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Abstract

The applicability of plastic tools additively manufactured by fused deposition modelling for sheet metal forming processes was
evaluated. Aluminium and steel sheets were V-bent and deeply drawn with the plastic tools. The dimensional accuracy of bent
sheets with the plastic tools was lower than that with steel tools due to low stiffness, and deteriorated with increasing flow stress of
a sheet. The stiffness was increased by reinforcing the plastic tools with steel bars, and thus, the dimensional accuracy of the bent
sheets was improved. Not only springback of the sheet but also elastic deformation of the plastic tools was successfully corrected
by modifying the shapes of the tools. In addition, the deep drawability of a cylindrical cup with a plastic die was examined.
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1 Introduction

The development of the 3D printing technology is consider-
ably remarkable, and additive manufacturing processes such
as stereolithography of photopolymers, selective laser melting
using metallic and ceramic powders, and fused deposition
modelling using plastics are included in this technology, as
reviewed in the book by Kalpakjian et al. [1]. Using these
processes, mechanical parts are manufactured directly without
the use of traditional dies and tools. The qualities of
manufactured parts such as the dimensional accuracy,
strength, surface roughness, etc. are considerably improving
with capability enhancement of additive manufacturing ma-
chines. However, costs of raw materials are generally high,
and the lead time required to produce each part is too long to
be viable for large production runs. These processes are lim-
ited to small production of parts.

One of the useful applications of additive manufacturing
processes is rapid tooling. This is to manufacture not mechan-
ical parts directly but tools for producing parts. Since the tools
are generally expensive and the lead time is relatively long,
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drawbacks in cost and time are not problematic in comparison
with direct manufacturing of parts. In addition, tools are auto-
matically manufactured from CAD data without skilled la-
bour. Additive manufacturing of tools for casting, injection
moulding, metal forming, etc. has started in industry.
Gebhardt [2] explained the use of additive manufacturing for
rapid tooling.

Holker-Jager et al. [3] reviewed metal forming dies made
from metallic powders by laser additive manufacturing. Abe
et al. [4] manufactured prototype dies by a selective laser
melting process of nickel-based alloy powder. In this process,
a thin layer of powder is locally melted with a laser beam, and
a three-dimensional die is successively formed layer by layer.
The strength and reliability of the die are improved by replac-
ing selective laser melting with selective laser sintering, i.e.
the increase in relative density by a higher heating tempera-
ture. Moreover, the strength of the die is increased by using
high alloy powders in selective laser melting. Shipley et al. [5]
reviewed selective laser melting processes of hard titanium
alloys. Wu et al. [6] and Cortina et al. [7] additively
manufactured cooling channels in dies used for injection
moulding and hot stamping, respectively. Although chan-
nels made by conventional drilling are limited to straight
ones, curved channels along tool surfaces can be made by
additive manufacturing, and thus, the cooling efficiency
becomes high. Laser additive manufacturing processes
using metal powders are employed for dies used for metal
forming processes, while laser additive manufacturing
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Fig. 1 Nominal stress-strain
curves measured from simple

compression test of plastic
cylinders manufactured by fused
deposition modelling
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machines and powders are considerably expensive, and
thus, industrial application is still limited.

The price of fused deposition modelling machines for plas-
tic parts drastically decreases, and the application of this
modelling process is expanding remarkably. In the fused de-
position modelling process, mechanical parts are
manufactured by laying down successive layers of molten
plastic without dies [8], and the machines become cheap be-
cause of extrusion of molten plastic. In addition, the plastic
filament, the raw material for fused deposition modelling, is
low-cost. However, the strength of plastic parts manufactured
by fused deposition modelling is lower than that by conven-
tional injection moulding, because the parts are somewhat
porous. Sood et al. [9] examined effects of modelling condi-
tions such as the layer thickness, orientation, raster angle,
raster width and air gap on the tensile, flexural and impact
strengths. It is desirable to increase the strength of parts
manufactured by fused deposition modelling. Mori et al.
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(a) Punch

Fig. 2 Plastic punch and die manufactured by fused deposition modelling employed for V-bending experiment
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[10] developed a dieless forming process of carbon fibre-
reinforced plastic parts using fused deposition modelling.
Nakagawa et al. [11] improved the strength of carbon fibre-
reinforced plastic parts manufactured by fused deposition
modelling by using a microwave oven to thermally bond car-
bon fibre to plastic layers.

