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Abstract

Incremental Sheet Forming (ISF) has been widely investigated in the last twenty years, highlighting advantages as low-cost, higher
formability and greater process flexibility if compared to traditional processes. Recent works have proven the ISF feasibility for
polymer processing whereas limited investigations exist on composite materials. In the proposed study, an experimental research
was carried out with the aim to investigate the influence of process factors on the workability of composite parts. The attention was
focused on extruded Reinforced Polyamide-6 sheets. The material is made of thermoplastic matrix and 15% of glass fibers as
reinforcement. The processed material is characterized by a glass temperature higher than 50°C and, therefore, ISF was performed
with the addition of an external heating source. More in detail, the experiments were carried out on a three axis CNC milling
machine equipped with an additional chamber designed for the material heating. In this paper, the influence of the main process
factors (i.e. wall slope angle, step depth and process temperature) on the manufactured parts and on the process feasibility was
investigated.
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1. Introduction

Incremental Sheet Forming (ISF) is a process suitable when small batches or single products are required by
industry, mainly due to low costs of set-up and equipment [1,2]. One of the main ISF advantages is, in fact, the high
level of flexibility mainly due to absence of die or specific tools in the forming of the parts. Against, its working time
is consistent making the process slower than the conventional ones, such as stamping and, currently, not competitive
for mass production.

ISF has been widely investigated for the production of metal components [3,4] while, more recently, some works
have been focused on the performance of the process on polymeric materials [5,6]. Researches have aimed at
understanding the influence of the working variables on the outcomes [7,8], analyzing for instance the workability,
the quality surface and the microstructure [9].

Limited researches have been carried out to evaluate the possibility of producing composite components by ISF
[10-11]. The properties of composites depend on some factors, for instance, on the orientation and distribution of
fibers within the matrix or on the proportion of phase and matrix [12]. The usage of composite materials has increased
during the last years. Various products have been manufactured for several sectors, mainly where high-performances
are required [13,14]. In fact, these innovative materials show a high potential for the aerospace and automotive
industries (i.e. structural applications and components of aircraft and spacecraft such as wings, fuselage and
empennage components, body and chassis components of automobiles) where the weight reduction of components
and the fuel efficiency are the major priorities. The specific stiffness and strength and the energy efficiency, which
represent the main advantages of composites, allow the achievement of those objectives [12,15]. High costs and the
presence of defect at the interface are two aspects that can limit their usage, if compared with conventional materials
[12].

Tape winding, injection molding, compression molding, resin transfer molding, autoclave/prepreg lay-up process,
pultrusion are the techniques mainly involved in the manufacturing of composites components [11,13]. Nevertheless,
downstream processes allow to further process composite laminates to give them specific shapes [16,17]. ISF can be
included in this latter category of processes, even if its feasibility has to be demonstrated yet.

The purpose of this study is to fulfil this gap and to highlight the workability of a thermoplastic material reinforced
with short glass fibers by ISF. In detail, a composite, mainly used for automotive components such as housings in
HVAC applications, fenders, side linings of trucks and other machinery, bezels, was investigated. Some preliminary
results in terms of relation between the process conditions and the outcome will be provided. To investigate the
material behaviour, an experimental plan has been designed. Its performing highlights how changes occur in the
material formability when it is subjected to the variable setting of specific factors.

The main results, in terms of workability and accuracy, are presented in this work.

2. Material and Method
2.1. Material

Experiments were performed using a composite made of Polyamide-6 (PA 6) and short glass fibers,
characterized by a crystalline grain melting range of about 220°C and a short term service temperature of 180°C. The
material has a thickness and a fiber volume fraction of 1.1 mm and 15%, respectively.

Laminates are vacuum formable and downstream work techniques, such as machining and laser cutting, allow the
production of further semifinished products [18]. The investigated material is widely used to produce components for
the aeronautical ad automotive sectors and it is also required in the mechanical engineering field.

2.2. Method

ISF process consists of a local and progressive deformation of a sheet blank using a CNC machine, which controls
a forming tool. It is considered a low cost process since conventional punches and dies are avoided, therefore the
flexibility is one of its main advantages and makes it an attractive alternative for small batches or prototypes [19].
However, previous preliminary research carried out by some of the authors have highlighted that the composite
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manufacturing can not be obtained if ISF is applied in the conventional way and without any support material [20].
On the contrary, better results can be found by introducing the assistance of an additional low-cost-high-formable
material blank that facilitates the process and drives the composite manufacturing.

In other words, experiments were carried out superimposing an Aluminum AA1050 sheet (150mmx150mmx1mm)
on the composite one and manufacturing both simultaneously. The Aluminum sheet works like a “flexible die” which
sustains the composite deformation that conversely should not maintain the imposed shape.

For the purpose of this study, a Mazak Nexus 410A work-centre machine was used for the ISF running. A designed
fixture, additional equipped with a thermal isolated chamber, was mounted on the CNC milling machine (Fig. 1). A
square composite sheet (150mmx150mmx1.1mm), together with the Aluminum, was placed and fixed on the frame
in order to be clamped during the deformation. A cone-shaped part, with the outer diameter of 130 mm and a final
depth of 30mm was selected to test the formability. A punch with a 10 mm diameter hemispherical head was chosen
to locally form both the sheets and a lubricant emulsion was supplied on the Aluminum sheet during the process to
reduce friction. Additionally, taking into account the glass transition temperature of the composite material, the initial
working temperature was set accordingly. A control unit was added to the equipment for this purpose and the
temperature was carefully monitored through a thermocouple before the process starting. A hole on the metal sheet
allowed the measurement on the upper surface of the composite.

