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Abstract. Bending is commonly used in the manufacturing of finished and semi-finished, profile-
based products. However, costly profile and bend geometry dependent tooling hampers its
applicability for low volume production or prototyping. Additive manufacturing (AM) offers a
potential for making tools in low-volume production, which is particularly attractive for
customized manufacturing and prototyping with near production intent tooling. In this research,
an industrial bending process for tubes and profiles, called rotary drawing bending (RDB), is used
as a case. In the RDB process, the mandrel die installed inside the tube or profile blank is of crucial
importance to secure the quality of the cross-section of bent shapes. Moreover, this die is normally
difficult and expensive to produce. In addition, each mandrel is tailored to a single profile’s inner
geometry, hence posing an obstacle to acquiring a tooling setup for multiple cross-section
dimensions. As a countermeasure, a novel mandrel tooling concept is designed by using a metal
rod core with an AM-sleeve fitted to the rod outside, as an easy-to-replicate solution for
significantly lowering the costs of offering the capability of forming processes with different cross-
section dimensions. Fused filament fabrication (FFF)—a cost-effective AM process—is used for
fabricating the mandrel die with various pre-designed and optimized shapes. Using both the AM
mandrel in polylactide (PLA) and the conventional metal mandrel in a series of bending
experiments of AA6082-T4 Al-alloy tubes, the dimensional and qualitative results of tubes bent
with different mandrels is analyzed, discussed, and compared.

Introduction

To meet the increased customer demands for product variety, the manufacturing sector is
transforming from mass production to mass customized production, with higher flexibility and on-
demand manufacturing [1]. However, for the die-based manufacturing processes such as metal
forming, they are increasingly challenged to meet the demands on flexibility [2]. In the metal
forming area, the design and fabrication of tools are normally expensive and need a long lead time,
which significantly limits the transformation of conventional forming towards the customized
forming. This calls for new tooling concepts and methods that allow the time-efficient, cost-
effective fabrication of tools for mass customized metal forming.

Additive manufacturing (AM) used for rapid prototyping offers a potential for making tools in
low-volume, customized production, which is particularly interested by the industrial metal
forming processes. In recent years, some attempts at AM-based tools used in metal forming have
been carried out. A typical application of AM as a method for tooling making to realize the metallic
dies with optimized cooling channels in hot metal working such as hot stamping [3]. For instance,
Komodromos et al. [4] employed a Directed Energy Deposition (DED) to produce the hot stamping
tools with integrated cooling channels. After the DED process, the tool surfaces are ball burnished
to reduce the surface roughness for more effective heat transfer. Joghan et al. [5] utilized hybrid
AM method to make metal laminated forming tools. In this method, laser metal deposition is used
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for bonding the sheets and smoothening the edges, and subsequently milling, roller burnishing,
and laser treatment are applied as post-processing for improving the strength and surface finish.
Similarly, a layer-laminated manufacturing method and a laser melting process were applied in the
manufacturing of the dies with conformal cooling channels for extrusion processes [6]. Chantzis
et al. [7] proposed a Design for AM (DfAM) method for hot stamping dies which exploits the
benefit of lattice structures for reduced thermal conductivity. It shows that the proposed method
can significantly improve the cooling performance of a hot stamping die with printing times
reduced by at least 12% compared to traditionally manufactured AM dies. This shows that high
end AM systems, as those capable of manufacturing metal parts, has a potential for improving
process control and manufacturing rate.

For increased flexibility in low-volume manufacturing, more inexpensive AM-solutions would
be preferred, as the associated cost and leadtime is the key parameter, rather than geometric
complexity. In this case, fused filament fabrication (abbreviated FFF, also called filament-based
extrusion AM) has attracted some scientific interest. Strano et al. [8] demonstrated the potential
applicability and versatility of FFF as a rapid tool manufacturing technology for different
applications in shearing, bending, deep drawing, and injection molding. Frohn-Sorensen et al. [9]
utilized the FFF process to manufacture the tooling to draw a small series of sheet metal parts in
combination with the rubber pad forming process. In addition, a variety of common polymer
materials (PLA, PA, PETG, PC) were comprehensively compared in compressive and flexural
tests to provide an guide for material selection in AM-based polymer tools for metal forming [10].

