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ARTICLE INFO ABSTRACT
Keywords: In additive manufacturing (AM), low geometrical tolerances, high-quality material properties, and low surface
Design for additive manufacturing roughness are challenges. To increase the process capabilities, a promising concept is to tailor process parameters

Laser-based powder bed fusion
Manufacturing element
Process parameter

for the fabrication of a part. Instead of selecting identical process parameters to the geometry of the whole part,
different sets of process parameters are assigned to different regions named manufacturing elements (MEs). The
Adhesion ME approach offers three main advantages: significant reduction of required sacrificial support structures based
Superconducting solenoid coil on the reduced build angles and less post-processing efforts; reduced AM processing time due to less sacrificial
Winding former support structures and a higher laser speed; and local adjustment of the material and surface properties. Previous
studies have examined the ME approach and applied it to simplified test samples. This study shows an end-to-end
implementation of the ME approach for the fabrication of a real-world industrial part and highlights the asso-
ciated opportunities and challenges for the implementation. The application is demonstrated for a complex-
shaped industrial part that can only be manufactured using the ME approach. The industrial part is a winding
former of a superconducting solenoid coil. The implementation consists of three major steps: (1) the development
of a process parameter model for laser-based powder bed fusion (L-PBF) and stainless steel 316 L; (2) segmen-
tation of the part into MEs; and (3) use of the enhanced design freedom for surface texturing. The ME approach
facilitated support-free fabrication of the part with build angles of as low as 25°. The enhanced design freedom
enabled surface texturing, which allowed the maximum shear strength to be improved by 63% compared to that
of a nontextured surface. The results are discussed, and possible enhancements and research directions are
outlined, such as the automated assignment of process parameter sets. The results are applicable to reduce the
costs of a superconducting solenoid coil for the treatment of cancer with proton beams. This can enable a larger
number of patients to have access to this cancer treatment. In addition, the results are further applicable to
increase the performance of the future circular collider at CERN.

1. Introduction processes [1]. Despite these advantages, industrial applications of L-PBF
are still limited. One challenge is the increased costs for the

Laser-based powder bed fusion (L-PBF) is a layer-based additive post-processing of parts [2,3], particularly the removal of sacrificial
manufacturing (AM) process that enables the fabrication at reduced support structures [4]. In certain cases the removal is not even possible
costs and short lead times of complex-shaped and customized metal due to geometrical reasons. Support structures are required during
parts, which may not be possible with conventional manufacturing fabrication but must be removed from the produced part, which is a
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modeling; ME, Manufacturing elements.
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Fig. 1. Winding former of a superconducting solenoid coil: (a) computer-aided
design (CAD) model; (b) winding former manufactured by laser-based powder
bed fusion (L-PBF) with standard parameters and without support structures to
show dross formation at overhangs, even after post-processing.
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Fig. 2. (a) Ideal design of the winding former with support structures at
overhangs; (b) optimized design of the winding former with a reduced amount
of support structures.
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manual process and can be time-consuming [5]. In the case of L-PBF,
sacrificial support structures are required to dissipate heat from the local
melt pool through the solid material to the base plate. Different ap-
proaches exist for this purpose [6,7]. The support is required to stabilize
the solid structure and to avoid thermal warping of the part [8]. In the
case of overhangs, a lack of support structures can increase the melt pool
size, which leads to a rough surface with dross formations and partly
molten powder particles [9]. As an example, Fig. 1(a) shows a
complex-shaped L-PBF part that has overhangs with respect to the
marked build orientation. The part is a section of a winding former for a
tilted superconducting solenoid coil used in a particle accelerator
magnet [10]. The background and detailed explanation of the winding
former can be found in Section 2. Fig. 1(b) depicts the dross formation
and form deviations that occur at the overhangs. Various frameworks
are available to evaluate the manufacturability of L-PBF parts to take
advantage of the full design capability [11,12]. However, proper fabri-
cation of the complex-shaped winding former using L-PBF still requires
support structures to be placed at these critical overhangs, as shown in
Fig. 2(a). The shape can be optimized according to AM design guidelines
to reduce but not eliminate the support structures, as shown in Fig. 2(b).
However, when these support structures are placed in areas with limited
accessibility, their removal may not be possible or very labor-intensive
[13].

To avoid support structures, a common approach is to adhere to
design rules that account for the specific limitations of AM processes
[14,15]. For L-PBF, using standard process parameters allows design
elements to be fabricated without additional support structures if they
possess a minimum required build angle of ¢ = 35-45° and a maximum
diameter @ = 9-12 mm for circular cross-sections that are aligned hor-
izontally to the build plate [14]. If these design rules are not satisfied, a
possible solution is to modify the shape of the design element to mini-
mize support structures. As shown in Fig. 2(b), the shape of the arches
can be modified to reduce the amount of supports. However, modifying
the part’s geometry while using standard process parameters and AM
design guidelines still requires internal supports with reduced accessi-
bility. This problem remains even if the build orientation of the part is
adjusted.

