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This article analyzes the behaviour of a tube sample during the
flaring process. The evaluation is carried out using non-contact
3D optical measuring system ARAMIS, which is ranked among
the most modern measuring methods of deformations
nowadays. The methodology of experiment including the
measurement of the required values using GOM Correlate is
described in this paper. The stress-strain path of an observed
point was created based on the measurement values. The
curves of the stress distribution and change of the wall
thickness depending on the height of formed tube end were
drawn too.
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1 INTRODUCTION

Currently, numerical simulation is common help in an area of
the metal forming processes. It is employed for analysis of the
behaviour of the material during forming process as well as for
optimization of the forming process and tools. By use of
simulation, a distribution of the stresses and strains, changes of
the wall thickness, a capability of metal flow, critical areas and
so on, can be predicted. The accuracy of the simulation,
however, depends on the correctness of input data such as the
corresponding process parameters (coefficient of friction,
force, press, ...). Furthermore it depends on an appropriately
defined material model, which must be obtained by measuring
of the material characteristics. The accuracy of the evaluation is
also dependent on appropriately selected simulation
parameters such as the mesh size, the integration scheme and
other. Alongside numerical simulation, the evaluation of the
material behaviour with using the non-contact 3D optical
measuring systems is employed for analysis of the forming
process in practice too. These measuring systems provide
actual and highly accurate results. In comparison with the
numerical simulation, their disadvantages are the necessity of
an existence of the forming or testing tool and relatively
greater time and financial demands. Currently, the main
supplier of these systems is the GOM company. The company
supplies four measuring systems on the market: ARAMIS,
ARGUS, TRITOP Deformation and PONTOS. The second major
distributor is the ASAME Technology company. It supplies these
systems on the market: GPA and ASAME Model. These 3D
optical measuring systems are used largely at the testing
departments of the industrial concerns namely for the creation
of the idea about the material formability. These systems are
often used for obtaining the material characteristics used for
numerical simulations too. Furthermore, they can be used for
verification of the simulation results of tested samples and for

the subsequent optimization of these results. The measuring
systems are extensively used for theoretical researches carried
out in the laboratories of the research institutes and the
universities. This way the important knowledge about the
behaviour of different materials during the various ways of the
loading are obtained. For example, in sheet metal forming
these researches concern the determination of the process
limitations in sheet metal forming, the analysis of sheet metal
specimens in bulge tests, the determination of material
behaviour in tensile tests and others, which are presented by
company GOM mbH in [GOM 2010]. 3D photogrammetric
system ARGUS was used in the study [Tomas 2015] namely for
the measuring of the limit strains on the tinplates. The
Nakajima test was used for this investigation. The issue of the
non-contact measurement of the limit deformations generated
by the above-cited test is also mentioned in [Vollertsen 2013].
An analogous principle of the non-contact 3D optical
measurement was used for the analysis of the springback of the
bending component in [Zhang 2016]. They have scanned a large
number of the significant points at different angles on the
made component by use of the surface scanning systems and
the photogrammetry and then they have created the cloud of
points. The model of the real component was created from
these scanned points. This model was subsequently compared
with the CAD model of the required shape. Based on this
comparing the deviations caused by springback were found out.
Currently, there are many other papers regarding the use of
these measuring systems. Using this way of measurement it is
possible to determine the forming limit curves as well as to
analyse the behaviour of the semi-finished product in detail
during any way of the loading. In this study the method of the
tube flaring is analysed with use of the measuring system
ARAMIS.