The body of research on AM-based tooling in metal forming is obviously more extensive than
the above-summarized ones. However, most of them focus mainly on cold and hot forming of
sheets, and in tooling that will be in compression, and are hence not that affected by FFFs tensile
anisotropy [11]. The use of AM in making tools for complex tube bending processes has not been
explored earlier, and the process that will be discussed in this paper is rotary draw bending (RDB),
which is shown in Fig. /. This is one of the more popular bending processes, and normally operates
with a tooling system including 5-6 complex-shaped tools, in which tooling is one of most
important issues affecting the production cost. The tools are also dependent on either or both the
bend radius, profile inner- and outer-geometry. Therefore, most workshops keep a limited
inventory of tooling variants, which is a significant limitation to their capability in terms of
geometric flexibility.

Fig. 1. Conceptual tooling layout of rotary draw bending (RDB).

The aim of this research is to develop a new cost-effective tooling concept for tube rotary draw
bending processes by utilizing low-cost FFF manufacturing methods, and initially investigating its
applicability to be used for mandrel bending. First, the newly proposed mandrel die concept is
introduced. Secondly, using aluminium tubes with different wall thicknesses, a series of bending
experiments with and without conventional mandrels and new AM-based mandrels is presented.
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Finally, the dimensional accuracy and qualitative aspects of formed tubes is evaluated to verify the
feasibility and capability of the new AM-based mandrel die concept for tube bending.

Low-Cost Tooling Concept for Customized Bending

For both product development and low production purposes using RDB, being able to quickly
change the wall thickness of tubes or profiles would be beneficial, but requires change of the
mandrel, which is a crucial tool for bending components with a high diameter to thickness ratio.
Keeping a catalogue of mandrels suitable for all wall thicknesses could be costly, while acquisition
on demand through buying or in-house machining might be preferrable. Conventional mandrel
shapes, as shown in Fig. 2, does however require multi-step CNC machining, which often comes
with a considerable cost and lead time. It is in this domain we believe additive manufacturing could
provide a significant benefit in bringing lead time and cost for changing mandrel to a minimum.
As a first step in this effort, we are investigating the feasibility of using spherical end mandrels
manufactured using standard FFF process equipment and standard PLA filament material.

\ Flexible mandrel
‘\ Bend radius tailored mandrel

Spherical end mandrel

Fig. 2. Mandprel types in tube rotary draw bending.

To provide structural integrity and overcome the inter-layer bonding problems found in FFF
parts, the PLA-mandrels used in this study were constructed with a steel core, while adding a bolt-
on outer interchangeable PLA sleeve to provide the required geometry, as shown in Fig. 3. As the
suggested hybrid mandrel system is believed to be softer than its metal counterpart, we expect that
for getting a comparable result, the mandrel extension (shown in Fig. 3) would need to be
increased.

Steel core PLA mandrel sleeve  Mandrel extension
beyond tangent point

Fig. 3. Hybrid steel/PLA mandrel construction.

Experimental Setup

Using a Star Technology 800 EVOBEND tube bending machine, with tooling designed for @60
mm profiles and 222 mm bend radius, experiments with tube thicknesses of 3 and 2 mm, and
mandrel extension lengths were conducted as shown in Table /. The manufactured bends were
then evaluated based on the flattening of the cross section radially relative to the bend axis,
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measured using a caliper. For the bend radius and outer tube diameter, experience has shown that
3 mm thickness tubes do not exhibit wrinkling defect if manufactured without mandrel, while 2
mm ones do. The 2mm tube experiments are therefore also evaluated qualitatively on the basis of
the mandrel’s capability of mitigating the wrinkling defect on 2 mm tubes bent without a mandrel.
The steel and AM mandrels, and how they are installed in the tool system is shown in Fig. 4.