A number of prior studies have focused on increasing the capabilities
of L-PBF by optimizing the process parameters to achieve build angles of
less than ¢ = 35° [16-23]. The adjusted process parameters include the
laser power, laser speed, and hatch distance, which affect the volumetric
energy density E,q at the local melt pool. Reducing E,; minimizes the
accumulated heat at the melt pool and decreases thermal stress and
warpage due to insufficient heat conduction to the build plate, which
allows design elements with lower overhang angles compared with
standard E,4. However, reducing E,4 also reduces the relative material
density p?, and mechanical strength. The dimensionless relative ma-
terial density p;, is the ratio between the density determined by the
Archimedes measurement [24], and the theoretical reference value of
stainless steel 316 L, prr3e, =7.95 g/cm®. Several studies have
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Fig. 3. Overview of this work.
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Fig. 4. Canted cosine theta coil: (a) two layers of cable windings, (b) layer of the winding former, (c) winding former section, (d) section of the composite assembly,
and (e) winding former with cables on a test bench.
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Fig. 5. Azimuthal stress caused by the magnetic operation and cooling-heating cycle: (a) stress on the impregnated cables and (b) stress on the winding former.
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Fig. 6. Ideal winding former with critical design elements 1-5: (a) overall view, (b) cut section views, and (c) side views.
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Fig. 8. Form deviation test samples for measuring the form deviation and roughness: (a) overhang and (b) semicircular.

optimized the L-PBF parameters for overhangs and channels of theo-
retical test parts [19-23]. Wang et al. [19] recommended optimizing
parameters according to the overhang angle to avoid local defects and to
reduce the form deviation and surface roughness. They developed
parameter sets for different overhang angles and argued that the
core-shell approach can improve the process efficiency, where different
process parameters are used for the core (i.e., inner scan vectors of a
layer) and shell (i.e., outer scan vectors of a layer) [16-18]. Cloots et al.
[25] recommended that the shell should have a thickness of several
millimeters at build angles below 30°, especially for the down-skin
layers.

Another promising approach, presented by Rosen et. al. [26] is to
assign different process parameter sets to different regions of a part to
meet local requirements, named manufacturing elements (MEs) [26].
The ME approach can be used to fabricate critical overhangs in certain
elements with a low p;,, for a low form deviation as well as other el-
ements with a high p7,; (e.g., for increased mechanical strength). Rosen
et. al. [27] assigned parameters for different MEs of simplified test
samples. Xiong et al. [28] further developed the method and applied the
fused deposition model (FDM) process to fabricate polymer lattice
structures. The ME approach is beneficial for the design, fabrication, and
quality of a part. It reduces the form deviation and surface roughness,
and it avoids supports at part surfaces with critical overhangs. By
assigning locally optimized process parameters, defect-free design ele-
ments can be fabricated with the minimum required support. Critical
overhangs can be manufactured on internal or inaccessible areas

without supports. Support-free manufacturing can facilitate the
texturing of up and down-skin surfaces to improve the mechanical
strength of metal composites [29-32]. However, the ME approach has
not yet seen wide industrial application, so there is a lack of real-world
case studies demonstrating its potential and challenges especially for the
L-PBF process. So far, the ME approach has only been applied to
simplified test samples and theoretical models. Very few prior works and
case studies have examined and validated the application of the ME
approach to industrial parts.

This study aims to apply the ME approach to fabricate a complex-
shaped 3D part using L-PBF to highlight its advantages and discuss its
challenges. A winding former was selected as an example of a real-world
application. The end-to-end implementation of the ME approach focused
on three major aspects: (1) developing a process parameter model as a
basis for optimizing process parameters; (2) segmenting a part into MEs,
assigning different parameters, and demonstrating proof of manufac-
turability on the winding former segment; (3) leveraging the enhanced
design freedom for surface texturing to improve the adhesion behavior
between the winding former and the cables.