2 TUBE FLARING PROCES

The tube flaring process is one of the tube end forming
methods. The forming of the tube end in the conical shape is
realised by pushing the tube onto the conical part of the
forming mandrel. The forming mandrel has defined an apical
angle 2a and a crossing radius rm,,. The motion of tube sample is
performed by use the press slide, which pushes on the upper
end of the tube, see Fig. 1.
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Figure 1. Principle of tube flaring process

At the beginning of the forming process, bending of the tube
wall at the radius r, occurs. At this moment the expanding of
the tube is started too. This process takes place in the area
between the points 1-2 (Fig. 2). After that, the tube wall only
expands and the conical shape occurs. It is the area between
points 2 - 3 in Fig. 2.
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Figure 2. Significant points of formed part

The focus of deformation is situated among points 1-3.
According to the theoretical considerations mentioned for
example in [Samek 2011], [Gorbunov 1981] the biaxial stress
state and three dimensional state of strains occur at this area,
see Fig. 3. The theoretical curves of the stress distribution and
of the wall thickness changes are shown too, Fig. 3c,d.
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Figure 3. Stress-strain state of tube flaring [Samek 2011]

3 MEASURING SYSTEM ARAMIS

ARAMIS is the optical 3D non-contact measuring system, used
especially for measurement of the deformations. It is possible
to use this system both for the quasi static loading and for the
dynamic loading. The sensor device consists of two CCD
cameras and of two LED lights, Fig. 4.

Figure 4. Sensor device

A pair of cameras provides two angles of view, which are
necessary for creating of 3D picture. If it is necessary to scan

the whole object, it is possible to connect several ARAMIS
systems into one. Another advantage of ARAMIS is the
possibility to scan a large range of the sizes of components. It is
suitable to adapt the camera resolution (respective scan rate)
to the measured object and the way of its loading. All data is
obtained in real time. The preparation of the samples is very
important part in the realization the measurement by using this
system. Stochastic pattern of colours is applied to the surface
of the samples. This pattern can be seen in Fig. 5.

Figure 5. Pattern on surface of samples

The combination of black and white colours is used most
frequently. It is important that the ratio of these colours is
approximately 50 %. Then the prepared samples are scanned
by two CCD cameras. System ARAMIS then divides the
observed area into a large number of areas about the size of
pixels. And subsequently the ARAMIS will assess so-called gray
level in these small areas. It means the unique distribution of
black and white colour, for the given area. Points are placed
into these areas and their position is determined by using the
triangulation method. The points are then connected in a
triangular network. The pattern is deformed together with the
observed object during the forming process. The loading history
is recorded with using two CCD cameras. In the particular levels
of deformation the matching points are compared. From this
comparison system calculates 3D shifts, shape of deformed
object and 3D deformations. The outputs from the
measurements are the values of 3D shifts, the data on main
and secondary stresses, the changes of the shape in individual
phases of the loading, the thick wall changes and the
comparing of the deformations with the limit curve (FLC).
Measuring system ARAMIS has wide application especially in
the following areas:

= the component testing and analysis,

= the optimizing of the forming process (creating FLC),

= the verification and optimization of simulations of

metal sheets,
=  the detection of areas with a critical deformation,
= the optimizing of the forming tools.

4 EXPERIMENTS

The technological test of the tube flaring was carried out in this
study. The aim of this experiment was the creation of an overall
picture of the tube’s behaviour during the flaring process using
the measuring system ARAMIS and the verifying of the accuracy
of the theoretical conclusions created in the past. It primarily
concerns the distribution of the stresses and the wall thickness
along the formed part of the sample, as it can be seen in Fig. 3.
Furthermore the next aim was to obtain the stress-strain path
of this forming process.

The stainless steel tube from material 1.4301 was chosen for
these experiments. Dimensions of the sample were: outside
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diameter D = 28 mm, length L = 85 mm and wall thickness
to = 1 mm. After measuring of the wall thickness of the supplied
tube it was found out that the real value of the wall thickness is
to = 0.86 mm. This measured value was taken into account for
the all next analysis. The apical angle was 60 ° and the crossing
radius was rn, =5 mm, Fig. 1. Five samples were tested due to
the statistical evaluation. The height of the formed conical part
was in accordance with the value of the shift of press slide
z =20 mm. The expanding of the tube end at a cone shape was
performed at the tensile testing machine Zwick/Roell Z100 and
it was scanned by means of the optical 3D measuring system
ARAMIS. The tensile testing machine (1) as well as the CCD
cameras (2) were connected to the control computer (3)
through which the forming process and the measurement were
controlled. The arrangement of the whole device is shown in
Fig. 6. The ram speed was chosen 1 mm/sec.

