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In the recent years, the demand for weight reduction in modern vehicle construction has led to an incre-
ase in the application of hydroforming processes for production of automotive and aerospace lightweight
components. The tube hydroforming measurement site (TH stand), designed and built at Warsaw Uni-
versity of Technology allows both die, and free tube hydroforming processes to be performed, thereby
making it possible to obtain information about the material, as well as optimal process parameters [1][2].
The present freshly patented method for metal tube hydroforming is dedicated to short product series or
even single products and prototypes [3]. The method is applicable to forming difficult-to-machine ma-
terials. The well-known techniques use dies made of plastic or wood, especially to form short product
series. The use of moulding sand and properly prepared geometry of casting mould makes possible sha-
ping materials at high temperatures, which could not be done in previous short series solutions, where a
plastic or wooden die were used.
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1 Introduction One of the limitations of hydroforming was for-
ming in short series. A consequence of a high die cost
was that hydroforming was economically justified for
series of 1000 pieces [4]. The introduction of plastic
or even hardwood dies, which are cheaper and easier
to prepare, made hydroforming economically justified
for shorter series, even for series of 100 pieces [5].
However, the production of individual exemplars still
remained economically unjustified.

[ Hydroforming ]

The growing interest in hydroforming as a method
of component forming is tightly connected with
higher and higher demand for combining the high
strength of components with their low weight. This is
important in many areas of use, such as the aerospace
and automotive industry or the production of bicycle
components [3].
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Rapid changes in machines and devices under pro- make possible the use of a very cheap forming die. To
duction, the necessity for prototyping, as well as indi- make the die price really low, dies need to be produced
vidual demand have made it a matter of urgent neces- in a very simple way and with the use of common and
sity to develop a new technology which would employ cheap materials. Developing such a method would
hydroforming, but which, at the same time, would make it possible, as shown in Fig. 1, to complete the
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hydroforming offer for the whole range of series sizes
of components under production and including hyd-
roforming technology in the family of technologies
used in Rapid Prototyping, expanding their small nu-
mber for now [6].

2 Rapid die hydroforming technology

The requirements for cheap and easy-to-obtain
materials that may be used in the preparation of pro-
totype hydroforming dies are satisfied by foundry
moulding sands, for instance by green sands or by
moulding sands with water glass. As originally plan-
ned, materials used for foundry moulding sands are
cheap, easy to obtain, and in the case of green sands,
suitable for being reused. In the process of profile for-
ming, a die made of moulding materials gives in to
pressure and does not stick to the stable, unchanging
shape of the die cavity. The main point of the propo-
sed technological solution is to set the original shape
of the die cavity in the function of the properties of
the moulding sand used for the making of the die, as
well as the properties of the profile under forming.
The original shape of the die cavity is selected in nu-
merical modelling.

Fig. 2 schematically represents the forming mecha-
nism proposed in the PL.424401 patent [7]. The ex-
panding profile in the die cavity increases its volume
and thereby displaces the moulding sand, which brings
about its quick local compacting. The moulding sand,
which gets compacted in selected places, makes more
difficult and finally stops the process of profile ex-
pansion. At the same time, in those areas in which the
profile has not come into contact with the moulding
sand of the die or in which the moulding sand has got
only partially compacted, the profile undergoes free
forming. Stopping the expansion in selected areas,
with the simultaneous free or semi-free shaping in
other areas makes possible obtaining the designed
shape.
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Fig. 2 A cross-section of the die together with the profile un-
der forming — the schematic forming mechanism [7]

It is also numerical modelling which is used for
predicting the outcome of and for controlling the pro-
cess of deforming the matrix die taking place during

profile expansion, as well as for establishing the ulti-
mate shape of the profile. The ultimate shape of the
profile depends on the properties of the material from
which the profile is made, its original geometry, as well
as the properties of the moulding sand out of which
the matrix has been made and the boundary conditi-
ons (for instance, the friction between the moulding
sand and the profile under forming).

As has been demonstrated, for instance, in [8], it is
the Mohr-Coulomb model which is standardly used
for the initial calculations in the numerical modelling
of moulding sands in the compacting process. For
moulding sands and loose materials the cohesion co-
efficient ¢ and the internal friction angle @, which are
the critical values for the M-C model, assume the va-
lues within the following ranges: ¢ = 0.1 =~ 5.0 MPa,
and ® = 10° + 50° [9].

A change in those two properties makes it possible
to exert considerable influence on the way in which
the profile is being formed. Fig. 3 shows examples of
modelling results for a moulding sand with two diffe-
rent values of the cohesion coefficient ¢ and the inter-
nal friction angle ®. Fig. 3a represents the simulation
results for the sand with the cohesion coefficient ¢ =
1.5 and the internal friction angle ® = 40°, while Fig.
3b — for ¢ = 0.1 and ® = 10°. Fig. 3b shows conside-
rably bigger moulding sand displacement brought
about by its being compacted by the profile under for-
ming.

