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ABSTRACT

Additive manufacturing delivers the opportunity to manufacture complex geometry with compara-
ble effective effort. Nevertheless, comprehensive information for the sufficient configuration of the
process and related parameters are still missing. Here joint researches of the chairs for Manufactur-
ing Technology and Computer Aided Design at the University of Duisburg-Essen were carried out in
order to receive detailed information about the influencing factors on part quality for polypropylene
laser sintering parts. These experimental results provided the basis for the development of software
supported applications for the preprocess optimization.
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direction.
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1. INTRODUCTION

Additive Manufacturing (AM) refers to a group of
technologies used for producing prototypes (Rapid
Prototyping), tools and molds (Rapid Tooling) and end
products (Rapid Manufacturing). Due to the additive
process which builds up the physical part layer by
layer, geometries of any complexity like undercuts
and internal features can be built, because the whole
geometry of the part is not of importance in the cur-
rent layer. So during the last years AM is successfully
used as an effective tool for the rapid development of
products of nearly any complexity [7,14].

Every AM process is characterized by the prepro-
cessing, the build process and the postprocessing
[12]. Common for all layered manufacturing tech-
niques is that part-quality and manufacturing costs
depend on the part orientation during the process.
The result is that different parameters must be bal-
anced in order to find a good orientation for each
part. Based on the “optimal” orientation, the differ-
ent parts are positioned inside the build chamber
of the AM machine. Hence, the orientation of parts
is influenced by several different parameters, diffi-
culties occur when the best orientation has to be
found. State of the art software does not deliver ade-
quate solutions for this problem. Therefore, the user

Computer-Aided Design & Applications, 11(1), 2013, 49-61, http://dx.doi.org/10.1080/16864360.2013.834138

© 2013 CAD Solutions, LLC, http://www.cadanda.com

has to identify good part orientations based on his
experience. Here a number of orientation-dependent
effects such as stair-stepping, anisotropic material
properties like mechanical strength and shrinkages
must be considered for the correct choice of part ori-
entation. Usually this circumstance can be reduced
by selecting suitable process parameters (laser beam
power, scan speed) and building strategies (scan strat-
egy, shrinkage compensation). Additionally the con-
sideration of the AM process within an economic
point of view becomes increasingly important. Beside
the fixed costs, such as capital, labor and mainte-
nance costs, the variable costs (material and operating
costs) are significantly responsible for the total costs.
For that reason the selection of the part orientation
must be considered as part of the total construc-
tion costs, which are reflected by the building time,
the wasted powder and necessary preparation and
finishing steps.

All in all, the procedure of the correct orientation
becomes more and more difficult with increasing part
complexity and necessitates a software-aided sup-
port for the user in order to generate an effective
solution. Here, research activities were carried out in
order to find an optimal part orientation with soft-
ware support. For the available approaches, most of
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the influencing factors are only considered incompre-
hensive and the geometry is usually limited to simple
or convex parts. [4,5]. In this regard PHAM et al. [10],
YANG et al. [15], MAASOD and RATTANAWONG [9]
and XU et al. [16] created solutions for one single
ore just a little influence factors. CHENG et al. devel-
oped an approach for the classification of surfaces in
association with part accuracy [3]. In order create a
solution with an effective solution finding different
approaches witch used evolutionary algorithms for
the task of multi-objective optimization were devel-
oped by e. g. BYUN and LEE [2] and TYAGI et al. [13].
These considerations were taken into account for the
developments of DANJOU and KOHLER at the Uni-
versity of Duisburg-Essen [4-6]. This multi-objective
approach is used for the presented examples in this
paper. Beyond that some adjustments based on the
realized experiments have been applied.

These adjustments are mostly necessary because
the prior developments were developed based on
the part hence reliable information for special AM
technologies were inadequate. Therefore this paper
describes methods how this necessary information
can be gained by experiments and then be transferred
to a software based orientation optimization. The
described research was carried out for laser-sintering.
Laser-sintering is an AM technology that uses a laser
in order to fuse plastic powder. Based on 3D-CAD data
the original geometry is sliced in order to manufac-
ture a layer by layer generated 3D model. In this case
polypropylene is used as process material.