Figure 6. Experimental device

4.1 Preparation of test samples

The first part of the experiment was the application of the
stochastic pattern on the surface of the samples. The samples
were placed into the exhausting chamber. At first the white
matt paint was sprayed on the samples, as can be seen in Fig. 7.

_

Figure 7. Experimental device

The small stains of the black paint were created after the drying
of the white paint. These spots were created by squeezing the
spray with a black paint very gently. The black paint was
applied from the distance of 400 mm. The samples with applied
pattern are shown in Fig. 8.

Figure 8. Samples with applied pattern

The measured data were processed in the GOM Correlate
programme. At first the CAD model of the tube was added to
the scanned area and then this scanned area was supplied with
the coordinate system, wherein the z-axis is identical with the
axis of the tube, Fig. 9.

Figure 9. The investigated area of tube

The values of forming forces and the displacements of ram
were written during this forming process. Subsequently, the
work curve F= f(z) was created from these values. The graph of
this relationship is shown in Fig. 10.
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Figure 10. Work curve F = f(z)

Using the program GOM Correlate it is possible to evaluate a
wide range of the quantities such as the proportional
deformations g, the wall thinning, 3D displacement of a point
and the like. These values can be determined for any point
located in the monitored area of the tube which is shown
in Fig. 11.
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Figure 11. Monitored area of sample

Evaluation of wall thickness distribution

The values of the wall thickness were determined at selected
points which were regularly distributed along the height of the
deformed part of the sample. Using the program GOM
Correlate the cross-sections having the shape of the circle of
radius Ry were created in these points, (Fig. 3) or (Fig. 15). For a
better definition of the various heights in this program the zero
value of height was chosen approximately 1 mm from the
beginning of the crossing radius rm,, see Fig. 12. The distance
between the individual cross-sections was 1 mm. This distance
(step) has been reduced to 0.5 mm at the area of the bend and
at the edge of the sample. This was done for a better
evaluation of the behaviour of the material at these critical
places.

ri2

V16
Figure 12. Dividing of the height at the individual steps

After determination of the values of the real wall thickness at
individual cross-sections the curve of the dependence of the
wall thickness on the height of the deformed part was created.
This relationship is shown in Fig. 13.
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Figure 13. Graph of relationship ti = f(h)

The Fig. 13 shows that the wall thickness increases in the
bending area and slightly behind it. So-called upsetting of the
wall thickness occurs here. However, for the analyzed samples
the value of the wall thickness is again equal to the initial value
to in the distance of about 7 mm from the approximate
beginning of the bending. Radius, on which the initial value
of the wall thickness is situated, is called the neutral radius Ry,
see Fig. 3. After the crossing of this value the wall thinning
occurs approximately in linear relationship. The minimum value
of the wall thickness (tmin = 0.69 mm) is achieved at the edge
of the tube. Better said, it occurs in the place of the maximum
tube extension of the radius R,. By comparing the curves of the
wall thickness change in Fig. 13 and in Fig. 3, it can be
concluded that these curves are almost identical. Moreover,
Fig. 13 is a benefit, because, unlike Fig. 3, it describes the area
of the bend between points 1 and 2. The distribution of the wall
thickness along the height of the investigated area can be
viewed using program GOM Correlate. Here the dark blue
colour represents the maximum of the wall thickness increase
and vice versa, the red colour represents the maximum of the
wall thinning, see Fig. 14.

Figure 14. Colour map of wall thickness change

Stress state

The biaxial stress state is considered at the focus of
deformation (among points 1 - 3, Fig. 3) during the tube flaring
process. There are the deformation stress in the circumferential
direction o0g and the deformation stress inthe radial
(meridional) direction o. The values of these main stresses can
be calculated with using theoretical equations derived for
example in [Samek 2011], [Gorbunov 1981] for the individual
cross-sections (heights) of the sample’s deformed part.

