13]. Jamshidinia et al. compared fatigue behav-
iors of Ti6Al4V lattice structures produced by the EPBF 
process revealing that high surface roughness, low strut 
thickness and low relative density have the highest impact 
on fatigue life and the crack initiation was mostly started 
in strut surfaces where partially melted powder particles 
attached to [14]. Vayssette et al. investigated the effect of 
surface roughness of Ti6Al4V parts produced by LPBF and 
EPBF processes and reported a significant decrease in the 
HCF life of as-built parts due to higher surface roughness 
compared to machined parts [15, 16].

To enable manufacturability in LPBF, the support struc-
ture is one of the main elements. As a general rule of thumb, 
if a part surface has an inclination below 45° with respect to 
the build plate, it needs to be supported. Above this angle, 
the surfaces are self-supporting, thus no need fo extra sup-
port structures [17]. The design and location of support 
structures are also important for the resulting surface qual-
ity and dimensional accuracy. Inappropriate support designs 
may result in higher surface roughness and even build fail-
ures when these structures are physically removed after 

manufacturing [18]. Leary also stated the importance of the 
remnants of the support structures on the surface roughness 
since the mechanical removal of these structures after the 
build process may result in surface irregularities and/or dis-
tortions at mating locations [19]. For especially overhanging 
sections, support structures withstand material fall-in and 
part warpage due to thermal gradients by thermal-induced 
stresses [20].

Different support geometries used on overhang features 
have different thermal conductivities, therefore, their effects 
on surface roughness and dimensional accuracy are also dif-
ferent [21]. For this reason, different types of support have 
been investigated in the literature as shown in Fig. 1 [22]. 
Järvinen et al.’s study revealed that web support showed bet-
ter surface quality parts than tube supports [22]. Umer et al. 
investigated the deformation behavior of overhang features 
with column and Y-shape supports produced by EPBF and 
stated nearly 22% deviations between experimental and sim-
ulation results due to the deviations in material properties, 
deformation in build plate and assumption of no deforma-
tion in lateral direction [23]. In terms of contactless sup-
ports where there is no direct contact between the part and 
the support, 0.49 mm, 0.63 mm, 0.77 mm [24], 0.3, 0.45, 
0.75 mm [18] and 0.21 mm [25, 26] gaps were used between 
the part and the support, and it was revealed that when the 
gap distance is decreased, the deformation of the overhang 
surfaces decreased. In terms of tooth supports, it was stated 
in the literature that z-height, defined as the offset between 
the top of tooth support and the mating surface of parts, has 
a considerable effect on part deformation for LPBF over-
hang parts [27]. In another study, it was stated that z-height 
affects the part deformation for Ti6Al4V parts, but it has no 
considerable effect on AlSi10Mg parts produced by LPBF 
[28]. In Ameen et al.’s studies, it was shown that tooth sup-
ports can be located 2–5 mm away from the beginning of 
the overhang section without having any significant effect 
on deformation [29, 30].

In nearly all the studies carried out in the literature about 
the effect of support types on the mechanical properties 
of overhang parts produced by PBF processes, full single-
piece supports under overhang surfaces were used. However, 
supports composed of multiple pieces can be used under 

Fig. 1   Different types of supports used in literature: a block, b point, c web, d contour, e line support [22]
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overhang surfaces rather than a single piece to reduce the 
amount of powder used and time spent for printing as well 
as to ease the post-processing. Kurzynowski et al. stated that 
columnar pores formation and mechanical properties of the 
final part are directly influenced by the distance between 
support pieces and their inclination with respect to the build 
plate when multiple support pieces are used under overhang 
features [31]. To the best of authors’ knowledge, no study 
has so far focused on using a different type of supports with 
multiple pieces and their effects on the mechanical proper-
ties of the final part. To fill this gap in the literature, the 
present study focused on three types of supports: contact-
less support, tooth support and line support. Supports with 
multiple pieces and overhang specimens were produced 
from Inconel 718 material by the LPBF process. Apart 
from support types, the thickness of each support piece and 
the spacing between two support pieces were also used as 
design variables. Dimensional accuracy of printed speci-
mens with respect to CAD geometry, distortion of overhang 
feature, microhardness through the thickness, microstruc-
tural changes of overhang surface, and surface roughness of 
overhang features were experimentally measured. The rest 
of the paper is organized as follows: different support design, 
manufacturing and measurement techniques are detailed in 
Sect. 2. Results in terms of average thickness deviation, sur-
face roughness, microhardness through thickness and micro-
structure are discussed in Sect. 3 and lastly key findings in 
this study is summarized in the Conclusion section.