Table 1. Experimental matrix.

Experiment # Mandrel type Mandrel extension (e) | Tube thickness Samples
1 No mandrel 3 mm 2
2 Steel 0 mm 3 mm 2
3 AM 0 mm 3 mm 2
4 AM 5 mm 3 mm 2
5 AM 10 mm 3 mm 2
6 No mandrel 2 mm 2
7 AM 5 mm 2 mm 2
8 AM 10 mm 2 mm 2

AM PLA mandrel for AM PLA mandrel for
3 mm wall thickness 2 mm wall thickness

AAG082 Conventional
aluminium tube  metal mandrel
(a) (b)
Fig. 4. (a) AM PLA mandrels and conventional metal mandrel, and (b) assembled tooling in the

RDB tooling system.
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Results and Discussion

Qualitative and quantitative results for the 3 mm thickness samples are shown in Fig. 5 and
in Fig. 6, respectively. Qualitative assessment does not reveal any major difference between the
different mandrels. Quantitatively, the AM mandrel provides a significant support to limit tube
flattening and reduces the tube flattening with 50% compared to the samples bent without mandrel.
Comparing with the steel mandrel, however, the PLA mandrel is seen to provide less support for
0 extension distance, with 1 mm larger cross section flattening (2-2.5 mm in total), suggesting that
the PLA mandrel is significantly softer than the metal version. The flattening is reduced to values
comparable to those for steel mandrel if the mandrel extension is increased to 10 mm for the PLA
mandrel, which results in approximately 1 to 1.5 mm of flattening. Although increased mandrel
extension will increase the contact pressure on the mandrel, there is no indications that the PLA
mandrel is being degraded significantly, as it shows no cracks or scuffing marks.

AM PLA mandrel
e=10 mm

AM PLA mandrel e ~
e=5 mm e
AM PLA mandre| == "N
e=0 mm e

Metal mandrel
e=0 mm

No mandrel

Fig. 5. Qualitative results from tube bending with 2mm wall thickness.
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Fig. 6. Radial tube flattening from tube bending with 3 mm wall thickness.
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Qualitative and quantitative results for the 2 mm thick samples are shown in Fig. 5 and
in Fig. 6, respectively. As shown in Fig. 5, the lowered wall thickness results in pronounced
intrados wrinkling when bending without a mandrel, which is effectively mitigated with the use of
the AM mandrel. The samples from bending without a mandrel are left out of the quantitative
results due to wrinkling. The 2 mm thickness tubes display a slightly higher flattening than for 3
mm thick tubes, with approximately 3 to 4 mm flattening using an extension distance of 5 mm,
which is reduced to approximately 2.5 to 3 mm when increasing the extension distance to 10 mm.
As in the case with the mandrel for 3 mm wall thickness tubes, there is in this case also no
indications that the PLA mandrel is being degraded significantly, as it shows no cracks or scuffing
marks as well.

== AM PLA mandrel

AM PLA mandrel
. e=5 mm

thickness tubes bent

without using mandrel
TR

Fig. 7. Qualiiative results from tube bending with 2mm wall thickness.
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Fig. 8. Radial tube flattening from tube bending with 2 mm wall thickness.
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Summary

The proposed tooling concept with a hybrid steel-PLA mandrel is found to provide sufficient
support and structural integrity to significantly reduce both the cross section flattening and
wrinkling for the investigated cases of tube bending using rotary draw bending of aluminum tubes.
With the simplicity of the manufacturing using additive manufacturing, and the low cost associated
with the material and manufacturing system for fused filament fabrication, using this type of
mandrels provides a significant process improvement over bending without mandrel, and on par
with steel mandrels if the mandrel extension length is increased.

As the concept explored in this paper seems promising, replacing other complex tools, as the
wiper die could provide additional value. We would also suggest investigating the method’s
applicability on bending of tubes with higher material strength as steel or titanium. We also believe
that further research should target investigating the durability of these AM mandrels, to investigate
its applicability for manufacturing larger volumes.
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