The use of plastic tools manufactured by fused deposition
modelling for sheet metal forming processes leads to large
reductions in the lead time and die cost. Since the yield stress
for the plastic tools is considerably lower than that for steel
tools, the risk of tool failure becomes high. In addition, low
Young’s modulus for the plastic tools deteriorates the dimen-
sional accuracy of formed parts. Durgun [12] employed plas-
tic tools manufactured by fused deposition modelling for
small production runs of sheet metal forming. Leacock et al.
[13] simulated a stretch forming process of double curvature
components with plastic tools manufactured by fused deposi-
tion modelling. Nakamura et al. [14] measured the elastic
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Fig. 3 Cross-sections of plastic punch and die employed for V-bending
experiment

deformation of plastic tools manufactured by fused deposition
modelling during V-bending of sheet metals. On the other
hand, Harada et al. [15] exhibited that dies cut from a bulk
plastic have high seizure resistance in deep drawing of alu-
minium and titanium cups.

In this paper, the applicability of plastic tools manufactured
by fused deposition modelling for sheet metal forming pro-
cesses was evaluated. The dimensional accuracy of formed
parts was improved by reinforcing the plastic tools using steel
bars and modification of tool shapes.

2 V-bending using plastic tools manufactured
by fused deposition modelling

2.1 Plastics used for fused deposition modelling

When plastic tools manufactured by fused deposition
modelling are applied to sheet metal forming, tool failure,
low tool life and low product accuracy are problematic
due to the low strength and stiffness. For the application,
the mechanical properties of polylactic acid and ABS
were measured. Two materials are typical ones used for
fused deposition modelling.

The nominal stress-strain curves measured from a simple
compression test of the plastic cylinders manufactured by

Table 1 Mechanical properties of sheet metals used for V-bending

experiment

Sheet Thickness Tensile strength  Elongation
(mm] [MPa] [%]

A1100-H 0.96 140 5

A5052-H 0.96 230

440 MPa steel 1.01 470 30

fused deposition modelling are shown in Fig. 1. The yield
stress and Young’s modulus of a polylactic acid cylinder are
about 30 MPa and 1.5 GPa, respectively, whereas an ABS
cylinder has 22 MPa in yield stress and 1.2 GPa in Young’s
modulus. These values for the polylactic acid are lower than
those measured from the compression test by Mercado-
Colmenero et al. [16], and the values for the ABS are higher
than those measured from the tensile test by Samykano et al.
[17]. The polylactic acid was selected as a material for plastic
tools because of higher strength. Since the yield stress and
Young’s modulus are about 1/10 and 1/100 of steel, respec-
tively, the applicability of the plastic tools for sheet metal
forming was evaluated.

2.2 V-bending tools manufactured by fused
deposition modelling

The plastic punch and die manufactured by fused deposition
modelling employed for a V-bending experiment are shown in
Fig. 2. The punch and die were manufactured from CAD data
by piling plastic layers for about 3 h. The plastic layers were
piled from the bottoms of the punch and die, and the slope
surfaces were finely stair-like. In each layer, the outline was
first formed, and then the inside was crosshatched. The
strength orientation of the punch and die becomes compara-
tively small. The slope surfaces piled from the sides of the
punch and die become smooth in the slope direction, and not
smooth in the orthogonal direction due to piling of layers.

In additive manufacturing, a one-piece punch and die hav-
ing an attaching plate can be made, and even holes for attach-
ments are made without post-drilling. The price of the fila-
ment used for one tool is only 2 US dollars. This is much
cheaper than the price of powder in selective laser melting.
Furthermore, no excess material is required because of depo-
sition of molten plastic. Although tool surfaces are not smooth
as well as other additive manufacturing processes, the friction
between the tool and sheet is not high due to the elastic defor-
mation of the tool surface during forming. This is different
from metal tools having small elastic deformation
manufactured by selective laser melting for which surface
finishing is generally necessary. Angelo et al. [18] evaluated
the surface quality of parts manufactured by fused deposition
modelling.