2 � Materials and methods

The specimen geometry with an overhang surface of 30° 
used in this study is shown in Fig. 2. 3D geometries of the 
specimen and supports were modelled using Siemens NX 
12 software (Siemens AG, Germany). As shown in Figs. 3, 
4 and 5, three different types of supports were used in the 
study: contactless support where there is no direct contact 
between the part and the support, tooth support where the 
contact is on the tooth faces and line support where the con-
tact is along a line. Instead of using single-piece support 
filling all over the overhang surface, different types of sup-
ports composed of multiple pieces were used. The thickness 
of each support pieces (dimension A in Figs. 3, 4 and 5) 
and the spacing between two support pieces (dimension B 
in Figs. 3, 4 and 5) were used as design variables. A full set 
of designs of experiments was used in this study with three 
factors at three levels. Table 1 shows the related data for the 
total 27 experiments.

The specimens were located on the build plate as shown 
in Fig. 6. For each configuration of 3 factors, three speci-
mens, in other words repetitions, and a total of 81 specimens 
were produced in two builds.

The specimens were manufactured using a Concept Laser 
M2 direct laser melting (DMLM) machine, a commercial 
name for LPBF, (Concept Laser GmbH, GE Additive, Ger-
many) from Inconel 718 material. DMLM manufacturing 
was performed under a nitrogen gas environment and 50 µm 
layer thickness was used. The chemical composition of the 
Inconel 718 material used in production is shown in Table 2, 
and the standard vendor process parameters were used dur-
ing manufacturing as presented in Table 3.

Solukon SFM-AT800 system (Solukon Maschinenbau 
GmbH, Augsburg, Germany) was used for the powder 
evacuation process after the DMLM build. After the powder 
evacuation process, specimens and supports were removed 
from the build plate with the help of the GF AgieCharmilles 
wire electrical discharge machine (Agie Charmilles Ltd., 
Switzerland) with a wire thickness of 0.3 mm and an average 
cutting speed of 5 mm/min. After removing from the build 
plate, support structures were removed from the specimens 
manually.

For dimensional deviation and distortion measurements, 
ATOS ScanBox 4105 blue light device (Carl Zeiss GOM 
Metrology GmbH, Braunschweig, Germany) was used. 
Scanned manufactured specimens were compared with 
the original CAD geometry by using GOM Inspect soft-
ware (Carl Zeiss GOM Metrology GmbH, Braunschweig, 
Germany). Alicona InfiniteFocus G5 (Alicona Imaging 
GmbH, Graz, Austria) based on the focus variation tech-
nique was used for surface roughness measurements. Dur-
ing surface roughness (Sa) measurements, X10 magnifica-
tion, polarized coaxial illumination, 6 µm lateral resolution 
and 900 nm vertical resolution were used. The specimens 
were cut from its middle plane with a Struers Secotom cut-
ter, mounted in Struers CitoPress mounting machine and 
finally polished with Struers Tegramin (Struers LLC, Ohia, 

Fig. 2   General dimensions of overhang specimen (dimensions are in 
mm, width: 25.4 mm)
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US) for metallographic studies and microhardness measure-
ments. For metallographic studies, Nikon Eclipse MA200 
optical microscope (Nikon corp., Tokyo, Japan) and Zeiss 
Merlin FE-SEM scanning electron microscope (Carl Zeiss 
AG, Jena, Germany) were used. Emco-Test DuraScan-70 
type micro hardness tester equipment (EMCO-TEST Prüf-
maschinen GmbH, Kuchl, Austria) at Vickers hardness 

scale 0.3 (HV 0.3, 2.942 N) was used for hardness measure-
ments. Microhardness through thickness evaluations were 
performed by measuring three microhardness values 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.