2. EXPERIMENTAL SETUP

Preliminary findings show, that the powder bed tem-
perature, the power of outline and fill laser, the scan
speed, the fill scan spacing as well as the layer thick-
ness are significant parameters for laser-sintered part
properties [1,8,11]. Here the mechanical properties
rise as a function of the energy density of the laser.
Simultaneously the geometric specifications, such as
the surface roughness or the dimensional accuracy
get worse with a high energy density. Illustrated
researches examine just the influence of process
parameters and orientation to single quality values.
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Research, related within this paper carries the studies
forward by a simultaneous optimization of the pro-
cess parameters for different target values. The devel-
opment of multi-objective optimization strategies are
supposed to ensure a part orientation, which consid-
ers manufacturing and functional aspects based on
previous findings [4,5].

In the course of investigations 2 test body geome-
tries were designed to fulfill the different measuring
tasks. With the test body geometry shown in figure 1
a) the accuracy of parts generated by laser sintering of
laser-sintered parts can be evaluated. First the surface
roughness as a function of the surface‘s orientation
will be analyzed. Therefore the test body geometry
consists of 13 different surface orientations, in detail
six upward facing surfaces (0°, 15°, 30°, 45°, 60°, 75°)
and seven downward facing surfaces (0°, 15°, 30°, 45°,
60°, 75°, 90°) with each length of 25 mm were consid-
ered. To measure the surface roughness, a Mitutoyo
tactile surface measurement system SJ-400 was used.
According to DIN EN ISO 4288, both the arithmetical
means roughness Ra and the surface roughness depth
Rz were examined. Second the dimensional accuracy
can be measured by taking the dimensions in any
direction (x=37,5mm, y =30mm and z = 26 mm).
To characterize the shape stability, different form ele-
ments were determined, marked with green notes in
figure la. To accomplish the complete dimensional
analysis, the 3D Scanning System ATOS III Triple Scan
by the Company GOM was used to capture all test boy
geometries full surfaces geometry with a precisely
dense cloud mesh.

Another source of inaccuracy is curl, which results
in curved edges of the part. Therefore a second test
geometry was designed, as shown in figure 1b. The
maximum length of the part is limited to x = 140 mm
and the width is limited to y = 10 mm. The part thick-
ness is kept to z= 10mm. The main objective is to
measure the degree of curl along the bottom length
of the part. To measure the curl effect, a coordinate
measuring machine C3 5-4-4 from Nikon was used.
The upward facing surface was scanned with a tac-
tile sensor for the whole length. Additionally both the
starting and ending measuring point were captured
three times for statistical reasons.

(c)

Acurl

Mechanical
properties

Fig. 1: Investigation of the main quality characteristics with defined test geometries.
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Nr Process parameters Unit Levels 1 2 3 4
A Powder bed temperature [°C] 4 139 140 141 142
B Extraction chamber temperature [°C] 4 100 110 120 130
C Fill laser power [W] 4 8 10 12 14
D Layer thickness [mm)] 4 0,08 0,10 0,12 0,14
E Outline scan speed [mm/s] 4 2500 2700 2900 3100
F Outline laser power [W] 4 6 8 10 12
G Hatch spacing [mm)] 4 0,22 0,24 0,26 0,28
H Fill scan speed [mmy/s] 4 2800 3000 3200 3400
I Distance Outline - Fill [mm] 4 0,03 0,09 0,15 0,21
Tab. 1: Chosen influencing factors and parameter levels.

Initially the main influencing factors of the laser-
sintering process for defined quality characteristics
have to be identified. Therefore nine different param-
eters which are varied in four different levels were
chosen for the analyses. From the current author
experience, those parameters which exert a direct
influence on the energy input of the powder both
of outline and fill exposure, apparently have a major
impact on the process quality. The Energy density can
be expressed as shown in Equation (1).