Fig. 3 An example of forming a profile with an elliptical
cross-section in two kinds of moulding sand: a) ¢ = 1.5, ¢ =
405b)¢=0.1and ® = 10°
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The proposed technology using moulding sands
minimizes certain limitations on the forming conditi-
ons in prototype production, such as, for instance the
value of the maximal pressure of the working liquid or
the profile forming temperature. Thanks to this, the
method may be used for forming profiles made of ad-
vanced materials, such as high-strength steels, for in-
stance of the AHSS type, without any limitations
following from the strength of dies dedicated to short
series forming, for instance plastic dies.
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3 Experimental results

Experimental studies were conducted with the use
of the hydroforming stand HF at the Department of
Metal Forming and Foundry, Warsaw Technical Uni-
versity [10]. A photo of the stand and the initial profile
geometry are shown, respectively, in Fig. 4 and Fig. 5.
Closed profiles made of seamless were used in the
tests due to their homogeneous structure and proper-
ties [11].

Z: N

Fig. 4The test stand with the installed die made of a moulding sand with water glass

¢ 38 x2 - 137

Fig. 5The initial profile geometry - KTH tube specimen: 38x2 seamless tube (material: normalized steel E235)

In the initial experimental studies moulding sand
with water glass was used. The composition of the

Tab. 17The composition of the monlding sand with water glass

moulding sand out of which the die was made is re-
presented in Tab. 1.

IMoulding sand component Percentage

Sand: Grudzen Las 0.32/0.40/0.20 100 % sand matrix

Sodium water glass R-145 7 % relative to sand matrix
Eister hardener (of ethylene glycol diacetate) Flodur FM-4 14 % relative to water glass
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Standard specimens were made out of the prepared
moulding sand for compressive strength tests (a cylin-
drical specimen ® = 50 mm, h = 50 mm). The speci-
mens were made in the laboratory rammer LUA-2e. 3
hours after forming the moulding sand exhibited the

mean compressive strength of Ry, = 2 MPa, and after
5 days R = 5 MPa. Two dies (with two cavity geome-
tries) were made out of the prepared moulding sand —
they are represented in Fig. 6.

a

RTH oud

Fig. 6.A die made of moulding sand with water glass and the diagrams representing the two cavity geometries

The original shape of the die followed from the as-
sumption that the profile under forming would be in
contact with the moulding mass from the very be-
ginning — thus, the original cavity diameter equalled
the outside diameter of the profile under forming,
However, it turned out that the friction force
following from the moulding sand-profile friction co-
efficient is so big that it hinders the displacement of
the profile material along the axis, thereby making im-
possible the feeding of the profile under forming in its
thinned areas. In the case of the alternative geometry
the contact between the moulding sand and the profile
occurred at a later stage of forming, which made pos-
sible considerable profile deformation. Fig. 7a shows
the profile subjected to forming in the type B die,
while Fig. 7b represents the profile obtained as a result
of forming, as well the cross-section geometry in the
central part of the profile under forming.

tube cross-section

BEFORE forming

-

tube cross-section

AFTER forming

b)
Fig. 7 The dimensions of the cross section of the profile nnder
Sforming: a) initial geometry — diameter D38 mm, b) after for-
ming — elliptical cross-section

The obtained profile shape clearly demonstrates
the influence of the die cavity geometry on the profile
under forming. In the process of forming profile de-
formation was limited in the area of contact between
the profile and the moulding sand, and at the same
time the deformation was considerably bigger in the
area with no contact between the profile and the die
cavity. As a result of forming a profile with the initial
circular cross-section of the 38 mm diameter, what
was obtained was a profile with the elliptical cross-
section with the diameters of 43 mm and 53 mm.

As demonstrated in numerical modelling (Fig 3a,
b), the properties of the moulding sand exert decisive
influence on the area of contact between the profile
under forming and the die cavity.
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4 Summary

The initial experimental tests demonstrated the
viability of the proposed new method for obtaining
diverse profile shapes, including profiles with an
elliptical cross-section involving a considerable
difference between the two diameters. Numerical
modelling demonstrated considerable influence on the
profile under forming of such moulding sand
parameters as the cohesion coefficient c ot the internal
friction angle ®.

The possibility of obtaining considerable
deformations is directly dependent on the profile
material’s capability of getting displaced into the
deformation area. An increase in the diameters (of an
ellipsis) is connected with the longitudinal
displacement of the profile material. Material
displacement is hindered by the force of friction
between the moulding sand and the profile under
forming. This creates the necessity of 3D numerical
modelling with the aim of the model’s taking into
consideration the moulding sand displacement along
the longitudinal axis of the profiles, and not only its
compacting which is transverse relative to the profile’s
axis.
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