Fig. 3   Contactless support (dimensions are in mm). See Table 1 for A and B

Fig. 4   Tooth support (dimensions are in mm). See Table 1 for A and B

Fig. 5   Line support (dimensions are in mm). See Table 1 for A and B
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The importance of each design variable on design out-
puts and the optimum parameter sets to obtain the optimum 

design outputs were found by using analysis of variance 
(ANOVA). Minitab 19 software was used for ANOVA 
analysis.

3 � Results and discussions

All specimens were successfully produced without any man-
ufacturability issues as depicted in Figs. 7 and 8.

3.1 � Average thickness deviation and distortion 
results

Average thickness deviation measurements were performed 
on 6 locations for each specimen as shown in Fig. 9. Meas-
ured average thickness deviations are shown in Fig. 10 in 
terms of support thickness and support spacing for three 
different types of supports.

From Fig.  10, it is pretty clear that, for contactless 
supports, the minimum (0.0073  mm) and maximum 
(0.1063 mm) average thickness deviations were observed 
at 0.51 mm support spacing with 0.76 mm support thick-
ness and 1.02 mm support spacing with 1.02 mm support 
thickness, respectively. Support spacing increase resulted 
in an increase in average thickness deviation for all support 
thickness values. This is probably due to the fact that when 
support spacing increases, more freestanding melt pools 
penetrate towards the loose powder bed, more powders stick 
to the melt pool and increases the surface roughness and 
deviations [33–36]. For the fixed support spacing, average 
thickness deviation increased when the support thickness 
increased, except for the 1.02 mm support spacing. When 
the spacing between supports increased from 0.51 mm to 
0.76 mm and from 0.76 mm to 1.02 mm, average thickness 
deviation increased nearly 134% and 41%, respectively, for 
0.76 mm support thickness, 131% and 44%, respectively, for 
1.02 mm support thickness and 16% and 2%, respectively, 
for 1.27 mm support thickness. From these percentage cal-
culations, it can be concluded that for contactless supports, 
the percentage of increase in thickness deviation related to 
an increase in support spacing is lower for thicker supports.

For line supports, the minimum (0.0423 mm) and maxi-
mum (0.5897  mm) average thickness deviations were 
observed at 0.51 mm support spacing with 1.27 mm sup-
port thickness and 1.02 mm support spacing with 0.76 mm 
support thickness, respectively. Similar to the contactless 
supports, the support spacing increase resulted an increase 
in average thickness deviation for all support thickness val-
ues. There is no direct correlation found between support 
thickness and average thickness deviation. When the spac-
ing between supports increased from 0.51 mm to 0.76 mm 
and from 0.76 mm to 1.02 mm, average thickness deviation 
increased nearly 41% and 67.5%, respectively, for 0.76 mm 

Table 1   Design of experiment (dimensions are in mm)

Experiment 
no.