Py

b= vpxhxl (1)

Here, E is the energy density [J/mm3], | is the
layer thickness [mm], P is the laser power [W], v,
the beam speed [mm/s] and hg the hatch spacing
[mm]. Preliminary test showed that the processing
of polypropylene can be handled with an volume
energy density within the limits Epj, = 0,09 J/mm3,
and Emax = 0,22 J/mm3. Therefore, the range of the
laser power, laser beam scan speed and hatch spac-
ing of the fill exposure were selected as 8 to 14 W,
2800 to 3400mmy/s and 0,22 to 0,28 mm. The range
of the outline exposure parameters like laser power
and laser beam scan speed was set to 6 to 8 W and
2500 to 3100 mm/s. Furthermore both the layer thick-
ness and the space between outline and fill exposure
were investigated. Additionally process temperatures
such as the powder bed temperature (139 to 142°) and
extraction chamber temperature (100 to 130°) were
considered. All process variables and their levels are
summarized in table 1.

To perform the analyses, the robust design
method of Taguchi is used. Here not all possible com-
binations of the chosen process parameters, but a
selected subset were performed, without reducing the
information value of the analyses [4]. In this case,
the array L'32 was chosen. To analyze the results,
two different evaluation methods were used. First the
signal-to-noise (S/N) is used to compare a collection of
means, rates or proportions. The optimal settings for
each parameter are given, when the S/N ratio assumes
an extreme. Depending on the demand either the
minimization problem, as shown in Equation (2), or
the maximization problem, as shown in Equation (3),

is used. Within an ANOM decision chart the group
means are plotted to determine the significance of the
control parameters. Second the analysis of variance
(ANOVA) is used to identify and analyze significant or
pooled factors.

1 n

n=—101logo (n ;ﬁ) (2)
i=
1

n=—101ogyo (nZy,?) 3)

i=1

In the course of investigations the minimization
problem is used to identify the main influences of
the process parameters on the geometrical proper-
ties like surface roughness, dimensional accuracy and
shape stability. The maximization problem is used for
detecting best mechanical properties.

The studies were performed on an EOS Formiga
P100 laser-sintering machine. The material that was
investigated in this paper is a polypropylene with 20%
glass beads. In total 16 jobs were built, including all
necessary 32 experiments, as shown in figure 2a. To
expose the influence of the part orientation, the test
body geometries were built in the directions 0°, 15°,
30°, 45°, 60°, 75° and 90° related to the building
platform, see figure 2b.

3. RESULTS AND DISCUSSION

3.1. Process Optimization

As a result of this chapter the laser-sintering pro-
cess shall be optimized under the consideration of
the relationship between the process parameter, the
part orientation and the part properties.

3.1.1.

All 32 test body geometries were captured with a
dense cloud mesh. For the evaluation of the dimen-
sional accuracy, the deviations in every dimension
were measured. To examine shape stability the diam-
eter of the hole and concave and convex surfaces
were analyzed. Using the problem of minimization
(Equation 2) the factor effects were examined. The