The equation for the radial stress has form:

Or = —0f " (1 + @) . [1 _ (%:)H'COC(a)] "

The circumferential stress can be expressed as:

0o = 0y - {1 _ (1 + #) ) [1 _ (;;_:)#-cot(a)]} 2)

where ok is yield stress [MPa], W is coefficient of friction [-], a is
apical angle of the cone [°], Ry is radius of the circle of the
selected cross-section [mm], see Fig. 15, Ry is radius of the
maximal tube extension [mm]. For calculations the values
ok = 385 MPa and i =0.15 were used.

After calculation of the main stresses at individual cross-
sections the curves of the stress distribution along the height of
the deformed part can be drawn. The stress-versus-height
relationship o, og = f (h) is shown in Fig. 16.
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Figure 15. Cross-sections corresponding with chosen heights
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Figure 16. Relationship o, og = f(h)

From the curve of the radial stress distribution it can be
concluded that this stress has pressure character (it is negative)
and its maximum value is situated at the point of zero height
h =0 mm. In other words, (0r)max is located at the beginning of
the deformed part, above the crossing radius ryn. With
increasing value of the radius of the conical part, the value o, is
falling to almost zero. The other way around, circumferential
stress has minimum value at the point of h = 0 mm and
maximum value at the edge of sample, at the place of the
maximal tube extension. This is proof that only tensile
circumferential stress acts at the edge of the cone. The uniaxial
tension occurs at the radius R,.

Stress-strain path

Regarding stress and strain, the material behaviour during the
forming process can be expressed by the so-called stress
deformation path. In this case it is necessary to watch the
change of the stress-strain at one selected point of the sample
namely during the whole forming process. It can be easily done
using program GOM Correlate, because this program is able to
determine the values at any time and for any point belonging
investigated area. In this study, the stress-strain path was
analysed for a selected point on the edge of the tube. The shift
of the selected point during the forming process is shown in Fig.
17.

Figure 17. Shift of selected point

The values of the deformations €, €g in different directions and
their corresponding radius Ry were found out for a pre-defined
positions of the investigated point. These positions correspond
with the cross-sections in Fig. 15. By using Eq. (1) and Eq. (2)
the values of the main stresses o, a og were calculated, as well
as a value of effective stress oes for biaxial stress state. The
following equation for the effective stress was used to calculate
[Forejt 2006].

Oef = \/o'r2 — 0Oy 0g + 092 (3)

Furthermore the values of the effective deformations s were
determined. The known relations were used [Forejt 2006]:

9or = 2@ — 902 ¥ (95— 9% + (0t — 92 @)

where logarithmic values of the deformations were determined
by the following equations:

or =In(1 - &) (5)
®g =In(1+ &) (6)
And from volume conservation law then:

¢e = —(@r +@9) (7)
The curve of relationship oef = f(gef) based on calculated

effective values of stress and strain was plotted, Fig. 18. This
curve can be considered as the stress-strain path.
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Figure 18. Stress-strain path

5 CONCLUSIONS

In this study, the analysis of the tube flaring process by using
3D optical measurement system ARAMIS was carried out. On
the basis of the measured values the curves of the stresses
distribution and the wall thickness change in dependence on
height of the deformed part of the sample were plotted. The
created curves correspond with the curves presented in
theories concerning the same forming process. Their accuracy
was confirmed in this way. Thanks to this study, the theoretical
curves were enriched by adding the curve of the relationship of
the effective stresses and strains, so called the stress-strain
path. By using the measuring system ARAMIS it was possible to
create real idea about the behaviour of tube during the tube
flaring process. Many other graphs can be created using the
system ARAMIS and program GOM Correlate such as stresses-
maximal radius of cone relationship, wall thickness-maximal
radius of cone, the plotted points in the forming limit diagram
and more. In conclusion it can be said, the non-contact 3D
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measuring optical systems are great benefit in the sheet metal
forming and together with the numerical simulation it holds an
important position in the field of the analysis of the forming
processes and the designing of the optimal forming tools.
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