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BN ABSTRACT Immmsssrararm

Technological developments in recent years have led to polymeric materials being
increasingly used in areas such as automotive, aerospace and medical industries,
hence the need for lower cost and environmentally friendly processing technologies
and processes. One such process is the incremental forming process, which is
relatively new compared to traditional forming processes, such as deep drawing or
molding.

In recent years, there has been a growing interest in the incremental forming of
polymeric materials due to their widespread use in industry and the increasing need
for prototyping and one-offs, as well as parts in small series production. The automotive
industry is one of the industries that has been looking for years to replace metal
materials with lighter materials, as there has long been a quest to reduce vehicle mass
and thus increase vehicle range. Also, due to the biocompatibility of some polymeric
materials with the human body, various implants made of polymeric materials have
been developed by incremental forming to replace implants from the same human body
or from cadavers, thus minimizing the degree of rejection and the risk of infection.

Although studies on the behaviour of polymeric materials during cold plastic
forming were started in the mid-1960s, studies on their behaviour during incremental
forming started much later, only in 2008-2009. Despite the relatively recent emergence
of the incremental forming process, it is currently only implemented in small and one-
off series production for reasons of long processing times.

Most studies related to incremental forming behaviour have focused on the
influence of a single parameter (forces, formability, precision of the parts obtained, etc.)
and there are no studies to date that encompass the influence of all parameters

At the same time, there are few studies that analyze the deformations that occur in
the incremental forming process of polymeric materials, most of them being based only
on numerical simulation using the finite element method.

Also, there are few studies that comparatively analyze the behavior of several
polymeric materials during the incremental forming process.

From the above considerations, the idea of the present PhD thesis was born, which
aimed to study and comparatively analyze the incremental forming behavior of three
polymeric materials, namely polyamide, polyethylene and polytetrafluoroethylene.
Initially, the intention was to include polyoxymethylene in the study, but this material
exhibited low elongation at break at ambient temperature, thus making it impossible to
conduct the experiments and analyze them using this polymeric material.

Thus, in this doctoral thesis, | aimed to investigate the incremental forming
behaviour both in terms of the material of the semi-finished product and in terms of the



influencing factors related to the part to be obtained, as well as the influencing factors
related to the forming technology.

By carrying out most of the theoretical and experimental research in the Centre for
Studies and Research of Metal Forming of the Faculty of Engineering in Sibiu, | have
succeeded in completing a comprehensive study of the incremental forming process
applied to polymeric materials at ambient temperature. These investigations were
focused on the determination of the forming forces, of the strains and thinning of
polymeric materials, of the temperatures released as a result of the self-heating
process and on the precision of the parts obtained by the incremental forming process.

The theoretical and experimental research resulted in the publication of eight
scientific papers published both in Clarivate Analytics listed or indexed journals and
conference volumes and in journals indexed in international databases [159-166].

The theoretical and experimental research resulted in the publication of eight
scientific papers published both in Clarivate Analytics listed or indexed journals and
conference volumes and in journals indexed in international databases [159-166].

Last but not least, the present thesis paves the way for research on the behaviour
of other polymeric materials in the incremental forming process, the study of the
behaviour of polymeric materials in the incremental forming process with local heating
of the material or the punch, or the use of a numerically controlled machine instead of
an industrial robot to increase the stiffness and therefore the precision of the parts
obtained.

Chapter 2 presents the evolution and current state of the art in the scientific
literature on the incremental forming process, from which the following possible
research directions have emerged:

e Numerical simulation using the finite element method of the incremental forming

process

e Experimental research on the forming behaviour of polymeric materials

e Improvement of the behaviour of polymeric materials during incremental forming

e Study of the influence of different process parameters (punch diameter and step
in vertical direction) on the incremental forming process.

e Study of the influence of different geometrical parameters of incrementally
formed parts (part wall angle and initial thickness of the blank) on the
incremental forming process.

Since a significant percentage of the raw materials used in industry are polymeric
materials, | have decided to review the development of research on polymeric materials
using the incremental forming process in a separate chapter, namely Chapter 3.