Dimensional accuracy and shape stability
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A B cC D E F G H I ,,,,/—I
1 139 80 10 008 2500 6 022 3100 0,06
2 139 90 12 0,1 2700 8 024 3400 0,09
3 139 100 14 0412 2900 10 0,26 3700 0,12
4 139 110 16 0,15 3100 12 028 3400 0,15
5 140 80 10 o1 2700 10 026 3400 0,15
6 140 90 12 008 2500 12 028 3700 0,12
7 140 100 14 015 3100 6 022 3400 0,09
8 140 110 16 012 2900 8 024 3100 0,06
9 141 80 12 012 3100 6 024 3700 0,15
10 141 90 10 015 2900 8 022 3400 0,12
11 141 100 16 008 2700 10 028 3100 0,09
12 141 110 14 0,1 2500 12 026 3400 0,06
13 142 80 12 0,15 2000 10 028 3400 0,06
14 142 90 10 042 3100 12 026 3100 0,09
15 142 100 16 0,1 2500 6 024 3400 0,12
16 142 110 14 008 2700 8 022 3700 0,15 : :
177 139 80 16 008 3100 8 026 3400 0,12 Mechanical properties
18 139 90 14 01 2900 6 028 3100 0,15 : .
19 139 100 12 012 2700 12 022 3400 0,06 I Geometrical properties
20 139 110 10 015 2500 10 024 _ 3700 _ 0,09
21 140 80 16 0,1 2000 12 022 3700 0,09
22 140 90 14 008 3100 10 024 3400 0,06
23 140 100 12 015 2500 8 026 3100 0,15
24 140 110 10 012 2700 6 028 3400 0,12
25 141 80 14 012 2500 8 0,28 3400 0,09
26 141 90 16 0,15 2700 6 026 3700 0,06
27 141 100 10 0,08 2900 12 024 3400 0,15
28 141 110 12 01 3100 10 022 3100 0,12
20 142 80 14 015 2700 12 024 3100 0,12 /
30 142 90 16 0,42 2500 10 022 3400 0,15 y
31 142 100 10 0,1 3100 8 028 3700 0,06
32 142 110 12 008 2900 6 026 3400 0,09
Experimental plan |
Building process
Fig. 2: Test execution.
Powder | Extraction | g ager Layer  |Outline scan | Outline Hatch Fill scan Distance
bed chamber power thickness speed laser power spacing speed Outline-Fill
temperatur temperature
[-[dB] A1A2A3A4 | B1B2B3B4 | C1C2C3C4 | D1D2D3D4 | E1E2E3E4 | F1F2F3F4 | G1G2G3G4 | H1H2H3H4 | 11 12 13 14
5.00
3.00
1.00 __A [ A = A / | )
\_/ Py 7 ‘\{ v \ ;/ \ / JA
-1.00 \ \/ \. N / hY /
-3.00 %
-5.00 —o— X-Y-Z Bohrung

Fig. 3: ANOM chart for dimensional accuracy and shape stability.

effects of all considered factors to the dimensional
accuracy and the shape stability are shown in figure 3.

First the S/N Ratio for both investigated targets
are very similar. The largest span has the layer thick-
ness and is therefore the most important factor.
Contrary to the expected adoption, the geometrical
specifications are reduced with a decreasing layer

thickness. Reasons can be found in the energy intro-
duced to the power. The more energy is used to
melt down the powder, the more powder adhe-
sion on the surface of the part can be observed.
For demonstration reasons a test body geome-
try build with a high energy density is shown in
figure 4.
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Fig. 4: Effects of high energy density.
Dimensional accuracy Shape stability

Faktor Sig pl%] Sig p [%]
A Powder bed temperature & 8,21 5,75
B Extraction chamber temperature * 7,20 0,04
C Fill laser power [ 15,19 [ 26,84
D Layer thickness [ ] 31,63 [ ] 23,50
E Outline scan speed X - 5,68
F Outline laser power X - 4,34
G Hatch spacing 0,65 5,27
H Fill scan speed * 8,27 3,95
I Distance Outline - Fill X - X -

Tab. 2: ANOVA table for dimensional accuracy and shape stability.

The trend both of the fill laser power and the fill
scan speed validate the assumption, that the supplied
energy density has a major influence on the geomet-
rical specifications. The results were examined with
the ANOVA analyses, as shown in table 2. Here the
significance of the process parameters is shown. All
parameters with a blue field are pooled, that means
their effect on the target is negligible. Light green
fields point out a significant factor, dark green fields
a highly significant factor. All in all ANOVA confirms
the ANOM Analysis. The powder layer thickness has
the highest influence with 32% respectively 24%. Fur-
thermore the laser power of the fill exposure is highly
significantly important for geometrical specifications.
A third main influencing factor is the temperatures of
both the powder bed and extraction chamber. Increas-
ing processing temperatures lower the dimensional
accuracy and shape stability. The effects of the out-
line density (outline scan speed and laser power) and
the distance from outline to fill exposure are negative
and therefore allocated to the share of defects.