Fig. 3 shows an overview of the work. Section 2 provides background
information on the application example and explains the requirements
of the part and the necessity of the ME approach. Sections 3-5 present
the methods and results for each of the three major aspects. Section 6
discusses the potential and challenges of applying the ME approach to
the example part, as well as possible enhancements and research di-
rections. Section 7 summarizes the main results of the work and



J. Ferchow et al. Additive Manufacturing 46 (2021) 102140

¢=20°
@ =375
p= 55°
e — —_—
o ) = ’ W
p=725" ikl
| )| e R B
Sample No. | 2 3 4 5 3 7 8 9
Epa [,I',.-"rr!rrr3| 1.0 17.9 183 26.7 208 30.8 50.0 513 83.3
P [W] 6 &0 100 80 100 6 60 100 100
v [mm/5] 1400 1400 1400 G50 1400 500 300 500 500
h [mm] 013 0.08 0.13 0,105 0.08 013 008 013 0.08
Fig. 9. Results of the overhang test samples with different process parameters.
6 - T T T T T T T T a0 v v v ¥ v v v ¥
. ; - 20
5 ||l = 375° 70
N - 55
B -725°
60}
-4 €
E =
g—- & 50
W
3r w
5 e
Z 'Em 40
.s g
e 2t (i
O
8 30
£ @
: <
1t w
20
10
gl N . . . . : . ; 0
1 2 3 4 5 6 7 8 g 1 2 3 4 5 6 T 8 9

Sample No. Sample No.

Fig. 11. Down-skin surface roughness of the overhang test samples for different

Fig. 10. Form deviations of the overhang test samples with different angles and
angles and parameter sets.

parameter sets.
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2. Background on application

A winding former was selected as the real-world application case
study. This is a key component for a special type of superconducting
accelerator magnet called the canted cosine theta (CCT) coil, which is
used as a bending magnet in a particle accelerator to guide charged
particles, such as protons around a curved path. The coil consists of two
layers of oppositely tilted solenoidal windings that create two solenoidal
fields and generate a pure dipole field. To accelerate charged particles,
rectangular cables are wound in the channels of the winding former.
After the cables are laid, they are subsequently heat-treated and
impregnated with an epoxy resin that bonds them into the channels.
Fig. 4 shows the windings and winding former of the coil. During
operation, the integrated ribs hold Lorentz forces that act on the turns of
wires [33,34]. The shown configuration is used for magnets made from

the Nb3Sn low-temperature superconductor and generates a high mag-
netic field of B = 10 T with the two opposite tilted helical windings [10,
35]. It was developed for the Future Circular Collider (FCC) program of
the European Organization for Nuclear Research (CERN) [10].

The winding former must fulfill three major requirements. The first
requirement concerns the load-carrying capacity, which is especially
important during the operation of the coil. The critical induced stress for
the winding former structure is the azimuthal stress distribution (i.e.,
radial stress). Fig. 5 shows the simulated azimuthal stress in ANSYS
R17.0 given a magnetic induction of B =10 T at a temperature of
T = 1.9 K. The simulated azimuthal stress at the ultimate tensile stress
ranged from oy, = —224 MPa to o, = 273 MPa. The most critical
stresses were located at the spars. The second important requirement is
the low form deviation of the rib surfaces for sufficient adhesion be-
tween the ribs and cables. Adhesion is achieved by using metal-resin
joints. Fig. 6 provides the details of their geometry and critical di-
mensions: (1) a thin (s =0.17 mm thick) rib intersection with high
stresses, (2) critical overhang of a concave arc with ¢ = 18°, (3) critical
overhang of a concave arc with ¢ = 25°, (4) convex arc with a large
critical radius and down-skin surface with a width of ~11 mm, and (5)
down-facing convex arc edge with a radius of r = 11 mm. The third
requirement is the transfer of the stresses from the cable to the metal ribs
through the resin without debonding or increased deformation. This is
important to avoid stick-slip motions that can heat the superconductor.
To enhance the mechanical strength of the joint, the rib surfaces should
be textured to increase the shear strength of the metal-resin joint [36].

Given the requirements and highly complex geometry of the part, its
fabrication is very challenging with conventional production technolo-
gies, such as milling and casting. Because of their increased costs and
technological limitations, these manufacturing technologies were
deemed inapplicable [10,37]. Therefore, it was decided to use L-PBF and
stainless steel to fabricate the part. However, using standard process
parameters with L-PBF leads to dross formation at the down-skin sur-
faces of the critical overhang of the ribs, as shown in Fig. 1. Because the
geometry of the winding former is predefined, only minor modifications
can be applied to the ribs. Additional support structures cannot be used
because of the low accessibility of elements with critical overhangs.
Such structures would also restrict surface texturing to be applied to the
down-skin surfaces. This problem remains even if the orientation of the
part is changed. Therefore, the given 3D part geometry cannot be
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Fig. 14. Graph of the form deviation Ad against the process parameters for overhang test samples: ¢ = 20° (top) and ¢ = 37.5° (bottom).

fabricated by L-PBF without defects, using the standard process pa-
rameters and following the standard design rules. Consequently, the
process parameters require modification and the ME approach imple-
mentation to fabricate the part with a low form deviation without
additional supports and to facilitate surface texturing of the down-skin
surfaces.