Support type Dimension A Dimension B

1 Contactless 0.76 0.51
2 Contactless 0.76 0.76
3 Contactless 0.76 1.02
4 Contactless 1.02 0.51
5 Contactless 1.02 0.76
6 Contactless 1.02 1.02
7 Contactless 1.27 0.51
8 Contactless 1.27 0.76
9 Contactless 1.27 1.02
10 Line 0.76 0.51
11 Line 0.76 0.76
12 Line 0.76 1.02
13 Line 1.02 0.51
14 Line 1.02 0.76
15 Line 1.02 1.02
16 Line 1.27 0.51
17 Line 1.27 0.76
18 Line 1.27 1.02
19 Tooth 0.76 0.51
20 Tooth 0.76 0.76
21 Tooth 0.76 1.02
22 Tooth 1.02 0.51
23 Tooth 1.02 0.76
24 Tooth 1.02 1.02
25 Tooth 1.27 0.51
26 Tooth 1.27 0.76
27 Tooth 1.27 1.02

Fig. 6   Specimen layout on build plate. Numbers show the specimen 
no
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support thickness, 47% and 10%, respectively, for 1.02 mm 
support thickness and 149% and 38%, respectively, for 
1.27 mm support thickness.

For tooth supports, the minimum (0.1338  mm) and 
maximum (0.2611 mm) average thickness deviations were 
observed at 0.51 mm support spacing with 0.76 mm sup-
port thickness and 1.02 mm support spacing with 1.27 mm 

Table 2   Chemical composition 
of Inconel 718 wt%

Element Ni Cr 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

Table 3   Processing parameters [32]

Laser power (W) Laser scan speed (mm 
s−1)

Laser spot 
size (μm)

Skin 160 800 80
Core 160 680 53

Fig. 7   Produced specimens after powder removal: a top view, b side view, c front view

Fig. 8   Downskin surfaces of three specimens related with three different support types after wire EDM cut
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support thickness, respectively. There is a direct correlation 
between support spacing and average thickness deviation 
for all support thickness values. However, similar to the 
line support, there is no direct correlation found between 
support thickness and average thickness deviation. When 
the spacing between supports increased from 0.51 mm to 
0.76 mm and from 0.76 mm to 1.02 mm, average thickness 
deviation increased nearly 44% and 22%, respectively, for 
0.76 mm support thickness, 6% and 40.5%, respectively, for 

1.02 mm support thickness and 29% and 36%, respectively, 
for 1.27 mm support thickness.

For the investigated three different types of support 
structures, the minimum and maximum average thickness 
deviation were observed at the smallest (0.51 mm) and at 
the highest (1.02 mm) support spacings.

Main effect plot from ANOVA analysis of average 
thickness deviation is shown in Fig. 11. Since lower aver-
age thickness deviation means higher performance, it can 

Fig. 9   Thickness deviation measurements from 6 locations

Fig. 10   Average thickness deviations for all specimens
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be concluded from Fig. 11 that contactless support with 
1.27 mm support thickness and 0.51 mm support spacing 
is the optimum parameter set for the lowest average thick-
ness deviation in the scope of the experimental set used 
in this study. It was also observed in the literature that 
dimensional accuracy for contactless supported specimens 
is related to not only support thickness and support spac-
ing but also support gap [37]. On the other hand, line sup-
port with 0.76 mm support thickness and 1.02 mm support 
spacing is the worst parameter set for the highest average 
thickness deviation.

ANOVA results for average thickness deviation are shown 
in Table 4. In this table, DF is the degree of freedom of the 
investigated parameter, Adj MS (adjusted mean squares) 
measures the variation of investigated parameter, Adj SS 
(adjusted sum of squares) measures the variations, F is a 
value used to calculate p value which is used to evaluate 
the significance of the investigated parameter on the design 
output [38].

According to the ANOVA results in Table  4, it can 
be concluded that support type is the most influential 
(p = 0.0003 < 0.05) and support thickness is the least influ-
ential (p = 0.2237 > 0.05) parameter on average thickness 
deviation.