3.1.2. Surface Roughness

A total of 416 surfaces were measured. A detailed pre-
sentation of the investigations made would exceed
the scope of this paper. Therefore the ANOM anal-
ysis of the 30° downward facing surface is shown
in figure 5 representatively. First of all, the findings
show nearly equal results for both targets (R; and Ry).
For every factor concordant optimal parameter set-
tings are proposed. Again the powder layer thickness
has the highest influence on the surface roughness.
The reason for the high influence can be found in the
effect of stair stepping. A low powder layer thickness
decreases the effect. Second the laser power and scan
speed of the fill exposure have a main influence on
surface roughness. Assessing the energy density of
the outline exposure, the surface finish improves with
increasing energy density, but after a certain value the
surface quality deteriorates.

Table 3 summarizes the number of significant,
random influences and pooled factors in depen-
dence of the orientation. Regardless to the surface

Computer-Aided Design & Applications, 11(1), 2013, 49-61, http://dx.doi.org/10.1080/16864360.2013.834138

© 2013 CAD Solutions, LLC, http://www.cadanda.com



54

Powder | Extraction Fill laser Layer  |Outlinescan | Outline Hatch Fill scan Distance
bed chamber power thickness speed laser power | spacing speed Outline - Fill
Rz temperatur [temperature fa
[[4B] 0 00 0P OODODOGOOOOOOOOOO0O0OOO0O0O0O0O0OOPOOOO|00O0O0OIOO0OO [-dB]
-37.00
-37.50
-38.00
-38.50
3000 | _pe® | _a / PN i\ \ o /

-39.50 Jd
-40.00 / / \

j

Y

-40.50

-41.00 \
-41.50
-42.00

Fig. 5: ANOM chart for 30° downward facing surface.

orientation (except for the surface orientation parallel
to the building platform, 0°) the ANOVA analysis con-
firms ANOM’s results of having the layer thickness the
most significant factor.

In the case of downward facing surfaces the laser
power affects the surface roughness too. That may
due to the fact that with increasing laser power, the
filleting effect increases at the same time and works
against the stair stepping effect. In the case of upward
facing surfaces the energy density does not affect the
surface roughness.

The results, shown in figure 6, prove that part
orientation is one of the most significant factor on
surface roughness. On average the surface rough-
ness depth of downward facing surfaces is about 32%
better than the upward facing surfaces. This may
due to the filling effect observed on downward fac-
ing surfaces. It also shows that the surface becomes
more inclined with decreasing degrees of orienta-
tions. Reasons can be found within the stair case
effect which pronounced more in dependence of the
degree of orientation. Worst values can be found with
an orientation of 15°.

3.1.3. Mechanical Properties

In the course of investigation 224 specimens for ten-
sile test were built in the directions 0°, 15°, 30°, 45°,
60°, 75°, 90°. According to DIN EN ISO 527-1 and
DIN EN ISO 10350-1 tensile test were performed to
establish a correlation between process parameters,
part orientation and part properties. To determine the
significance of process parameters, the maximization
problem is used. The main effects for tensile strength,
young’s module and elongation break are shown in
figure 7. As you can see, all factor influences follow
nearly the same trend.

Figure 7 shows that, with decreasing powder layer
thickness, there is an improvement in all considered
targets. This is due the fact that the volume energy
density Ey increases with declining powder layer
thickness. Additionally all other parameters of the
equation of the Energy density, compare Equation (3),

have a main influence on the mechanical properties of
laser-sintered parts made of polypropylene. The influ-
ence of the extraction chamber temperature as well
as the energy density of the outline scanning and dis-
tance between outline and fill exposure are, however,
negligible and therefore pooled with in the ANOVA
analysis. The significance of all factors is shown in
table 4.