3. Process parameter model
Process parameter model serves as a basis for defining and tailoring a

set of process parameters to meet the requirements of a specific element.
Fig. 7 shows the development of the model.

3.1. Simplified test sample extraction

Test samples were selected to represent simplified standard test ge-

ometries. All L-PBF test samples and parts were produced with the Mlab
Cusing R (GE Additive) machine using stainless steel 316 L and a rubber
coater. A Yb:YAG fiber laser was used with a wavelength of 1070 nm,
focal diameter of 50 um, layer thickness t; = of 30 um, and maximum
laser power of 100 W. Test samples were fabricated with different
inclination angle ¢ and diameters @ for different process parameters.
The samples were evaluated regarding their surface roughness, form
deviation, and material density. The form deviation of the overhang
samples was analyzed optically using Fiji software. Fig. 8 shows the
geometric parameters and measured form deviation Ad between the
CAD part and the L-PBF Part. The image of the test pieces was captured
by a NIKON D5200. The pixel size was referenced by a 0.01 mm mi-
croscope calibration ruler slide. Then a clear contrast line between the
background and the L-PBF part was used to place the ideal circles, lines,
and actual part contours within Fiji. The ideal shape was derived from
the CAD data. The precise position of the ideal shape and the L-PBF
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Fig. 15. Results of the semicircular test samples with different process parameters.

contours was set by the user. In a further step, the maximum distance
between the ideal lines and the corresponding contrast lines of the
overhanging surfaces of the L-PBF part was measured. Based on this
measurement, the shape deviation between the ideal shape and the
actual shape of the test specimens was analyzed.

3.2. Process parameter model and validation

For the development of the process parameter model, a full factorial
design of experiments was applied with one central point (four repli-
cations) and eight cube points for the form deviation test samples. The
factors were laser power (P = 60, 80, and 100 W), scan speed (v = 500,
950, and 1400 mm/s), and hatch distance (h = 0.08, 0.105, and
0.13mm). These yielded a volumetric energy density range of
E,q = 11-83.3 J/mm®. The volumetric energy density E,q is calculated
ﬁ. The parameters P, v, and h are important because they
affect the form deviation Ad and relative density p;,;, [19]. The layer
thickness t; is kept constant. For each cube point and for each geom-
etry, one sample was fabricated. Because of possible measurement
inaccuracies, four samples were produced at the central point to ensure a
stable statistical model. This design of experiment was applied to
different geometric parameters.

Overhang test samples were built with four angles: ¢ = 20°, 37.5°,
55°, and 72.5°. Fig. 9 shows the samples fabricated for different process
parameters. The dross formation, partly molten particles, and the
amount of discoloration increased with E,; and with decreased angle ¢.

The form deviation Ad of the test samples is shown in Fig. 10. Sig-
nificant form deviations were observed at ¢ = 20° for Nos. 1-9 and at

as:E,y =

@ = 37.5° for No. 9. At ¢ = 20°, No. 2 had the minimum form parameter
set with Ad = 1.1 mm; here, dross formation was already visible. At
¢ = 37.5°, No. 8 was usable with Ad = 0.04 mm; here, the amount of
discoloration was already visible, but there was no strong form
deviation.

The mean roughness Sa was measured as per ISO 4287 by using
Keyence VK-X200K confocal 3D laser microscope with a z-direction
resolution of 0.5 nm and a Gaussian low pass filter of 5 um with a cor-
responding 3x 3 pixel matrix. A surface shape correction was carried out
for all measurement data to obtain comparable plane measurement re-
sults. Fig. 11 shows the results for the down-skin surface roughness Sa.
Except for No. 1, the roughness increased with E,4. For No. 1, the relative
density p;, resulted in a porous structure on the down-skin surface.
Therefore, the roughness is higher for this sample. Additionally, Sa tends
to increase with decreasing ¢.

Fig. 12 plots the relative densities with different parameter sets; pj,;
increased with Eg,. The maximum value of p;,; was 0.998 at Nos. 8 and 9.
The lowest p?, value was 0.930. at Nos. 1-3.

A linear regression model was used to visualize the relative density
Py and form deviation Ad at ¢ = 20° and ¢ = 37.5°. The numbers in the
graphs in Figs. 13 and 14 represent the sample number and their posi-
tion in the model. Fig. 13 visualizes the relative density for the factors.

The critical angles are ¢ = 20° and ¢ = 37.5°, shown in Fig. 10.
Therefore, these two angles were used to generate a parameter model for
the form deviation, visualized in Fig. 14.

