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Abstract
In recent years, hydroforming has clearly expanded its range of industrial applications due to the growing interest in products 
which combine high strength with low weight. A current limitation of this technology was its economically justified production 
volume since the costs of producing tools eliminates the possibility of using hydroforming technology in prototype and single 
part production. The paper presents a freshly patented solution that allows for single part hydroforming. The new technology 
combines traditional hydroforming machines with a new approach to tool production. The new rapid die is made quickly and 
cheaply. The use of materials known from the production of foundry moulds causes the die to deform during hydroforming, but 
it is a controlled deformation. Thanks to the use of numerical modelling, the deformation of the mould cavity is predicted and 
taken into account at the design stage. The article presents important issues that need to be considered in the design of this 
innovative process.
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1. INTRODUCTION

The growing interest in hydroforming as a method of com-
ponent forming is tightly connected with increased demand 
to combine the high strength of components with their low 
weight. This is important in many areas of use, such as aero-
space or automotive industries or in the production of bi-
cycle components [1]. In recent years, the development of 
modern vehicle construction has led to an increase in the 
application of hydroforming processes in the production of 
lightweight automotive and aerospace components.

One of the limitations of hydroforming was the fact that 
the forming is in a short series. A consequence of the high 
die cost was that hydroforming was only economically jus-
tified for a series of 1,000 pieces. The introduction of plas-
tic or even hardwood dies, which are cheaper and easier 
to prepare, made hydroforming economically justified for 
shorter series, even for series of 100 pieces [2]. However, 
the production of individual exemplars still remained eco-
nomically unjustified.

Rapid changes in machines and devices under produc-
tion, the necessity for prototyping, as well as individual 
demand have made it a matter of urgent necessity to devel-
op a new technology which would employ hydroforming 
but which, at the same time, would make the use of a very 
cheap forming die possible. In order to reduce the die price 
to the minimum, dies need to be produced in a very simple 

way and with the use of common and cheap materials. The 
development of such a method, as shown in Figure 1, would 
allow the extension of the hydroforming variety for the 
entire range of serial sizes of manufactured components.

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 materials. The 
well-known technique uses dies made of plastic or wood, 
especially to form short product series. The use of mould-
ing sand and the properly prepared geometry of the casting 
mould makes it possible to shape materials at high tempera-
tures, something which could not be done in previous short 
series solutions where a plastic or wooden die were used.

Fig. 1. Process classification according to the tools used in 
hydroforming
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2. RAPID DIE HYDROFORMING TECHNOLOGY

The requirements for cheap and easy-to-obtain materials 
that may be used in the preparation of prototype hydro-
forming dies are satisfied by foundry moulding sands, for 
instance by green sands or by moulding sands with water 
glass. As originally planned, materials used for foundry 
moulding sands are cheap, easy to obtain, and in the case 
of green sands, suitable for reuse. In the process of profile 
forming, a die made of moulding materials gives in to pres-
sure and does not stick to the stable, unchanging shape of 
the die cavity. The main point of the proposed 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 un-
der forming. The original shape of the die cavity is selected 
in numerical modelling.

Figure 2 schematically represents the forming mecha-
nism proposed in the PL424401 patent [3]. The expanding 
profile in the die cavity increases its volume and thereby 
displaces the moulding sand which induce its quick local 
compacting. The moulding sand is compacted in places 
of contact with the profile, which inhibits and eventually 
stops the profile extension process. At the same time, the 
areas of the profile unsupported or partially supported by 
the mould undergoes free forming. The locking expansion 
in selected areas with the simultaneous free or semi-free 
shaping in other areas of moulding die enables to achieve 
the designed shape.

The first step in developing the RTH technology based 
on the RTH method proposed in the patent was to build 
a numerical model aimed to investigate the influence of 
moulding sand properties on the tube deformation meth-
od in the new technological process. Such an approach 
seems to be convenient to estimate the outcome of and 
for controlling the process of deforming the moulding die 
which takes place during the profile expansion, as well as 
for establishing the ultimate shape of the profile. The pro-
file shape 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 from which the die has 
been made and the boundary conditions (for instance, the 
friction between the moulding sand and the profile under 
forming).