Regardless to the orientation of the built test spec-
imen powder layer thickness and laser power of the
fill exposure have the highest influence, rating up to
54%. Further significant factors are the laser power of
the fill exposure and hatch spacing. The influences of
both the temperatures and energy density of outline
exposure are relatively low and are therefore excluded
by associate them to the error.

Figure 8 shows the tensile strength as well as
young'‘s modul and elongation break of laser-sintered
parts in dependence of the orientation of the part.
First of all, best mechanical properties can be reached
with an orientation of 0°. Increasing the angle up
to 75°, all mechanical properties deteriorate. This
anisotropic effect could be observed with every test
series. Compared to the surfaces orientation depen-
dence the mechanical properties vary relatively low.

3.1.4. Curling

As shown in figure 1b, the dimensional deviation
Acurl in building direction of the test body geome-
try was measured. All captured distances were used
to performed the ANOM analysis. Here the minimiza-
tion is used to identify main influences to the curl
effect. Analog to the investigations of the mechan-
ical properties 224 test body geometries were built
in the directions 0°, 15°, 30°, 45°, 60°, 75°, 90°.
A detailed view would again exceed the scope of
this paper. For this reason just the most important
results are presented. First of all, the temperatures
of both powder bed and extraction chamber show a
high significance for the curl effect. High temperature
gradients between the actual melted layer geometry
and ambient temperature foster curling. Thus the
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0° 15° 30° 45° 60° 75° 90° 105° 120° 135° 150° 165° 180°
F Sig P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[% Siq P[%
A IE 38 1% 43 - B - - B - 2,2 3,35 39 R - - L9
B 5,7 3,7 . - 2,8 - L3 P - 0,83 4,2 0,6 0,1 8,5
C | * 163 * 166 13,7 1,4 1,7 % 103 - - - - 1,7 % 2,7 0,1
D 2,8 N 299 55,8 42,4 353 [N 47.8 59,7 52,4 56,62 492 N 757 B 899 W 286
E | * 158 0,9 1,9 - - 0,8 0,9 - - 1,7 0,1 0,5 2,7
F 57 Kl - 6,3 - 6,0 3,2 1,3 1,8 2,10 1,1 32 Bl - 3,0
¢ N - 18 . 8,8 . - N - BN - L5 06 1,23 30 B - 01 IEN -
H 124 Nl - 06 - o8 BNN - 3.3 o5 NEN - N - BN - r 14 -
I B - 0,6 1,3 . - I - 33 E - 4,7 1,07 4,4 1,9 0,1 -

Tab. 3: ANOVA table for surface roughness.
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Rz [um] Upward facing surfaces Downward facing surfaces Ra [pm]
110.0
100.0 _R, =102,048um
90.0 /‘\\‘/* ] Jad
/ ~——
800 v \‘\/
70.0
60.0
R,=55,076pym
50.0
40.0 T T T T T T T T ! ! ! ! )
0° 15° 30° 45° 60° 75° 90° 105° 120° 135° 150° 165° 180°
Fig. 6: Surface roughness for up- and downward facing surfaces.
Powder | Extraction Fill laser Layer Outline scan | Outline Hatch Fill scan Distance
bed chamber power thickness speed laser power spacing speed Outline -Fill
temperatur |temperature
[9B] A1a2R3A4 | BIB2B3B4 | C1C2C3C4 | DID2D3D4 | E1E2E3E4 | F1F2F3F4 |G1G2G3G4 |HIHZH3HA | 1 12 13 14 [dB]
65.60 - 28,00
o0 o o | &, ot |l oo 2 leo o * o | & Y
65.40 |9 M N / \ N4 D > ~~— - 26,00
L 24,00
65.20 A / \ | oo00
wn | a2 = ALY A
=T SRR RVAR=:
oung's moduls
64.60
64.40 A/A—-A—A A/A/\ A/A\A/A A—\/ A\AA \A::_: Tensile strength
64.20 ——&—— Elongation at break |
64.00

Fig. 7 ANOM chart for tensile strength, Young‘s module and Elongation at break.

volume energy density of fill exposure is decisive for
minimizing the curl effect.