Next, the results for the semicircular test samples were analyzed to
compare results and validate the overhang test samples. Fig. 15 shows
the results of the semicircular test samples with different process
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parameter sets and diameters. The dross formation increased with an
increase in the energy E,q and diameter, which is indicated by the partly
molten particles and increased amount of discoloration of the samples.
Fig. 16 shows the form deviations Ad of the semicircular test samples. A
maximum diameter of @ = 23 mm was manufactured with relatively
low dross formation and amount of discoloration at No. 1. Fig. 17 shows
the measured down-skin Sa results for the semicircular test samples. The
results varied significantly because of the increased dross formation;
however, Sa tends to increase with an increase in the diameter and E, 4.

3.3. Process parameter selection

The results demonstrated the influence of different process param-
eters on the density, form deviation, and surface roughness. The
different parameter sets indicated the trade-off that either p;, could be
maximized, or Ad can be minimized. The most suitable parameter sets
for low and high p?, belonged to Nos. 2 and 8, respectively; these are
summarized in Table 1.

4. Manufacturing elements

The part was segmented into MEs that were assigned with process
parameters taken from the model presented in Section 3. Fig. 18 shows
the ME approach.

4.1. Segmentation of part into different MEs and parameter assignment

Fig. 19 shows the ideal design of the winding former and the critical
design elements 1-5. To ensure the functional performance of the part,
the critical elements need to be manufactured as precisely as possible.
The part orientation has a strong influence on the quality. The figure
shows the final part design and orientation of the winding former
including the MEs, which are shown in green (high p;,) and blue
(low p},D. The critical design elements are indicated with the orange
circles and numbers 1-5. The entire winding former had an overhang
with ¢= 73°. The winding former was rotated so that the coater was
oriented 15° to the critical convex overhang. Table 2 summarizes the
critical design elements and measures for improvement.

4.2. Proof of manufacturability

The manufacturability of the critical MEs was demonstrated by the
winding former. The steep convex overhang (ME No. 2 in Table 2) was
10 mm longer than that of the overhang test samples. To determine the
minimum inclination without dross formation, a series of concave ribs
with five angles ranging between ¢= 30° and 40° was tested. The
minimum possible angle was ¢ = 35°, which was 17° more than that of
the original test sample (¢ = 18°). To manufacture a design without
excessive discoloration and dross formation, the angle of the convex arc
was used to define the orientation of the entire winding former. The
orientation of the winding former was varied from ¢ = 90° to ¢ = 73°
(see Fig. 19). Fig. 20 shows the L-PBF process including the Keyence 3D
laser microscopy images in which porous regions are visible. Fig. 21
shows the final printed winding former. The final surface roughness was
slightly less than that of the process parameter model but was suffi-
ciently close to the approximation. Then the fabricated part in Fig. 22
was scanned compared to the CAD geometry. For the scan, the GOM
ATOS Core 200 3D scanner was used. The 3D measurement system is
based on the optical stereo camera principle. A global best-fit algorithm
minimizes all deviation between the CAD surface and the measured
surfaces. The deviation is based on the surface normal between the CAD
part and the measured part. The calibration object was a sphere artifact
and measured on a numerically corrected and calibrated coordinate
measuring machine of type PRISMO navigator (Serial No. 156544) by
Carl Zeiss. According to the acceptance report (VDI/VDE 2634, Part 3) of
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Table 1
Selected process parameters.
Sample No. P [W] v [mm/s] h [mm] E,q [J/mm?] Pret Min. ¢ [°] Ad [mm]
Low pj, 2 60 1400 0.13 17.83 0.931 20 1.11
High p;,; 8 100 500 0.08 51.28 0.998 37.5 0.15

él—Subdivision of part into manufacturing elemerg

4.2 Proof of manufacturabil$

(23 Lessons learmed)

4.3 Lessons learned

o

Fig. 18. ME approach.
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Build Orientation

Fig. 19. Design of the winding former optimized for L-PBF including the critical design elements 1-5: (a) overall view, (b) cut section views, and (c) side views. (For
interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

the calibration certificate, is the length measurement error 0.014 mm, of
the GOM system, for a nominal length of 134.999 mm.

The critical design elements showed a form deviation
Ad = —0.37 mm for the ribs at the outer position and at the intersection.
The concave arc had a maximum form deviation of Ad = +0.29 mm at
the down-skin surface. The convex overhang had a maximum form de-
viation of Ad=-0.41mm at the down-skin surface and
Ad = 4+0.26 mm at the up-skin surface. The maximum form deviation
was Ad = +0.42 mm in the positive direction and Ad = —0.41 mm in the
negative direction. The large form deviation on the lower side of the rib
may have been caused by the removal process, which used a band saw.
Except for the lower side of the ribs, the form deviations arise from the L-
PBF process. The maximum negative form deviation of Ad = —0.41 is
caused by the L-PBF process inaccuracies of the extreme geometrical
convex down-skin surface. For the final application of the winding
former, the resin can compensate the measured deviations for an ideal
alignment of the cables.

