An experimental study on incremental
forming process of polycarbonate sheets
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Results and discussions

Introduction
Thermoplastic processing techniques involve high costs with specialized tooling and molds and
important use of energy for the melting or softening of the material. New cold forming
technologies as incremental forming seem to be cost efficient processes when the machining of
large plastic sheet parts is desired. Incremental Sheet Forming is a cold forming manufacturing
technology where the desired form is achieved by means of a simple geometry tool (usually
hemispherical shaped tools) that presses the sheet material along its trajectories, generating
incremental deformations while the sheet part is clamped on a holding part or a frame. Untill
recently, as seen in the scientific literature, this procedure was applied on metal sheet parts
[1,2], and a more recent state of the art regarding ISF is presented in [3]. The process is simple
and flexible. The forming tool trajectories can be generated direct on the CAD model within the
CAD/CAM software. Two main variants of these machining processes had been developed and
tested: Single Point Incremental Forming (SPIF) and Two Point Incremental Forming (TPIF). In
the TPIF process a die is implied, positioned below the sheet to improve the formability and the
accuracy of the formed part.
Nowadays, polymers hold a significant share as raw materials in the manufacturing processes
for many industrial applications. Polycarbonate is a thermoplastic polymer with high impact
strength and modulus of elasticity and fairly good heat resistance. Polycarbonate (PC) has been
intensively used in industries such as automotive and electronic because of their high shock
absorption and low density
. Even if, polycarbonate is used in a large scale to produce a variety of parts and the promising
future of the incremental forming technology there is poor research work in area of incremental
forming of polycarbonate sheets.

Objectives and setup
This paper aims to bring contributions to the existing research on the application of ISF on
polycarbonate sheets in order to extend the current knowledge regarding the influence of
different parameters such as feed rate, stepdown and part geometry on dimensional accuracy
and tool and part temperatures. Experimental tests were carried out to investigate the
formability and material behavior of polycarbonates sheets of 1 mm thickness at different
working parameters values while machining different angle conic cavities. The experimental
procedure chosen was a Taguchi L9 experimental plan with three input process variables: cone
angle [º], forming tool feed rate F [mm/min] and level step size z [mm]. For each input
parameter three different levels were considered (table 1). The experimental setup is presented
in figure 1.
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The results obtained during the incremental of polycarbonate sheet forming experiments of
three different angles for the cone cavities are further discussed. Table 2 presents the shapes
generated during the nine experimental tests that were carried out.
Table 2. The shape of the generated parts

α=350, f=600mm/min, z=0.1mm

α=350, f=800mm/min, z=0.3mm

α=350, f=1000mm/min, z=0.5mm

α=450, f=600mm/min, z=0.3mm

α=450, f=800mm/min, z=0.5mm

α=450, f=1000mm/min, z=0.1mm

α=550, f=600mm/min, z=0.5mm

α=550, f=800mm/min, z=0.1mm

α=550, f=1000mm/min, z=0.3mm

The conic cavities seem to have a bulging tendency for most of the parts formed. Only for one
of the machining conditions considered failure occurred by circumferential cracking at a critical
height of approximately 4mm. This failure occurred for the test carried out for the smallest cone
angle considered with the highest feed rate and maximum level considered for the step size.
Even if for the other two tests performed for the lowest value considered for the cone angle
failure did not occurred, the geometrical accuracy was poor, and the sheet surfaces exposed
intense abrasive wear. Also, for these tests the highest levels for the tool temperature were
achieved. The main effect plots for the forming tool and part temperature are presented in figure
2. The main factor that influences the forming tool temperature is the angle of the cone cavities
while the part temperature is strongly influenced by the step size between the concentric
trajectories. From the three input variables considered in the experimental tests, the feed rate
has the smallest influence over the tool and part temperature variation. The error of the base
diameter of the cone is strongly influenced by the step size and cone angle. The feed rate seems
to have a positive influence on the cone’s base diameter error. Higher process temperature
conduct to lower diametral errors due to the increase in PC formability because the material
softens at certain levels of heat. The step size has a significant influence over the investigated
parameters. This parameters levels should be carefully chosen with respect to the desire
accuracy and also maintaining an efficient process time
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Figure 1. The part subjected to reverse engineering
Table 1. Taguchi DoE of L9 based on orthogonal array
Cone angle
[º]

Feed rate,
F[mm/min]

Step size,
z [mm]

Tool
Part
temperature, temperature,
T [0]
Tp [º]

35

600

0.10

107.6

54.9

35

800

0.3

112.5

68

35

1000

0.5

102

70.2

45

600

0.3

104

64.6

45

800

0.5

98.7

62.2

45

1000

0.1

93.3

48.8

55

600

0.5

85.2

57.1

55

800

0.1

80.5

47.4

55

1000

0.3

80

56.5

ε [mm]
1.32
1.86
1.70
1.96
2.37
1.49
2.72
1.57
2.29

The forming test were carried out on a Victor 55 3 axis CNC machining center with Fanuc controller and
with a spindle power of 7.5 kw at 8000 rev/min. The spindle speed was set at 1000 rev/min. The forming
paths were generated in the Manufacturing Module of Siemens NX software. The forming paths
considered were shaped as concentric circles with different z levels steps. The forming tool consisted was
a high-speed steel cylinder with a hemispherical end and a diameter of 5mm. The results were used to
identify the most suitable combination of process parameters in order to obtain accurate part geometric
accuracy. Forming tool and part temperature reached during the machining process was also investigated
by using a high-speed infrared thermal camera type x6540sc, produced by Flir

Figure 2. The main effect plots for tool and part temperature and cone base diameter error
For the specific machining conditions considered in this study, the best accuracy was achieved
for the cones that were generated with higher feed rates and lower step sizes. Even if, failure
occurred for only one of the parts machined, the surface quality of the cavities with the lowest
cone angle considered was poor, reveling intense friction and abrasive wear. Polycarbonate
sheets can be easily machined by incremental forming, although future investigations must be
carried out to optimize the process parameters and achieve proper accuracy and surface quality
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