Following the literature survey on the incremental forming process of polymeric
materials, the following aspects emerged:

e The incremental forming of polymers occurs based on a combined plane and
biaxial stretching stress, depending on the circumferential contact between the
punch and the blank;

e The limitations of the incremental forming process of polymeric materials are
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given by the occurrence of defects and material breakage;

e The formability of polymers is higher than that of metals, the maximum part wall
angle being between 60° and 90°, much greater than for metals and metal
alloys;

e The forming forces vary over a wide range, between 190N and 1500N,
depending on the type of material deformed and the process parameters;

e The feed rate is a parameter that does not influence the forming forces in the
incremental forming of polymeric materials;

e The process parameters influence the forming forces differently, depending on
the material used, and there is currently no agreement regarding their influence
on the forming forces;

e The biggest advantages of the incremental forming process of polymers are the
versatility, low forming forces and high deformation capacity (deformability);

e Springback is the biggest problem in the incremental forming of polymers,
leading to very large dimensional and shape deviations;

e The low forming speed is another disadvantage of the incremental forming of
polymers but also of metallic materials, which can be overcome by developing
new incremental forming equipment allowing high speeds or by increasing the
forming step. However, increasing the forming step leads to the use of a larger
tool diameter which can result in lower surface quality but also in the prevention
of premature defects.

All of the above points to the need for further research into incremental forming
of polymers in the future in order to make this process industrially viable.

Based on the bibliographic studies presented in chapters 2 and 3 of my doctoral
thesis, together with my supervisor, | decided to focus my theoretical and experimental
research on the incremental forming at ambient temperature of four types of polymeric
materials: polyamide 6 (PA6), high-density polyethylene (HDPE 1000),
polytetrafluoroethylene (PTFE) and polyoxymethylene (POM-C). Of these, during the
course of the experimental research, we eliminated one of the materials
(polyoxymethylene) due to its low formability at ambient temperature. The following
were selected as input parameters for the conducted research: material type, material
thickness, wall angle of the processed part, forming step and punch diameter. The
decision regarding the selection of the research in the present doctoral thesis was
made taking into account the following:

- the incremental forming process is no longer considered a process with a
very high degree of novelty, as its applicability in various branches of
industry is already well implemented in small series and one-off productions;

- low-density materials are increasingly used in the automotive industry, the
aeronautical and aerospace industries, the medical implant industry, etc.
because they are light but display relatively good mechanical strength for
their weight;

- although there are studies on the incremental forming behaviour of various
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polymer materials, these studies have been strictly oriented towards a
specific output parameter for the incremental forming process (forces,
strains, precision of the part obtained, etc.), and there is no overall study
encompassing them all;

- there are extremely few data that study the strains that occur in the
incremental forming process of polymeric materials. Most of these studies
are based only on the numerical simulation using the finite element method,
which is why | wanted to conduct a study that allows the comparison of the
results obtained numerically with those obtained experimentally;

- the existing studies have generally taken into account only 2-3 input
parameters of the incremental forming process, whereas by using the
Taguchi method as an experimental design method, | was able to take into
account four parameters without significantly increasing the number of
experiments. As it could be found in the literature, there are studies with
contradictory results due to the fact that their authors could not take into
account several factors and the interactions between them;

- there are very few comparative studies in the literature on the incremental
forming behaviour of different types of polymeric materials, which is why |
wanted to undertake such a study;

- the speed of the punch was removed from the usual input parameters for
the incremental forming process because, unlike the case of metallic
materials, it does not significantly influence the process for polymer
materials.

In view of the above, and based on the bibliographic research presented in the

two chapters related to the current state of the art in the field, | outlined the objectives
of the doctoral thesis as follows:

1.