4.3. Lessons learned

The following lessons were drawn from the manufacturing of the
winding former. First, a sharp intersection between different MEs is
critical in the case of mechanical stress and may act as a predefined
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notch, shown in Fig. 23. To guarantee strong bonding between the ribs
and spar, the area of the intersection with high p!, should be
increased. In the case of high mechanical stress, the boundary of the ME
has to be carefully chosen to match positions with low mechanical stress.
With regard to the density of a single ME, the mechanical properties can
be taken from the literature [38]. Second, the part orientation needs to
be defined as soon as the critical design elements are determined [39].
Different elements should be prioritized according to their importance.
The minimum orientation angle of a critical element should be defined,
and lower-priority elements should be redesigned (e.g., with a droplet
shape) if possible. Finally, different elements should be prioritized ac-
cording to the coater direction. The coater direction with respect to the
critical overhang has a large influence on the manufacturing quality
[15]. The down-skin surfaces should be facing away from the coater for
improved quality [25].

5. Surface texturing

The design freedom from the reduced need for support structures can
be utilized for surface texturing. The process parameters and MEs
described in Sections 3 and 4 were applied to enable surface texturing.
The surface texture has the shape of dimples to increase the adhesion
bonding between the metal surface and epoxy. The effect of the surface
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Table 2

Critical design elements with requirements, comments, design measures, and

process parameters.

No.  Requirements

Comment

Process
Parameter

Design
measure

everhang

Sieep contave
overhang

Tran rib intersection

Dowen lacirg concave
edge

The rib intersection
is extremely thin
and needs to be
manufactured with
parameters that
maximize the
tensile strength to
avoid bending
deformation and
ripping during the
assembly process.
The form deviation
for the down-skin
surfaces of concave
ribs should be
minimized.
However, the
stiffness needs to
be maximized at
this position.

The convex arc is
critical, and no
form deviation is
allowed because
this surface is
important for
guiding the cable.
This is especially
challenging given
the overhang angle
of ¢ = 25° (No. 3in

Fig. 19) because
this design is fixed.
The concave down-
facing overhang
has an angle of

¢ =18

The down-skin
surface has a radius
of r =11 mm.

The edge of the
radius is facing
down into the

- High i,

Reorient the
entire
winding
former and
overhang

Low pry

Redesign to
a droplet
shape

Low pjy

Redesign to
a droplet
shape

Low pry

Use a
1.5 mm
radius to

Low p;,

avoid a
sharp down-
facing edge

powder bed.

texture was then investigated. Finally, the surface texture shape was
transferred to the 3D geometry. Fig. 24 shows the surface texturing
approach.

5.1. Test samples

To examine the influence of surface texturing, adhesion samples
were fabricated, and a shear test was performed. Stainless Steel 316 L
cubes with four different morphologies were bonded together with
CTD101K, which is a widely used epoxy resin system for cryogenic ap-
plications. Fig. 25 shows the shear test samples, which were manufac-
tured according to the parameter set for high p;,. The L-PBF flat
surface was the native surface after sintering without post-treatment,
Fig. 25(a). The L-PBF textured surface had a dimple structure, Fig. 25
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b) High p;..;

Fig. 20. L-PBF process of the winding former including the grinding sections
corresponding to (a) low p7,; and (b) high pr,.

Sa=28 um,
357 low gl

Sa=43 um,

355 high ﬂ:ﬂ
Sa=18 um,
35%, low prg

S5a=38um,
35%, high pyg

Fig. 21. Final winding former including the measured roughness.

(b). The blank steel surface was from a commercial stainless steel square
rod, Fig. 25(c), produced by extrusion. The blank steel corundum-
blasted surface, Fig. 25(d), was the same material but blasted with
corundum grains that were 600-850 um in size. The inset in Fig. 25 plots
the dimensional geometry of the hemispherical dimples. Fig. 26 plots the
measured roughness and shape. The highest roughness was
Sa =12.2 um for the textured surface. The second-highest roughness
was observed for the L-PBF flat surface, which was characterized by
sintered particles. The blank steel had similar Sa. However, the
corundum-blasted surface was more uniform than the blank steel and
had a comparable morphology to that of the L-PBF flat surface.