Color-mapped surface deviations of upskin and downskin 
faces of three specimens related with three different support 
types are shown in Fig. 12. A detailed look in Fig. 12 can 
reveal that there is higher surface deviation and distortions 
on downskin surfaces than upskin surfaces for specimens 
supported by contactless supports (specimens 1–9). How-
ever, for specimens supported by line supports (specimens 
10–18) and tooth supports (specimens 19–27), the situation 
is the opposite: higher surface deviation and distortions were 
observed on upskin surfaces. This can be attributed to the 
fact that, for line and tooth supports, the downskin surfaces 
are solidly supported and this results in lower distortions in 
downskin surfaces when compared to the upskin surfaces 
which are freestanding. On the other hand, for contactless 
supports, since there is no direct connection between the 
downskin surface and the supports, melt pool penetrates 
towards the powder bed during manufacturing and this phe-
nomenon increases the distortions on downskin surfaces, 
however, upskin surfaces are supported by the previous 
molten and solidified layers to some extent which reduces 
the distortions on upskin surfaces. It is clear from Fig. 12 
that the distortion on the downskin surface is not homog-
enous. Since support structures with multiple pieces were 
used in the present study, the nonhomogeneous distortion 
on downskin surfaces can be attributed to the different ther-
mal dissipation behavior of supported areas and unsupported 
areas between two support pieces. Moreover, nearly for all 
specimens, the distortion at the tip of the specimen is higher 
than the root of the specimen due to the fact that the tip 
of the specimens is more freestanding when compared to 
the root of the specimens which have anchorage to the base 
plate.

For nearly all specimens supported by line and tooth 
supports, support remnants (Fig. 13) were observed on 

Fig. 11   Main effect plot for 
average thickness deviation

Table 4   ANOVA for average thickness deviation

Source DF Adj SS Adj MS F value p value

Support type 2 0.22847 0.114233 12.55 0.0003
Support thickness 2 0.02941 0.014705 1.62 0.2237
Support spacing 2 0.05509 0.027544 3.03 0.0711
Error 20 0.18205 0.009102
Total 26
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downskin surfaces. It is clear from Fig. 12 that there are 
more support remnants in specimens supported by line 
supports than those supported by tooth supports. The 

height of these support remnants was measured on sur-
face texture maps (Fig. 13) and average values was shown 
in Fig. 14 for line supports. It is clear that increasing 

Fig. 12   Color-mapped upskin and downskin surface deviations for three specimens related to three different support types. Numbers indicate 
specimen no

Fig. 13   Support remnant height 
measurements on surface 
texture map for a line supported 
specimen
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support spacing and support thickness generally resulted 
in higher support remnants. This phenomenon is also clear 
from ANOVA analysis as shown in Fig. 15. The minimum 
and maximum support remnant heights were observed at 
0.51 mm support spacing with 0.76 mm support thickness 
and at 1.02 mm support spacing with 1.27 mm support 
thickness, respectively.

ANOVA results for support remnant height of line-sup-
ported specimens are shown in Table 5. According to the 
ANOVA results, by comparing p values, it can be concluded 

that support thickness has higher influence than support 
spacing on support remnant height.

3.2 � Surface roughness results

Alicona measurements gave the whole surface topogra-
phy or surface texture of the downskin surfaces. Surface 
roughness measurements were performed on surface texture 
maps extracted from Alicona by using GOM Inspect soft-
ware. The measurements were performed on six different 
locations away from the supported areas where thickness 
deviation measurements were performed as shown in Fig. 9. 
Figure 16 shows the effect of support thickness and support 
spacing on surface roughness for contactless, line and tooth 
supports. For contactless supports, the minimum surface 
roughness (49.99 µm) was observed at 0.51 mm support 
spacing and 0.76 mm support thickness. On the other hand, 
the maximum surface roughness (70.82 µm) was observed at 
1.02 mm support spacing and 0.76 mm support thickness. It 
can be generally stated that surface roughness increased with 
an increase in support spacing for fixed support thicknesses.

For line supports, the minimum surface roughness 
(44.71 µm) was observed at 0.51 mm support spacing and 
0.76 mm support thickness. On the other hand, the maximum 
surface roughness (55.11 µm) was observed at 0.51 mm sup-
port spacing and 1.27 mm support thickness. Similar to the 
contactless supports, surface roughness increased with an 
increase in support spacing for fixed support thicknesses, 
except for the 1.27 mm thick supports.