Analysis and processing of the information contained in the current stage of
incremental forming processing of polymeric materials with the aim of identifying:
the types of materials that can be processed at ambient temperature, the geometric
shape and dimensions of the polymeric parts that can be processed and the
technological parameters that can be taken into consideration in the experimental
research carried out during the doctoral thesis;

Selection of the optimal description of the polymeric material, based on its
behaviour during the uniaxial tensile test, for use in numerical simulation
analyses;

Design and running of explicit, parameterized dynamic analyses simulating the
incremental forming process of polymeric materials;

Elaboration of a study containing the main output parameters for the
incremental forming processing of polymeric materials, as well as their main
influencing factors;

Experimental research on the elasto-plastic mechanical behaviour of the
polymeric materials analysed;



6. Experimental research related to the determination of forces, strains, thinning,
temperature released in the process and the precision of the parts obtained at
the incremental forming of polymeric materials;

7. Statistical processing of the experimental data obtained with the aim of optimizing
the forming process of polymeric materials in order to reduce the forces,
deformations and thinning and to increase the precision of the parts and the
temperature released, so as to improve the deformability of the material.

Chapter 4 presents the simulation of the incremental forming process of
polymeric materials by means of the finite element method.

The following conclusions can be drawn from the analysis of the results

obtained:

>

Simulation by the finite element method of the incremental forming process of
polymeric materials leads to results close to the experimental values obtained,
with good agreement both in terms of the distribution of specific strains and
thinning and in terms of their maximum values;

The variation plots obtained by finite element simulation for the forces in the
incremental forming process are extremely similar and the differences
between the values obtained experimentally and those obtained numerically
are small;

When simulating the incremental forming process, for better accuracy of the
results in terms of specific strains and thinning, it is recommended to use Ls-
Dyna material model 24 for polyamide and material model 89 for polyethylene,
whereas for better accuracy of the results in terms of process forces, it is
recommended to use Ls-Dyna material model 89 for both types of materials;
If the correct material model is used, the difference between experimental and
simulation results for specific strain and thinning, excluding the secondary
strain, is a maximum of 2.55% for polyamide and 4.21% for polyethylene,
respectively;

If the correct material model is used, the difference between experimental and
simulation results for the forces, is a maximum of 2.54% for polyamide and
2.71% for polyethylene, respectively.

It can thus be concluded that the simulation of such a process can give very good
results if the optimal input data for the analysis are chosen (density of the mesh,
material model used, types of contacts, etc.), even if this simulation is very time
consuming and depends on many factors.

Chapter 5 presents the determination of influencing factors in the experimental
investigations of the incremental forming process of polymeric materials. For a more
accurate evaluation, two research directions have been considered in this doctoral
thesis: experimental research evaluating the deformation behaviour (formability) of
these types of materials in general and experimental research strictly related to the
incremental forming process of these types of materials.
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Experimental investigations to determine the formability of these types of
materials have focused on uniaxial tensile testing and biaxial tensile testing. | also
chose this test because in incremental forming, the state of deformation is not uniaxial
but is rather a plane state of deformation. The choice of the types of experiments was
made taking into account not only the current state of the art in the field and the
previous theoretical results, but also the practical, concrete possibilities available in the
laboratories of the Centre for Studies and Research on Metal Forming and the Faculty
of Engineering in Sibiu. Certainly, the large number of influencing factors of the
incremental forming process, as well as the costs related to the research itself, were
of particular importance in the finalization of the experimental plans. Thus, for the
design of the experiment, | chose the Taguchi method which, with a reduced number
of experiments, allows the achievement of very good results in terms of quality.

Following these considerations, we defined the following research directions
related to the incremental forming process of polymeric materials:

- determination of the strains on two directions of the coordinate axes, the main

and secondary specific strains, the shear angle and the material thinning;

- determination of the magnitude of the forces on the three directions of the
coordinate axes in the incremental forming of polymeric materials;

- determination of the value of the temperatures of the parts occurring during
the incremental forming process (temperatures due to the friction between the
punch and the semi-finished product);

- evaluation of the precision of parts obtained by incremental forming of
polymeric materials.

The rest of the chapter presents the machines and stands used to perform the
experiments: the Instron 5587 uniaxial tensile and compression test machine, the
experimental stand for biaxial tensile testing, the Kuka KR210-2 robot, the force
measurement system, the blank clamping stand, the Aramis optical measurement
system, the FLIR E6 thermal imaging camera and the Zeiss Metronom CT scanner.