As has been demonstrated, for instance, in [4], it is the 
Mohr–Coulomb (M-C) material model which is commonly 
used for the initial calculations in the numerical modelling 
of moulding sands in the compacting process. For moulding 
sands and loose materials, the cohesion coefficient c and 
the internal friction angle ϕ, which are the critical values 
for the M-C model, assume the values within the following 
ranges: c = 0.1–5.0 MPa, and ϕ = 10°–50° [5]. Both param-
eters determine the internal resistance of the material 
related to tangential stress caused by normal pressure [6]. 
From a literature review on moulding sands, it emerges 
that a change of cohesion and internal friction angle makes 
it possible to exert a considerable influence on the way in 
which the profile is being formed. However, the authors of 
this article wanted to check the real impact of mass param-
eters on the deformability of tubes in RTH processes. The 
research provides for determining the impact of both 
moulding sand parameters (c and ϕ) on the tube deforma-
bility in the RTH process. Therefore, a number of numerical 
experiments were performed using a variety of parameters 
c and ϕ combinations using FEM simulations of RTH proc- 
ess of the example presented in the patent document. All 
of the examined combinations of cohesion c and friction 
angle ϕ are shown in Table 1. The symmetry of the mould-
ing die-profile system was used and the quarter section was 
modelled to simplify and speed up the calculations. A geo-
metric model of the Plane Strain type was used, in which 2D 
triangular elements and quadrangular 2D elements were 
used to generate the mesh covering the moulding die and 
tube respectively, see Figure 3. In the zone of initial contact 
between the mass and the tube, the mesh was compacted. 

The mass was limited from the outside with rigid ele-
ments intended to simulate a moulding box which prevents 
the mass from moving outwards. Pressure was applied to 
the inner edges of the tube elements and the value pressure 
increased from 0 MPa to 420 MPa. The simulation time was 
set at 5 seconds and divided into 100 equal increments.

Fig. 2. A cross-section of the die together with the profile under 
forming – the schematic forming mechanism (based on the original 
patent [3])

Fig. 3. A mesh in RTH numerical model

Table 1  
Numerical calculations cases in c and ϕ analysis
Cohesion c 

[MPa] 
Internal friction angle ϕ [°]

10 20 30 40 50
0.1 1 2 3 4 5
0.5 6 7 8 9 10
1.0 11 12 13 14 15
1.5 16 17 18 19 20
5.0 21 22 23 24 25
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Classic green sand (with bentonite) masses take values 
from c = 0.1 and ϕ = 10 while high values of c and ϕ e.g. 5  
and 50, are characteristic for soils e.g. sand rocks [7]. Mould- 
ing sands with inorganic binders are characterized by lower 
parameters, not greater than c = 1.5 and ϕ = 40. Such a signif-
icant c and ϕ dispersion causes that masses with bentonite 
and masses with water glass binders will behave signifi-
cantly differently during profile expansion. The numer- 
ical simulations results confirmed the clear difference in 
behaviour, as shown in the two extreme cases 1 and 19  
of numerical modelling (both marked in grey in Table 1). 
These two distant range cases were selected to effective-
ly illustrate the impact of cohesion and friction angle pa- 
rameters. The case 1 refers to the low internal resistance  
(c = 0.1 MPa, and ϕ = 10°) and case 19 refers to the high 
internal resistance (c = 1.5 MPa, and ϕ = 40°). 

The calculations of the results of the deformation of 
the die and the tube for 1 and 19 cases are presented in  
Figure 4. The colours used in the pictures represent the dis-
placement moulding sand of the die in the same process time 
and internal profile pressure load (420 MPa). The case 1  
results (Fig. 4a) show considerably larger moulding sand dis-
placement caused by the movement of the expanding profile. 
At the same time, a much larger deformation of the tube in 
the contact zone with the die can be observed than in the 
case of using a mass characterized by a much greater inter-
nal shear resistance, i.e. for case 19 shown in Figure 4b.

From the comparison presented in Figure 4 one can 
also observe a significant difference in the deformation 
of the profile in the directions of the major and minor 
axes expressed in the proportion of the large axis and the 
small axis. For case 1, the axes ratio is equal to 1.08, while 
for case 19 it is 1.34. Furthermore it is worth noting the 
behaviour of the moulding sand during the forming proc-
ess. The occurrence of mass compaction associated with 
tube expansion is easily discerned in the case of mass 
with c and ϕ high values (Fig. 4b) where the outline of the 
moulding die cavity moves entirely over the initial shape of 
the die during the expansion process. This clearly indicates 
the reduction of the mass volume, i.e. the compaction of the 
mass. However, for mass with lower ϕ and c, two processes 
occur simultaneously: mass compaction and displacement 
into areas not supported by a hydroformed profile. The 
part of the moulding sand visible in Figure 4a moved below 
the initial shape and which indicates that only part of the 
mass has been compacted but some of it just displaced. 