The cross-sections of the plastic punch and die employed
for the V-bending experiment are given in Fig. 3. The punch
and die are porous due to the cavities between extruded plas-
tics, and relative densities of the punch and die were about
85%. It is not easy to further raise the relative density. The
aluminium sheets A1100-H, A5052-H and 440 MPa steel
sheet given in Table 1 were bent with the plastic punch and
die having an angle of 90°. The width and length of the sheets
were 30 and 60 mm, respectively.
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Fig. 4 Relationships between angle from 90° of bent sheet and tensile strength of sheet

2.3 Results of V-bending using plastic tools

The relationships between the angle from 90° of a bent sheet
and the tensile strength of the sheet are shown in Fig. 4, where
the location of the bottom dead centre is equivalent to a punch
stroke of 4.4 mm. The angle of the bent sheet at the bottom
dead centre was measured with a CCD camera. With the
plastic tools having low strength, the sheet was bent with-
out tool failure even for the 440-MPa steel sheet. Since
the compressive stress applied to the tools is comparative-
ly low for bending, the plastic tools can be employed. The
angle from 90° of the bent sheet at the bottom dead centre
for the plastic tools is larger than that for the steel tools
because of low stiffness, and increases with increasing
tensile strength of the sheet. The slightly thick 440-MPa

ESteel blOCkSE

(a) Insertion

(b) Implantation

steel sheet is overbent with the steel tools having high
stiffness, and has the minus angle at the bottom dead
centre. The low stiffness of the plastic tools deteriorates
the dimensional accuracy of the bent sheet; thus, it is
desirable to increase the stiffness of the tools.

3 Improvement of dimensional accuracy
of V-bent products with plastic tools

3.1 Increase in stiffness of plastic tools
by reinforcements

To improve the dimensional accuracy, the stiffness of the plas-
tic tools is increased by reinforcements. The plastic tools are

Increase in stiffness

(c) Completion

Fig. 5 Increase in stiffness of plastic tools by reinforcing in fused deposition modelling

Nozzle

(a) Die having holes

@ Springer

Steel bars
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Fig. 6 Reinforcing method using steel bars of plastic tools used for V-bending experiment

(c) Reinforced die
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Fig. 7 Cross-sections of reinforced plastic punch and die for / = 0.8 mm

reinforced with the steel blocks, as shown in Fig. 5. Since the
tools are formed by piling up plastic layers in fused deposition
modelling, it is easy to include the reinforcements in the tool.
Moreover, the temperature of molten plastic is comparatively

(@) Punch, /= 0.6 mm (b) Die, /= 0.6 mm-
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low unlike selective laser melting, and thus, no distortion of
the reinforcements occurs.

The plastic punch and die used for the V-bending
experiment are reinforced with 0.45% carbon steel bars,
as shown in Fig. 6. To increase the stiffness of the
plastic tools, the plastic punch and die having holes
were manufactured by fused deposition modelling, and
then the steel bars were inserted into the holes. The
dimensional accuracy of the bent sheets with the rein-
forced plastic punch and die was examined.

The cross-sections of the reinforced plastic punch and die
for / = 0.8 mm are given in Fig. 7, where / is the minimum
distance between the surface of the tool and the steel bar. The
steel bars were inserted into the tools to increase the stiffness.
The reinforced plastic punch and die were employed for the V-
bending experiment.

3.2 Results of V-bending using reinforced plastic tools

The relationships between the angle from 90° of the
bent sheet and the tensile strength of the sheet for the
plastic tools reinforced with the steel bars are shown in
Fig. 8. The dimensional accuracy of the bent sheet is
improved by reinforcing the plastic punch and die. As
the steel bars approach the tool surfaces, the angle from
90° decreases due to the increase in stiffness, whereas
the fracture occurs for / = 0.6 mm.