Chapter 6 describes the experimental research on the formability of polymeric
materials, namely uniaxial and biaxial tensile tests of polymeric materials. For the
tensile test we chose four polymeric materials: polyamide 6 (PAG), high-density
polyethylene (PEHD 1000), polyoxymethylene (POM-C) and polytetrafluoroethylene
(PTFE) of two different thicknesses, 0.5 mm and 3 mm. The experimental data
obtained were statistically processed using the Minitab 18 program [155], applying the
Andreson-Darling test for normal distribution and the Grubbs test for determining
outliers.

Statistical analyses of the experimental data obtained from the uniaxial tensile
tests showed the following:

- no outliers were found for any of the measurements and a normal distribution

of results was found for all the results obtained;

- the material with the highest value of the longitudinal elasticity modulus is
polyoxymethylene (with an average value of 3063.56 MPa) and the material
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with the lowest value of the elasticity modulus is polytetrafluoroethylene (with
an average value of 478.14 MPa), which indicates that polytetrafluoroethylene
has a significant elasticity;

- the yield strength, which is significant only for polyethylene, has an average
value of 12.63 MPa, approximately 50% of the maximum value of the stress
in the material;

- the material with the highest value for maximum stress is polyoxymethylene
with 61.64 MPa, followed by polyamide with 41.54 MPa, polyethylene with
24.73 MPa and polytetrafluoroethylene with 22.83 MPa;

- the material with the highest elongation, estimated on the basis of the strain
corresponding to the maximum stress, is polyethylene with 496.7%, followed
by polytetrafluoroethylene with 344.23%, polyamide with 126.53% and
polyoxymethylene with only 13.80%.

The biaxial tensile test was carried out using a stand designed and built a few

years ago by a team of specialists from the Faculty of Engineering.

The experimental data obtained were statistically processed identically to those
obtained from the uniaxial tensile tests and we concluded that there are no outliers and
the data follow the normal distribution.

Following the analysis of the results and due to the fact that polyoxymethylene
exhibits low elongations and increased resistance to deformation, | decided to
eliminate this material from further research.

Chapter 7 presents the experimental research on the incremental forming
process of polymeric materials as follows:

e experimental research to determine forces;

e experimental research to determine strains and thinning;

e experimental research to evaluate the temperature released;
e experimental research to evaluate dimensional accuracy.

The determination of forces during the incremental forming process of polymeric
materials was performed by mounting on the arm of the Kuka KR210-2 robot arm a
measurement system consisting of the PCB261A13 sensor, the CMD600 amplifier and
the Quantum X MX840B acquisition system. Measurement system calibration was
performed on the three axes of the system and then process verification was performed
using the Instron 5587 tensile testing machine. The force-displacement curves thus
measured showed a very good agreement between the values of the two
measurements and therefore the validation of the force sensor calibration of the
measuring system.

With the desire to apply as much stress as possible to the chosen materials, |
carried out some preliminary experiments to observe whether all materials allow
deformation and do not break at different values of the wall angle and different punch
diameters.

Following these preliminary experiments, we made the decision to eliminate
polytetrafluoroethylene from further research because it broke in each of the
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experiments.

The subsequent experiments were designed using the Taguchi orthogonal
matrices, and regarding the forces in the forming processes, it is desired to obtain
values as small as possible.

We have chosen four input parameters, two that are related to the part to be
made, namely the material of the part and the wall angle of the part, and two that are
related to the technological parameters, namely the diameter of the punch and the step
in vertical direction. We thus obtained an experimental design with 18 levels: two levels
of variation for the material (polyamide and polyethylene), three levels of variation for
the wall angle of the part (50°, 55° and 60°), three levels of variation for the diameter
of the punch (6, 8 and 10 mm) and also three levels of variation for the step (0.5, 0.75
and 1 mm).

The results obtained were interpreted using two statistical analyses: signal-to-
noise ratios for forces (evaluation of the rank of each parameter considered) and
analysis of variance for forces (evaluation of the contribution of each influencing factor
and the interaction between the most important factors). We also used the regression
analysis to find a relationship between the three response variables (a, Dp and p).