5.2. Shear test results

Shear samples were produced by aligning three cubes of the same
kind with a gap of 0.5 mm in the mold. The mold was subsequently filled
with CTD-101K, which is a high-performance epoxy resin developed for
radiation applications with improved wetting and excellent impregna-
tion of large winding formers with highly tortuous paths, and the sam-
ples were then cured at 135 °C for 1.5 h. The shear test was performed
on a Zwick Z202 with a 20-kN load cell. Both outer cubes were clamped,
and the middle sample was sheared off by pressing a piston on the
middle cube, as shown in Fig. 27. Rubber sheets of 2 mm thickness were
placed on top and below the rectangular piston to ensure an evenly
distributed loading. Three samples were tested for each of the four
surfaces. Fig. 28 shows a boxplot of the maximum shear strength. In
every case, adhesion failure led to the fracture of the sample. The L-PBF
blank surface had the lowest median value of 11.03 MPa. The highest
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[mm)

0.4

0,35

0.0

0.a

0.2

0,33

0. 40

Fig. 22. Comparison of the CAD geometry and measured geometry of the winding former.

Fig. 23. Thin rib intersection between spare and ribs.

median value of 17.94 MPa was observed for the L-PBF textured surface.
Thus, surface texturing significantly increased the maximum shear
strength of the L-PBF surface by 63%.

5.3. Transferring textures onto 3D geometry

Fig. 29 shows the manufacturing of ribs that were textured on the
down-skin and up-skin surfaces. The ME approach made it possible to
texture surfaces even with angles of ¢ = 28°. Especially for the convex
overhang with ¢ = 35°, texturing the surface with dimples is critical to
ensuring a stable L-PBF process.
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6. Discussion

This section discusses first the opportunities and challenges of the
ME approach, visualized in Fig. 30. This follows a discussion of the
improved adhesion from surface texturing and possible enhancements in
the future.

6.1. Opportunities

Compared to standard process parameters, the use of the ME
approach increases the design freedom, avoids the excessive use of
sacrificial support structures, and enhances the process capabilities of L-
PBF, even for a complex real-world case study.

The low p},; uses a scan speed of v = 1400 mm/s which is 2.8 times
faster than using the high p, with a scan speed of v = 500 mm/s. Using
the ME approach increases the scan speed and therefore reduces the L-
PBF process time. Depending on the scan area and build height, this can
reduce the processing time by hours and thus save manufacturing costs.
Applying the ME approach further reduces the need for support struc-
tures. This reduces the L-PBF build time as less raw powder has to be
melted, which leads to strong cost reductions [8]. Reducing support
structures further leads to a reduced support removal effort. Since the
removal of support structures is highly time-consuming and manual,
labor hours can be saved by using the ME approach. This leads to major
cost reductions in post-processing [8].

The case study further demonstrated that the ME approach improves
the form deviation and roughness. In addition, the relative density of
MEs can be adjusted, which can be used to increase the process speed
and therefore reduce the lead time and machining costs.

Further refinement of the MEs into smaller sub-elements would
further improve the design freedom, process speed, and material prop-
erties. This can be realized by applying a core-shell approach [25].
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/5_.1 Shear test samnles\

/ 5.2 Shear test re sults\ ,/5 .3 Transfer of texturing on 3D geom etrh

Fig. 24. Surface texturing approach.

a)

Distance = 2.21 mm

Depth = 0.35 mm

Diameter= 2,21 mm

10 mm

Fig. 25. Shear test samples: (a) L-PBF flat surface, (b) L-PBF textured surface, (c) blank steel, and (d) blank steel corundum-blasted surface. The inset includes the

geometric dimensions of the dimpled texture.

6.2. Challenges

Applying the ME approach to AM is currently a time-consuming
process because of the use of different software tools and transfers in
the data-process chain. Within the CAD software, a part has to be
divided into different elements to assign the desired parameter set. In
the pre-process and process slicer, the elements are then merged again.
This problem should be solved in the next years.

It is difficult to generalize the process parameter model for other
geometries. As a validation example, the process parameters from the
overhang test samples were transferred to the semicircular test samples.
A minimum ¢ of 20° was realized for the test samples, but the case study
realized a minimum ¢ of 25°. The length and size of the overhang vary
with the part geometry, which can lead to differences between the test
samples and parameter model. This can increase the melt pool size, and
several test iterations are required to manufacture the part with the
desired quality. Additionally, the applicability of surface texturing on
complex L-PBF parts is limited. For example, the application on down-
facing overhangs with an angle of 25° is critical and should be care-
fully evaluated depending on the individual geometry. Consequently, A
design-specific investigation is required for determining the critical el-
ements and orientation. In situ process monitoring may help solve this
problem. Laser tracking strategy is an important factor for ensuring part
quality, as reported by Cloots et al. [25].
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Further applications of the ME approach requires optimization of the
connections between MEs. The material is not homogeneous at the in-
tersections and may act as a predefined notch. This is similar to the
challenges faced by hybrid AM for the conventional manufacture of raw
materials [40]. Adjusting the melt pool size can improve the connection
[41]. More research is required on the connections between MEs.