For tooth supports, the minimum surface roughness 
(48.78 µm) was observed at 1.02 mm support spacing and 
0.76 mm support thickness. On the other hand, the maximum 
surface roughness (54.47 µm) was observed at 1.02 mm sup-
port spacing and 1.27 mm support thickness.

Fig. 14   Support remnant 
heights for line supported 
specimens

Fig. 15   Main effect plot for support remnant height

Table 5   ANOVA for support remnant height

Source DF Adj SS Adj MS F value p value

Support thickness 2 0.002587 0.001293 4.42 0.097
Support spacing 2 0.001833 0.000916 3.13 0.152
Error 4 0.001171 0.000293
Total 8
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The main effect plot from ANOVA analysis of surface 
roughness is shown in Fig. 17. Lower surface roughness 
means higher performance, therefore, line support with 
0.76 mm support thickness and 0.51 mm support spacing 
is the best parameter set for the lowest surface roughness 
and contactless support with 1.02 mm support thickness and 
1.02 mm support spacing is the worst parameter set for the 
highest surface roughness.

From ANOVA results related to surface rough-
ness (Table  6), support type is found to be the most 
influential and support spacing is the least influential 
(p = 0.5096 > 0.05) parameter. For contactless-type 

Fig. 16   Surface roughness values for all specimens

Fig. 17   Main effect plot for 
surface roughness

Table 6   ANOVA for surface roughness

Source DF Adj SS Adj MS F value p value

Support type 2 817.29 408.65 25.79 0.0000
Support thickness 2 100.48 50.24 3.17 0.0637
Support spacing 2 22.10 11.05 0.70 0.5096
Error 20 316.93 15.85
Total 26



222	 Progress in Additive Manufacturing (2024) 9:211–229

1 3

supports, it was also found in the literature that support 
spacing has a negligible effect on surface roughness [39].

Surface texture maps for three specimens related to  
three different support types are shown in Fig. 18. Since 
any rough surface consists of peaks and valleys, these 
are shown in different colors in surface texture maps. In 
Fig. 18, red, yellow and green-yellow colors represent 
peaks and blue and blue-green colors represent valleys. A 
comparative investigation of Figs. 16 and 18 shows that 
the fraction of peaks and valleys in surface texture maps is 
consistent with the surface roughness results. For instance, 
contactless supports resulted in higher surface roughness 
values compared with line and tooth supports. It is clear 
that specimens 1–9 (contactless supports) have higher red 
areas than specimens 10–18 (line supports) and specimens 

19–27 (tooth supports). Support remnants can be clearly 
seen in especially line supports.

Alicona measurement is a line-of-sight dependent tech-
nique which means that if a rough surface is to be scanned, 
some data loss may be observed [40]. For this reason, along 
with Alicona measurements, it is more realistic to use cross-
sectional optical microscope images for surface roughness 
characterization. Figure 19 shows the optical microscope 
images of downskin surfaces for three specimens related 
to three different support types in which different surface 
irregularities on the surface were observed. In LPBF, some 
surface irregularities can be observed due to material filling 
defects, localized lack of fusion, particles ejection from the 
melt pool, etc. and these defects change the surface morphol-
ogy and surface roughness of the specimens [41].