A number of conclusions can be drawn from the analysis of the results obtained
from the measurement of forces during the incremental deformation of polymeric
materials:

- The force in Oz direction (Fz) increases for both materials having local maxima
and minima from the first contact of the punch with the blanksheet. The local maxima
occur in the areas where the punch enters the material with a step and the minima
occur in the moment preceding this moment. A slightly different behaviour is observed
for the two different materials, in the case of polyamide the force increases after a
steeper slope, reaching a maximum value somewhere around the middle of the
working stroke after which it remains relatively constant or even decreases slightly
when using punches with smaller diameters;

- Forces Fxand Fy have a variation somewhat similar to each other but different
to the variation of force Fz;

- The maximum values of the forces are always higher for polyamide than for
polyethylene for both the Fz force and the Fxand Fyforces.

- A study of the Taguchi and ANOVA analyses shows that both lead to the same
conclusion: the most important influence on the maximum value of the force is that of
the material, followed by the diameter of the punch, the vertical step and the angle of
the wall of the part for all three types of forces, and it can therefore be concluded that
the angle of the part has almost no influence on the values of the three types of forces;

- Force Fzdecreases the smaller the diameter of the punch, the smaller the value
of the step and the larger the value of the wall angle of the part;

- Forces Fx and Fy decrease the smaller the diameter of the punch, the smaller
the value of the step and the value of the wall angle of the part. Basically, with the
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exception of the wall angle, which has an inverse influence on the Fxand Fy forces
compared to Fz, the other parameters influence the forces in the same way.

- The optimal parameters that lead to a decrease in the value of force Fzare Dp=
6 mm, p = 0.5 mm and a = 60°.

We also made two polyamide and polyethylene parts with a frustum of pyramid
trajectory, obtaining the same conclusions as for the frustum of cone parts.

The determination of strains and thinning in the incremental forming process of
polymeric materials was carried out using the Aramis optical measurement system by
depositing a matt paint on the material and then depositing a fine powder of a matt
black paint. The optical system measures, by acquiring successive images, determines
the displacement of points on the part and then transforms them into strains and
subsequently calculate the thinning.

The experimental design is identical to the one used for the determination of the
forces, because the measurement of the forces was carried out simultaneously with
the measurement of the strains and thinning.

The specific strains ex, €y, the major strain €1 and minor strain €2, the relative
thinning s and the shear angle xy were determined. The results were analyzed based
on the signal-to-noise ratios and the same "smaller is better" condition, noting that the
wall angle has the greatest influence.

The results obtained were interpreted by means of two statistical analyses:
signal-to-noise ratios for forces (evaluation of the rank of each parameter considered)
and analysis of variance for forces (evaluation of the contribution of each influencing
factor and the interaction between the most important factors). We also used the
regression analysis to find a relationship between the three response variables (forces
Fz, Fxand Fy) and the three input variables (a, Dp and p). The analysis of variance
shows that the step and the material-step and material-punch diameter interactions
have an insignificant contribution. The regression analysis shows that thinning only
depends on the wall angle.

Frustum of pyramid shaped parts were also analyzed, and it was observed that
all strains had higher values than for the frustum of cone shaped parts due to the
geometry of the parts with linear edges which are concentrators for stresses and
strains.

It was also observed that, in both materials, a twist of the material occurs around
the Oz axis due to the low stiffness of these materials.

Comparing the deformation results, it can be noticed that the parts made of steel
have the twist deformations lower than those made of polyamide or polyethylene, also
due to the higher stiffness compared to those made of polymeric materials.

Due to the fact that polymeric materials undergo a temperature increase during
the plastic forming process, we also treated this phenomenon in the case of polyamide
and polyethylene in the incremental forming process. The experimental design was
changed by eliminating the wall angle as an influencing factor because it had the least
influence on the forces, and we introduced the material thickness as a parameter with
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a variation of all parameters on two levels. It was observed that the maximum
temperatures obtained at the end of the incremental forming process were even above
100° C. From the analysis of the signal-to-noise ratios with the condition "higher is
better" (heating the material contributes to the increased formability), it was found that
the thickness of the material has the greatest influence on the temperature. The
regression analysis shows that the diameter of the punch is the least significant factor.