The variations in the angle from 90° of the bent
sheet in repeated bending using the plastic tools with
and without the reinforcements are illustrated in Fig.
9. The angle of the bent sheet by the plastic tools with
and without the reinforcements is almost constant up to

= 5 mm,

Without reinforcement
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Fig. 8 Relationships between angle from 90° of bent sheet and tensile strength of sheet for plastic tools reinforced with steel bars
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Fig. 9 Variations in angle from 90° of bent sheet in repeated bending using plastic tools with and without reinforcements
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Fig. 10 Surfaces of bent A1100-H sheet with plastic tools with and without reinforcements

100 shots. It was found that the plastic tools are suffi-
ciently applicable for small production runs.

The surfaces of the bent A1100-H sheet with the
plastic tools with and without the reinforcements are
shown in Fig. 10. In the bending of a sheet having

Fig. 11 Modification of tool
angles for approaching desired
shape of bent sheet

low strength, the steel tools cause the scratches around
the corner of the bent sheet, whereas the plastic tools
having low Young’s modulus prevent the scratches. The
plastic tools are suitable for forming sheets having low
flow stress.
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Table 2 Mechanical properties of sheet metals used for deep drawing
experiment

Sheet Thickness [mm] Tensile strength [MPa] Elongation [%]
A1050-H 047 130 4

A5052-H 047 260

SPCC 0.50 290 46

3.3 Modification of plastic tool shapes
for improvement of dimensional accuracy of formed
part

In finite element simulation of bending processes, tool shapes
are generally modified to correct the springback. The shape of

Fig. 13 Deep drawing of

cylindrical cup with plastic die 3 3 2
manufactured by fused deposition L]

modelling

real plastic tools manufactured by fused deposition modelling
was repeatedly modified in a similar manner to improve the
dimensional accuracy of formed parts because of fast
manufacturing and cheap filament cost, as shown in Fig. 11.
The sheet is bent with the punch and die having an initial angle
of 0y; the difference A between the obtained and target an-
gles of the bent sheet is calculated. The sheet is bent with the
punch and die having an angle changed by A6, and this pro-
cedure is repeated until the angle of the bent sheet is close to
the target angle. The angles of the punch and die are modified
to the same ones. The angles of the real punch and die are
modified to correct both elastic deformation and springback,
and the shape of the formed part approaches the desired one
with increasing modification.

The angles from 90° of the bent sheet by the modification
of the shapes of the plastic punch and die are given in Fig. 12.
For one-time modification, the shape of the formed part is
almost similar to the desired one because of simple bending.
Both elastic deformation of the tools and springback of the
sheet are successfully corrected by the modification of the tool
shapes.

4 Deep drawing of cylindrical cup with plastic
die

4.1 Conditions of deep drawing

For deep drawing having severer deformation than bending,
the applicability of the plastic tools was evaluated. The alu-
minium sheets A1050-H, A5052-H and SPCC steel sheet giv-
en in Table 2 were deeply drawn with a plastic die, as shown in
Fig. 13. Only the die was made of plastic by fused deposition
modelling, and the punch and blankholder having compara-
tively simple shapes were made of steel. The blankholder
force for the A1050-H sheet was 2 kN, and that for the

Steel punch

¢34_4 Sheet

Blankholder
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Fig. 14 Plastic die manufactured
by fused deposition modelling
employed for deep drawing
experiment

Corner surface

| 20 umRa
Flat surface

umRa

A5052-H and SPCC sheets was 4 kN. The lubricant was a 4.2 Results of deep drawing lubricated with press oil
press oil, and the die and blankholder were lubricated.

The plastic die manufactured by fused deposition model-  The drawn cups with the plastic and steel dies for the press oil
ling employed for the deep drawing experiment is given in  are shown in Fig. 15, where (3 is the drawing ratio. The drawn
Fig. 14. The relative density of the die was about 90%, and the ~ cups with the plastic and steel dies are almost similar.
production time of the die was about 5 h. The corner surface is For a large drawing ratio, the A1050-H sheet fractured,
finely stair-like. whereas the A5052-H and SPCC sheets wrinkled, as shown