Fig. 18   Surface texture maps for three specimens related to three different support types

Fig. 19   Optical microscope images for three specimens related to three different support types
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Figures 20, 21 and 22 show SEM images of downskin 
surfaces of specimens produced with contactless, line and 
tooth support, respectively. In all of the produced speci-
mens, the phenomenon of attaching of non-fully melted 
powder particles to the surface due to lack of fusion [6] was 

observed as represented by green arrows in Figs. 20, 21, 22. 
In LPBF process, spattering is an unavoidable phenomenon 
due to the solidification and deposition of molten material 
ejected from the melt pool [42]. Due to the vapor pressure 
on the melt pool and entrapping laser energy, melted fluid in 

Fig. 20   SEM image of downskin surface of specimen 2 (contactless support)

Fig. 21   SEM image of downskin surface of specimen 11 (line support)

Fig. 22   SEM image of downskin surface of specimen 25 (tooth support)
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the melt pool accelerates backwards. Spatters are formed at 
these locations [43]. Spattering powders can fall back onto 
the powder bed deteriorating the surface smoothness and 
may cause defects locally or can fall onto the consolidated 
surface which may fuse with it and may not be removed 
from the surface by the recoater blade [44]. After scanning 
of powders with laser energy, completely and non-fully 
melted powder particles may combine in large drops called 
balling phenomenon [45–47] and drops related to this phe-
nomenon are shown in Figs. 20, 21, 22 with orange arrows. 
In Figs. 20, 21, 22, there are also bump or mushroom-like 
structures represented by blue arrows which are formed due 
to the expansion of the melt pool caused by the increase in 
viscosity. These structures are one of the main causes of 
surface roughness. Red arrows are shown in Figs. 20, 21, 22 
which represent micro cracks. These cracks can penetrate 
very quickly and result in severe part failures [12]. Apart 
from these surface irregularities and micro cracks, remnants 
due to line and tooth supports are clearly visible in Fig. 21 
and 22, respectively.

3.3 � Microhardness results

Figure 23 shows the average microhardness measurements 
through the thickness of the specimens based on measure-
ments at three locations: near the upper face, at the mid-
dle, and near the downskin face for three different support 
types. In reference [48], similar average microhardness 
results were also observed. For the contactless support 

type, the minimum average microhardness (306.33 HV) 
was observed at 1.02 mm support spacing and 1.02 mm 
support thickness. On the other hand, the maximum 
average microhardness (313.67 HV) was observed at 
0.51 mm support spacing and 1.02 mm support thickness. 
For line supports, the minimum average microhardness 
(303.67 HV) was observed at 0.76  mm support spac-
ing and 1.27 mm support thickness. On the other hand, 
the maximum average microhardness (317.33 HV) was 
observed at 1.02 mm support spacing and 0.76 mm sup-
port thickness. In terms of tooth support used specimens, 
the minimum average microhardness (302.05 HV) was 
observed at 1.02 mm support spacing and 1.27 mm support 
thickness, whereas the maximum average microhardness 
(317.67 HV) was observed at 0.51 mm support spacing 
and 1.02 mm support thickness.

The main effect plot from ANOVA analysis is shown 
in Fig. 24. Higher or lower microhardness values can be 
desired in different applications. Therefore, it can be con-
cluded that tooth support with 1.27 mm support thickness 
and 1.02 mm support spacing is the parameter set for the 
lowest amount of microhardness. On the other hand, line 
support with 0.76 mm support thickness and 0.51 mm sup-
port spacing is the parameter set for the highest amount of 
microhardness.

From ANOVA results related to surface roughness 
(Table 7), support spacing is found to be the most influential 
(p = 0.0308 < 0.05) and support type is the least influential 
(p = 0.9057 > 0.05) parameter.

Fig. 23   Microhardness values for all specimens
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Microhardness measurements at three different locations 
along with microstructure for three specimens related to 
three different support types is shown in Fig. 25. It is clear 

that microhardness increases from the top of the specimen to 
the bottom downskin surface for the specimens supported by 
contactless supports. However, this behavior is not obvious 
in specimens supported by line or tooth supports. Micro-
hardness is directly related with the microstructure of the 
specimen. In specimens 1–9 where contactless supports 
are used, finer grains were observed at the near edge of the 
downskin surface and grains become coarser towards the 
upskin surface. At the downskin surface of the specimens, 
since the powder bed underneath is cold at the beginning 
of laser scanning and scanned powders are hot, large ther-
mal gradients occur and because of high cooling rates, fine 
grains are formed. [49]. At higher build heights, since the 