In the case of cold forming processes, the main phenomenon that contributes to
the reduction of the precision of the parts obtained is the springback of the part material
after the effect of the forming forces has been removed.

Thus, | decided to conduct an experiment with four cases (repeated twice) for two
different geometries (different part wall angles) of the two materials analyzed so far,
namely polyamide and polyethylene. The angles selected were 55° and 60°, material
thickness g = 3 mm, step p = 0.75 mm and punch diameter Dp = 8 mm. The
measurements were also made with the Aramis optical system capturing both the last
position of the trajectory of the punch in the material and its position two minutes after
its exit from the part. It was observed that the springback has significant values, which
can be improved by optimizing the trajectory.

To prove that the material thickness measurements by the Aramis optical
measurement system are good, we scanned the parts with a CT scanner and observed
a good agreement with the data obtained by optical measurements.

The conclusions of the doctoral thesis

The purpose of this doctoral thesis was to identify the incremental forming
behavior of polymeric materials. The incremental forming process is a relatively new
process, in which the final shape of the part is obtained as a result of the displacement
of the punch not only in one direction, but on a programmed trajectory, with
components of the displacement in all three directions of the axes of the coordinate
system. This incremental deformation process arose from the need to reduce the cost
of dies and deformation equipment for small series and one-off production. Although
research has been carried out on this forming process, most of this research has
focused on the forming of metal sheets (steels, aluminium alloys, titanium alloys, etc.).
There has also been early research on the deformation of certain plastics such as
polyvinyl chloride, some types of polycarbonates and even polyamide or polyethylene.
In the present thesis | have proposed to investigate the deformation behaviour not only
in terms of the material of the semi-finished product, but also in terms of the influencing
factors related to the part (shape of the part, wall angle, thickness of the semi-finished
product) and the influencing factors related to the forming technology (punch diameter
and step in vertical direction).

The results of the theoretical and experimental investigations were focused on
determining: the forces in the forming process of polymeric materials, the strains and
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thinning of these materials, the temperatures released as a result of the friction
between the punch and the semi-finished product and the precision of the parts
obtained.

Following the theoretical and experimental investigations, we were able to reach
the following conclusions:

- parts can be made by incremental forming for the automotive or consumer
goods industry from polymeric materials with a height/diameter or height/width ratio of
up to %2 at ambient temperature;

- a first limitation of the process consists in the fact that not all the polymeric
materials analyzed in this thesis are suitable for the incremental forming process at
ambient temperature and under the technological conditions imposed in this study.
Therefore, polyoxymethylene and polytetrafluoroethylene cannot be processed by
incremental forming at ambient temperature and a punch feed rate of 2400 mm/min;

- whereas in the case of polyoxymethylene it was to be expected that it would not
be suitable for incremental forming, due to the fact that it had a low elongation at break
even at uniaxial tensile testing, in the case of polytetrafluoroethylene, which has a high
elongation at uniaxial tensile testing, it was observed that it does not resist biaxial and
incremental forming, resulting in material breakage even in the early stages of the
forming process;

- another limitation of the process is the particularly long processing times, which
leads to the conclusion that this process is only economical for small series and one-
off production, where the costs of the forming dies would not be amortized;

- theoretical research based on simulations using the finite element method
approximated with very good precision the results obtained experimentally related to
the variation of forces and deformations in the incremental forming of polymeric
materials;

- the forces in the incremental forming process differ both in variation and in
maximum values compared to the forces obtained during forming by other
conventional processes for both polymeric and other materials. This is absolutely
normal, as the forces occur in three directions and not in one, as is the case with
conventional forming. The highest values are always those of the forces occurring in
the vertical direction (in the direction of the penetration of the punch into the material)
and the forces in the plane perpendicular to this direction have lower values, varying
between a minimum and a maximum value located symmetrically with respect to O.
The forces in the vertical direction have local maxima whose values continue to
increase until the end of the working stroke for polyethylene and until approximately
half of the stroke for polyamide, respectively. Also, the maximum force values are
higher for polyamide than for polyethylene;