6.3. Adhesion

In the shear test, the L-PBF textured surface had a significantly higher
maximum shear strength of 17.94 MPa, than the other test samples
because of the increased adhesion from the dimple structure. Changing
the microstructure had no significant influence on the maximum shear
strength, as seen for the L-PBF flat surface (Sa = 6.5 um) and blank steel
(Sa=5.2um), or a minor influence, as seen for the blank steel
corundum-blasted surface (Sa = 5.8 um). In the literature, the surface
roughness has been found to influence the shear strength [30]. There-
fore, in this study, the differences in the surface roughness may have
been too small to affect the measured shear strength. Further develop-
ment of the surface texture at the macroscale may increase the
maximum shear stress [42]. Graziosi et al. [36] investigated different 3D
geometries for FDM and L-PBF. They showed that 3D structures may
improve the shear-junction adhesion strength, which can be used to
improve the adhesion between the cable and winding former. Therefore,
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Fig. 26. Shear test samples. Roughness and morphology measurement.

the applicability of 3D geometries (e.g., lattice structures) to winding
formers would be interesting to investigate. Subscale adhesion tests in
shear, tension, at room temperature, and cryogenic temperatures are
required before such structures can be applied to actual winding
formers.

In this study, a winding former section was produced with a short
length. However, for the final application, a length of several meters or
even kilometers is required. To produce this length, a continuous infinite
metal AM process should be developed. Another solution could be the
production of segments that are connected by material-, force-, or shape-
type bonds.

6.4. Enhancements

A continuous digital workflow is fundamental for further de-
velopments of the ME approach to reduce the process time and simplify
the process.

To improve the design process, an algorithm should be developed for
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Fig. 27. Shear test setup.
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Fig. 28. Maximum stresses for the different shear test samples.

automatic division of a part into functional MEs based on the geometric
and functional boundaries. In addition, the assignment of standardized
parameter profiles to elements should be automated.

The core-shell approach should be implemented to further increase
the efficiency of the ME approach. Further refinement of the MEs could
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High g, .

F

Fig. 29. Demonstration of the surface texturing on the winding former ribs.

lead to functionally graded materials. However, this requires an
improved digital workflow for further practical applications.

In situ monitoring of aspects such as the melt pool would further
simplify the ME approach and allow the process parameters to be opti-
mized to realize the desired properties of an ME [41].

Following design for AM guidelines, such as those specified by Adam
and Zimmer [14], could improve design understanding for MEs to
maintain the ideal shape of a part.

The results of this study proved that the ME approach could be
applied to manufacture the winding former. This type of coil can be used
to realize proton beams for accurately treating cancerous tumors [43].
Currently, only a small number of patients have access to this treatment
because the machines are very expensive and limited to a small number
of hospital centers, such as Heidelberg, Germany or the Paul Scherer
Institute, Switzerland [33]. Introducing superconducting coils would
drastically reduce the footprint required for proton beam therapy and
thus facilitate its application to many more hospitals. A particular
advantage of CCT magnets in this context is that if the winding former is
bent, a bent magnet can be wound without additional complications
caused by the bending radius. This coil type is also applicable to the
CERN’s FCC program [10].

S (a®

| Advantages

Reduction of
support
structures

Reduction of AM
processing time

Local adjustment
of the relative
density

Additive Manufacturing 46 (2021) 102140
7. Conclusions

Low geometrical tolerances, high-quality material properties, and
low surface roughness are challenges in AM. To increase the process
capabilities, a promising concept is to tailor process parameters for the
fabrication of a part. Instead of selecting identical process parameters to
the geometry of the whole part, different sets of process parameters are
assigned to different regions, called manufacturing elements (MEs). This
paper presents an end-to-end implementation of the ME approach to a
winding former. Three main advantages of the ME approach were
identified: Significant reduction of required sacrificial support structures
based on the reduced build angles and less post-processing efforts;
reduced AM processing time due to less sacrificial support structures and
a higher laser speed; and local adjustment of the material and surface
properties. The ME approach facilitated support-free fabrication of the
winding former with build angles of as low as 25°. The enhanced design
freedom enabled surface texturing, which allowed the maximum shear
strength to be improved by 63% compared to that of a nontextured
surface. Future research should focus on the development of a contin-
uous digital workflow of the ME approach, an automated part segmen-
tation process, the implementation of the core-shell approach, and in
situ monitoring to realize the direct adjustment of the process
parameters.
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