Fig. 24   Main effect plot for 
microhardness

Table 7   ANOVA for microhardness

Source DF Adj SS Adj MS F value p value

Support type 2 2.477 1.239 0.10 0.9057
Support thickness 2 75.564 37.782 3.04 0.0706
Support spacing 2 103.613 51.807 4.16 0.0308
Error 20 248.947 12.447
Total 26

Fig. 25   Microhardness measurements at three different locations for three specimens related to three different support types
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thermal difference between successive layers become low, 
coarser grains are formed [50]. A closer look into the optical 
images reveals that some fused particles were observed on 
the downskin surfaces. This phenomenon is observed for all 
types of support structures (Figs. 26, 27, 28). At the interface 
regions between fused particles and the specimens, colum-
nar grains are observed which penetrate toward the inside of 
the specimen. These columnar grains are formed during the 
solidification of the scanned layers and have a direct effect 
on microhardness [51]. There are also some inner porosities 

observed in Figs. 26, 27, 28 which decrease the mechanical 
behavior of the specimen.

4 � Conclusion

In the present study, three different segmented support 
types, namely contactless support, line support and tooth 
support, are investigated in terms of dimensional deviation 
and distortion, surface roughness, microhardness through 

Fig. 26   Optical microscope image for specimen 3 (contactless support)

Fig. 27   Optical microscope image for specimen 14 (line support)

Fig. 28   Optical microscope image for specimen 24 (tooth support)
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thickness and microstructure. Some key findings based on 
the experimental results are summarized as follows:

•	 Due to more freestanding melt pool penetration towards 
the loose powder bed, higher average thickness devia-
tion occurs at higher support spacings for fixed support 
thickness in all types of supports. This behavior is more 
critical at thinner support segments. The minimum and 
maximum average thickness deviation were observed 
at the lowest and the highest support spacings, respec-
tively.

•	 For contactless support type, an increase in segmented 
support thickness resulted in an increase in average 
thickness deviation.

•	 In contactless supports, higher surface deviation and 
distortions were observed on downskin surfaces than 
upskin surfaces. On the other hand, the opposite behav-
ior was observed in specimens supported by line sup-
ports and tooth supports.

•	 Due to segmented support usage and resulting different 
thermal dissipation behavior of segmented sections and 
sections between two segments, complex deviations 
and distortions behavior were observed on downskin 
surfaces.

•	 Higher distortions were observed at the tip of the speci-
men compared with the root of the specimen for all 
types of supports due to free edge behavior.

•	 More support remnants were observed in line-sup-
ported specimens than tooth-supported specimens and 
remnant heights increased due to an increase in support 
spacing or support thickness.

•	 For contactless and line supports, higher support spac-
ing resulted in higher surface roughness values.

•	 For all the specimens supported by different support 
types, some surface irregularities were observed which 
increase surface roughness and dimensional variations. 
These are: fused particles attached to the downskin sur-
face, spattered powders from the melt pool and bump 
or mushroom-like structures on the surface.

•	 For contactless support types, microhardness at the 
lower edge is higher than microhardness at the upper 
edge due to microstructural changes. At lower edges, 
finer grains were observed.

•	 Using proper support thickness and spacing values, 
lower surface roughness and higher microhardness 
values can be achieved with line support. On the other 
hand, it results in higher thickness deviation than tooth 
and contactless support. Among the investigated sup-
port types, contactless support is the best option for the 
lowest average thickness deviation.

•	 Support type is found to be the most influential param-
eter on average thickness deviation and surface rough-
ness.

In this study, overhang specimens were produced by the 
LPBF process from Inconel 718 powder material. Since dif-
ferent materials show different heating / cooling rates and 
thermal gradients, the findings in this article may not be 
applicable to other materials. Future studies will focus on 
the effectivity of using different types of support structures 
from different materials.
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