Fig. 9 shows the degree of curl in dependence
of the length of the test body geometry. Here Point
1 shows the curling after I = 0,5mm, point 27 at a
length of 135.5 mm. As expected the curl effect shows
up most with an orientation of 0°. Here the largest
surface is melt down in the first layer. With increas-
ing angle the curl effect can be minimized. Minimum
curl appears at an angle of 45° referred to the build-
ing platform. Inter alia the tests showed revealed a
highly significant effect of the test body geometry.
For an entirely statement about the curl mechanism,
additional experiments are necessary.

Fig. 9 shows the degree of curl in dependence
of the length of the test body geometry. Here Point
1 shows the curling after I = 0,5mm, point 27 at a
length of 135.5 mm. As expected the curl effect shows
up most with an orientation of 0°. Here the largest
surface is melt down in the first layer. With increas-
ing angle the curl effect can be minimized. Minimum
curl appears at an angle of 45° referred to the build-
ing platform. Inter alia the tests showed revealed a
highly significant effect of the test body geometry.
For an entirely statement about the curl mechanism,
additional experiments are necessary.

3.1.5. Discussion

The results of the Taguchi analysis were used
to improve laser-sintered part properties such as
dimensional and shape accuracy, surface roughness,
mechanical properties and the reducing of the curl
effect. In the course of investigations the signifi-
cance of all process parameters were examined. In
total powder layer thickness has the highest influ-
ence on all parameters studied. Reasons can be found
within the stair stepping effect associated with the
layer thickness. The lower the powder layer thickness
the better the parts properties. Furthermore the den-
sity of fill exposure, represented by the laser power,
turned out to be a significant factor. High energy
densities of the fill exposure improve part properties
such as surface roughness or mechanical properties,
but lower the dimensional accuracy. Best properties
could be found within the limits Epj, = 0,15 J/mm3,
and Emax =0,19] /mm3. The outline energy density
is mostly responsible for the surface roughness. The
surface finish improves with increasing energy den-
sity, but after a certain value the surface quality
deteriorates. Recommended energy density for the
outline exposure is in the range between Fyi, =
0,15 J/mm, and Enax = 0,19]/mm. All in all does a
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Fig. 9: Curling in Dependence of the part orientation.

higher temperatures provide a greater energy input
into the powder bed and positively influent mechan-
ical part properties up to the limit of tynax = 141°C.
It is opposed by a decrease of the dimensional accu-
racy and surface quality. The powder bed tempera-
ture should be set between tyjy = 139°C t0 tmax =
140°C and the temperature of the extraction cham-
ber should be adjusted to 100°C. The same applies
to the extraction chamber temperature. Summarized
the optimized parameter settings found improve all
investigated part properties.

3.2. Part Orientation

Based on the findings of the process optimiza-
tion, a multi-objective approach for the part orien-
tation is used. Therefore the identified effects for
part quality and process efficiency are taken into
account. Adapted from this input parameters, DAN-
JOUS and KOHLERS genetic optimization algorithm
(see figure 11) is used to determine the optimal ori-
entation. Starting with a preparation step, the part
geometry is imported as STL file, then the con-
vex hull is constructed and extreme dimensions are
determined. Subsequent the genetic algorithm is ini-
tialized. Afterwards, the part is rotated in different
angles and for each orientation the part is sliced
and evaluated for the identified effects like volume,
cusp height, build time, max. exposure area, etc. The
combination of this effects result in a fitness anal-
ysis for each examined orientation. As long as this

function does not reach convergence a recombination,
mutation and selection of a new population leads to
a new calculation. When the fitness analysis reaches
convergence, the suggested orientations are exported
as STL files in the new orientation [4-6].