Fig. 1. ISF equipment and parts at the end of the process.

3. Experimental plan

Taking into account both the well assessed base of knowledge on conventional materials manufactured by ISF [21]
and the preliminary investigation carried out by the authors [9, 20], in this study the attention was directly focalised
on the main parameters which strongly affect the ISF feasibility and the quality of the outcomes. Three process
variables were evaluated: the wall angle (a), the step depth (p) and the imposed temperature (T). Each of them was
varied on two levels in a predefined range, fixed by a preliminary set of screening tests. A full orthogonal experimental
plane was performed and three replications were executed for each test configuration to prove the repeatability. Details
of fixed and variable values are listed in Table 1 and Table 2.

Table 1. Fixed process parameters details

Fixed Parameters

Sheet thickness (PA GF15%) 1,1 mm
Sheet thickness (AA5754) 1 mm
Punch Diameter 10 mm
Spindle speed 100 RPM

Forming velocity 5000 mm/min
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Table 2. Variable process parameters details

Variable Parameters

Wall angle (a) 30 40 °
Step depth (p) 1 2 mm
Temperature (T) 150 200 °C

4. Analysis of the results

The material formability, the thickness distribution and the part accuracy were the main objectives of the analysis.
These outcomes were referred directly to the average values of each test configuration, because of the good repetitions
of the experiments as well as the standard deviation close to zero. At the same time, due to the limited number of
investigated configurations, the direct observation of the phenomena is justified without the application of statistical
approach.

Concerning the material formability, all the test configurations gave back sound components (Fig. 2.a) with
exception of the experiment carried out with a=40°, p=Imm and T=150°C. In this case, a fracture on the specimen
occurred abruptly due to the combined effect of lower values of step depth and process temperature (Fig. 2.b).

(a) (b)

Fig. 2. (a) Sound and (b) broken parts.

Beyond the formability, this preliminary investigation highlighted evident distortion out of the forming area,
probably due to high residual stresses in the sheet. This effect could be reduced if a proper process optimization was
carried out. In detail, the use of a backing plate, taking into account the shape of the part to be formed, and the
optimization of the various process parameters should decrease the pointed out shape distortion.

Observations that are more interesting can be derived by the thickness distribution extracted on the truncated cone
profile along the two orthogonal planes perpendicular to the clamping zone. For sake of simplicity, only half averaged
measures are displayed. In detail, Figure 3 reports the obtained values for the experiments carried out with a wall
angle of 40° and changing the other process parameters. Looking at the displayed trends, a reduced sheet thinning can
be observed for the lower step depth. This consideration leads to conclude that ISF, performed on composite sheet,
maintains the same intrinsic deformation mechanics shown for metallic sheets. The deformation results strongly
localised to the contact zone between the punch and the sheet. In fact, lower local deformations allow lower thinning
on the whole shape.

Furthermore, comparing the curves with the same wall angle and step depth but changing the process temperature,
the overlapping is quite fitting thus suggesting that in the investigated range, the temperature does not influence the
thinning phenomenon.
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Fig. 3. Thickness distribution measured from the clamping edge for a=40°.

Figure 4 displays additional comparisons between experiments carried out varying the wall angle: as it can be
observed, higher is the slope of the cone, more consistent is the thinning.

Finally, at this stage of the research, the part accuracy was evaluated just in terms of springback by comparing the
final height reached after the manufacturing step with the targeted height (H=30mm). The measured values are
reported in Fig. 5. Generally speaking, better performances are obtained working at higher temperature and with higher
step depth. However, the overall part inaccuracy represents the main drawback that penalizes the process results.
According to that, a robust optimization has to be pursued in future works to get a more accurate shape considering
the whole 3D profile (i.e. final height, achieved angle, shape distortion).
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: I I I I I | I |
14
12

alfa=30° alfa=30° alfa=40° alfa=40° alfa=30° alfa=30° alfa=40° alfa=40
p=lmm p=lmm p=lmm p=lmm p=2mm p=2mm p=2mm p=2mm
I=150°C T=200°C T=150°C T=200°C T=150°C T=200°C T=150°C T=200°C

Fig. 5. Final height measured at the end of the manufacturing step.
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5. Conclusions

The main reason for the lack of the widespread acceptance of composites made of thermoplastic matrix is that they
are more difficult to process than thermosets. A number of techniques have been developed for thermoplastic
composites processing, but they are limited used. Hence, intensive research and development efforts are underway to
develop new techniques for forming amenable thermoplastic composites [12]. The purpose of the study is a
preliminary feasibility analysis on forming of thermoplastic composite sheets by ISF. More in particular, the
investigated material is a glass fiber reinforced polyamide-6, widely used in automotive applications. Starting from
the available base of knowledge on thermoplastic materials and considering the ISF peculiarities, an experimental
investigation was planned changing three main process conditions: the wall angle, the step depth and the process
temperature. Preliminary results were obtained concerning the process feasibility, which must be improved with
additional research. However this first outcome represents an innovation for secondary operations on composites by
ISF. The experiments highlighted that properly choosing the tool depth step and the process temperature, firstly, sound
parts can be formed with a moderate sheet thinning. Naturally, further experimental investigations are required for a
full understanding of the material behaviour and for the shape optimisation. In particular, the microscopic analysis
becomes fundamental for the observation of the fiber distribution after the manufacturing step and for the full
comprehension of the investigated phenomena. All these activities will be proposed in coming works.
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