10 mm

e ; \v-- T 4
Plastic die Steel die Plastic die Steel die Plastic die Steel die
(a) A1050-H, 8 =1.93 (b) A5052-H, 8=1.57 (c) SPCC, B8=1.45

Fig. 15 Drawn cups with plastic and steel dies for press oil

Drawn cup Plastlc dle Drawn cup Plastlc dle
(a) A5052-H, 8 =1.60 (b) SPCC, 8=1.48

Fig. 16 Plastic die failure by wrinkling of drawn cup
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Fig. 17 Limiting drawing ratios with plastic and steel dies for press oil

in Fig. 16. In wrinkling, the plastic die undergoes plastic de-
formation caused by high pressure and cannot be employed
anymore.

The limiting drawing ratios with the plastic and steel dies
for the press oil are illustrated in Fig. 17. The limiting drawing
ratios of the A1050-H sheet for the two dies are almost similar,
whereas the ratios of the A5052-H and SPCC sheets for the

plastic die are lower than those for the steel die. The low
limiting drawing ratios of the A5052-H and SPCC sheets for
the plastic die are caused by wrinkling shown in Fig. 16 before
attaining the limit of the sheet. It was found that sheets having
low flow stress are suitable for deep drawing.

4.3 Results of repeated deep drawing
without lubrication

The post-treatment of lubricants used for metal forming pro-
cesses is environmentally problematic, and it is desirable to
develop forming processes without lubrication. Properties of
the plastic die in repeated deep drawing without lubricant
were evaluated.

The surfaces of the drawn A1050-H cup with the plastic
and steel dies without lubrication for 3= 1.84 and Ist shot are
shown in Fig. 18. For the steel die, the seizure appears in the
side wall of the drawn cup, whereas no seizure occurs for the
plastic die.

The die corners and drawn A1050-H cups with the plastic
and steel dies without lubrication for 3 = 1.84 are shown in
Fig. 19. For the steel die, the seizure appeared from the Ist
shot and the cup fractured after 3 or 4 shots. On the other hand,
no seizure occurred after 10 shots for the plastic die.

(a) Plastic die

(b) Steel die

Fig. 18 Surfaces of drawn A1050-H cup with plastic and steel dies without lubrication for 5= 1.84 and 1st shot

Seizure

f\'

1 mm

Plastlc dle Steel die Plastlc die
10 shots

10 shots  1st shot
(a) Die corner

Fracture

Steel dle
5 shots
(b) Drawn cup

Fig. 19 Die comers and drawn A1050-H cups with plastic and steel dies without lubrication for 5 = 1.84
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Fig. 20 Variation in diameter change of drawn A1050-H cup in repeated deep drawing with plastic die without lubrication for 3 = 1.84

The variation in the diameter change of the drawn A1050-
H cup in repeated deep drawing with the plastic die without
lubrication for 5= 1.84 is given in Fig. 20. The diameter of the
drawn cup slightly increases with increasing shot number,
where no failure of the cup and die occurred even after 100
shots.

5 Conclusions

The application of fused deposition modelling as a
manufacturing process has been expanding rapidly due
to cheap machines. The fused deposition modelling pro-
cess has advantages of automatic manufacturing from
CAD data, cheaper raw materials, almost no material
loss, etc. Although this manufacturing process is attrac-
tive for rapid tooling, manufactured plastic tools have
been hardly applied to metal forming processes yet be-
cause of low strength and stiffness.

In this paper, the applicability of the manufactured
plastic tools was evaluated for bending and deep drawing.
In bending, the shape accuracy of the bent sheets was
improved by the reinforcement using hard materials and
the modification of the tool shapes. The optimisation of
the size, shape and number of the reinforcements is re-
quired for applied bending processes. The modification of
tool shapes is speedy in comparison with conventional
machining processes. On the other hand, sheet metals
having comparatively low flow stress are suitable for deep
drawing. The plastic tools are useful to prevent scratches
in sheet metal forming. Without lubrication, although the
seizure appears for conventional deep drawing with the
steel die, the seizure is prevented for deep drawing with
the plastic die. By manufacturing plastic tools using fused
deposition modelling, small production runs of sheet met-
al forming become low-cost and speedy.
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