Hence DANJOU and KOHLERS approach deliver
suitable results some adjustments have to be done
for the implementation of the experimental results.
This is exemplarily shown for the influencing factor
surface roughness. This influencing variable can be
identified as key impact for the part orientation hence
the so called “stair case effect” that occurs because of
the characteristic layer by layer manufacturing of the
parts always influences the surface quality of curved
and inclined surfaces. Figure 11 shows in an exag-
gerative way how this effect depends on the pitch of
the inclined up- and down-facing surfaces. The detail
view (see figure 11c) reveals another problem. Faces
that were created with a diffetrent pitch may be com-
bined due to the slicing algorithm. However, vertically
positioned faces are the best possible orientation and
therefore it can be assumed in the first way, that the
orientation that consist the most vertically positioned
should be favoured.

When only this geometrically influences are taken
into account for the optimization of the orientation,
two different approaches may be used in order to
quantify the error that is caused by the stair casing
effect. The first option is to measure the exact vol-
ume deviation between the faced (STL) and the layer
model. Therefore the volume of the layer model has to

Computer-Aided Design & Applications, 11(1), 2013, 49-61, http://dx.doi.org/10.1080/16864360.2013.834138
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be calculated for each orientation. This can be reached
by direct slicing of the CAD geometry or layer by layer
calculation of the volume by using the created con-
tours and the layer thickness (cf. figure 12a). However,
both ways are time consuming and therefore influ-
encing the optimization performance. Regarding this
the so called cusp height approach is used. The cusp
height is a variable that describes the maximal devi-
ation in a virtual error triangle (cf. Figure 12b). This
method delivers comparable fast and good results for
the qualification of volume error [4].

Figure 13 shows how the cusp height of the sliced
geometry is influenced by the pitch of the face and

the layer thickness. Because only the pitch of the in-
and declined faces is considered the absolute value
of the cusp height is equal for mirrored surfaces like
45° (upward faced) and 135° (downward faced). Com-
pared with the experimental results (dashed curve)
the influence of the layer thickness in combination
with the pitch of the surface can be proven. Neverthe-
less, some deviations of the experimental results have
to be considered. As described the geometry based
analysis of the surface quality delivers the same val-
ues for comparable angles of the in- and declined
faces. Yet, the experimental results have shown that
a significant divergence exists for these causes.
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Fig. 13: Inclined faces and their cusp height for different layer thicknesses.

As pointed out in paragraph 3.1.2 the downward that the quality trend is comparable with the results
faced surfaces have an up to 30% better surface of the geometrical investigations (cf. figure 13) the
quality then the upward faced ones. This has to be cusp height approach delivers comprehensive results
considered for the optimization process. Regarding for the optimization of the orientation and can there-
this result, a correction factor is used in order to favor fore be used. Beside the factor regarding the face
orientations with a higher amount of downward faced orientation the assumption that vertically positioned
surfaces. Since the experimental results have proven faces deliver the best performance can be proven as

Computer-Aided Design & Applications, 11(1), 2013, 49-61, http://dx.doi.org/10.1080/16864360.2013.834138
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wrong. Even if this assumption is correct when only
the geometry is regarded the manufacturing process
leads to rough vertical walls (chapter 3.1.2). There-
fore slightly cocked faces should be preferred for the
optimization.

4. CONCLUSION

The results of all experiments have proven that the
part orientation influences the part quality and the
process efficiency. Moreover, it was shown that a con-
junction between experimental results and software
strategies for the optimization of the part orienta-
tion is feasible. Yet, these experiments also indicate
problems that occur when only the part geometry
is considered for the optimization of the part ori-
entation. Therefore the execution of comprehensive
experiments is necessary when software based opti-
mization results should deliver effective solutions. In
this regard more experiments for different AM pro-
cesses, materials and parameters have to be realized
in order to create widespread solutions.
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