- even though this incremental forming process substitutes to some extent
conventional forming processes (deep drawing, for example), we found that the
distribution of the main specific strains and thinning differs from their distribution in
conventional processes. This is quite normal because the forming mode is different,
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being achieved as a result of the punch travelling along programmed trajectories, and
it is normal for the specific strains and thinning to have higher values along these
trajectories. This is true for incremental forming processing of all materials, not just
polymeric materials. The specific strains that occur in the case of polyethylene are
smaller than those that occur in the case of polyamide under the same forming
conditions;

- regarding the incremental forming of polymeric materials, due to the continuous
friction between the punch and the material, an increase in temperature occurs along
the trajectory followed by the punch;

- due to the phenomenon of springback, parts made of processed polymeric
materials show deviations in shape and geometry, which are materialized by reducing
the height of the part, changing the angle of the part wall and changing the connection
radius between the part wall and its flange area;

- the most important of the influencing factors analyzed from the perspective of
forces in the incremental forming process is the material of the semi-finished product.
The deformation forces, either the force in the Oz direction or the other two in-plane
forces, are higher if the material of the semi-finished product is polyamide than if the
material of the blanksheet is polyethylene, of course, under the same deformation
conditions;

- increasing the diameter of the punch leads to an increase in all deformation
forces in the incremental forming process of polymeric materials;

- increasing the forming step also leads to to an increase in all deformation forces
in the incremental forming process of polymeric materials;

- increasing the wall angle of the part leads to a decrease in the force in the Oz
direction and an increase in the forces acting in the xOy plane during the incremental
forming process of polymeric materials;

- the influencing factor with the most important contribution to the specific strains,
thinning and shear angle is the part wall angle. As the value of the part wall angle
increases, the values of the specific strains exand €y also increase, the major strain €1
and the shear angle yxy increase and the minor specific strain €2 decreases;

- the material of the part also influences the strains in the sense that the specific
strains ex and gy, the major strain €1 and the shear angle yxy are higher for polyamide
than for polyethylene and the minor strain €2 is higher for polyethylene than for
polyamide;

- as the diameter of the punch decreases, the values of the specific strains exand
g€y increase, the value of the major strain €1 and of the shear angle yxy increases and
the monior strain €2 decreases;

- for an average step value (0.75 mm) the values of the specific strains exand €y
decrease, the value of the major strain €1 and the minor strain €2 decreases and the
value of the shear angle yxy increases;

- the most important influencing factor on the temperature due to friction between
the punch and the material is the initial thickness of the semi-finished product.
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Increasing the thickness of the semi-finished part leads to an increase in the
temperature of the part in the incremental forming process;

- the temperature resulting from the friction between the punch and the material
is always higher in the case of polyamide than in the case of polyethylene;

- with the decrease of the step in the forming process, the value of the
temperature released in the forming process increases;

- the larger the diameter of the punch, due to the increase in contact area, the
greater the frictional force and hence the higher the temperature value of the forming
process;

- the geometric and dimensional deviations are greater in polyethylene parts than
in polyamide parts due to the low stiffness of the material and the higher elasticity;

- the larger the wall angle of the part, the smaller the deviation in part height, the
smaller the deviation in wall angle of the part and the larger the radius of connection
between the tapered wall and the flange of the deformed part.

Future research directions

Some of the future research directions related to this forming process and these
materials are:

- cold incremental forming processing of other types of polymeric materials, such
as polycarbonate or composites made of polyamide or polyethylene reinforced with
carbon or glass fiber;

- hot incremental forming, with local heating of the material on the side opposite
to that on which the punch is acting;

- the study of the temperature released in the incremental forming process by
taking into account other factors such as the roughness of the punch and the friction
coefficient, materialized by the use of lubricants;

- conducting research that takes into account the speed of movement of the
punch;

- the use of a numerically controlled machine instead of a robot or the use of a
system on the robot that allows imprinting a rotary motion on the punch;

- the design of another clamping system that allows a smaller gap between the
clamped edge of the blank and the actual processing area, in order to reduce the
yielding of the blank and reduce deviations in incrementally formed parts;

- the use of another technological variant, considering that these polymer
materials require relatively low forming forces.
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