3. METHODS AND MATERIALS

Experimental studies were conducted with the use of the 
tube hydroforming measurement site (TH stand), designed 
and built at the Warsaw University of Technology hydro-
forming stand HF at the Department of Metal Forming and 
Foundry [8]. The TH stand allows both die and free tube hy-
droforming processes to be performed, thereby making it 
possible to obtain information about the material, as well as 
optimal process parameters [9] and makes useful to exam-
ine the new RTH method.

A methodology of RTH was developed to adjust and per-
form the first experiments on the TH stand and the special 
geometry of the die has been designed to put into practice 
the main idea of the RTH method. 

The original shape of the die followed from the assump-
tion that the profile under forming would be in contact with 
the moulding mass from the very beginning – thus, the orig-
inal cavity diameter equalled the outside diameter of the 
profile under forming. However, it turned out that the fric-
tion force following from the moulding sand-profile friction 
coefficient is so big that it hinders the displacement of the 
profile material along the axis, thereby making impossible 
the feeding of the profile under forming in its thinned areas. 
A photo of the moulding die and the initial profile geometry 
are shown in Figure 5 and Figure 6, respectively.

Fig. 4. Mass displacement (in millimetres) during profile hydroforming 
with an elliptical cross-section die cavity in two kinds of moulding sand 
properties: a) c = 0.1 and ϕ = 10°; b) c = 1.5, ϕ = 40° Fig. 5. A die made of moulding sand and the die cavity geometry

a)

b)
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In the initial experimental studies, moulding sand with 
water glass was used. The composition of the moulding 
sand is presented in Table 2 that also shows the relative 
percentages traditionally used to report the composition of 
the mass containing the binding material and the catalyst.

Preparation of the moulding sand included pre-mixing 
the sand matrix and water glass R-145 in a Mix-Muller Batch 
Mixer for 5 minutes, followed by further mixing for 1 min-
ute with ester hardener. Standard specimens were made out 
of the prepared moulding sand for compressive strength 
tests (a cylindrical specimen Ø = 50 mm, h = 50 mm). The 
specimens were made in the laboratory rammer LUA-2e.  
Three hours after forming the moulding sand exhibited the 
mean compressive strength of Rm = 2 MPa, and after 5 days 
Rm = 5 MPa. The die was made out of the prepared moulding 
sand. The die mounted on the experimental stand is pre-
sented in Figure 7. 

4. EXPERIMENTAL RESULTS

In the case of the alternative geometry, contact between 
the moulding sand and the profile occurred at a later stage 
of forming, which made considerable profile deformation 

possible. Figure 8a shows the profile subjected to forming 
in the type B die, while Figure 8b represents the profile ob-
tained as a result of forming, as well the cross-section geom-
etry in the central part of the profile under forming.

The obtained profile shape clearly demonstrates the 
influence of the die cavity geometry on the profile under 
forming. In the process of forming, profile deformation was 
limited in the area of contact between the profile and the 
moulding sand, and at the same time the deformation was 
considerably larger 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 diam-
eter, what was obtained was a profile with the elliptical 
cross-section with the major axes of 43 mm and 53 mm.

As demonstrated in the numerical modelling (Fig. 4a, b), 
the properties of the moulding sand exert a decisive influ-
ence on the area of contact between the profile under form-
ing and the die cavity.

5. 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 diam-
eters. Numerical modelling demonstrated a considerable 

Fig. 6. The initial profile geometry – RTH tube specimen: outer dimension Ø38; thickness of the wall 2 seamless tube (material: normalized 
steel E235)

Fig. 7. The test stand with the installed die made of moulding sand 
with water glass

Table 2  
The composition of the moulding sand with water glass  

Moulding sand 
component Percentage Relative percentage 

Sand: Grudzeń Las 
0.32/0.40/0.20 92.6 100 sand matrix 

Sodium water 
glass R-145 6.5 7 relative to sand matrix 

Ester hardener (of 
ethylene glycol dia-
cetate) Flodur FM-4 

0.9 14 relative to water glass 

Fig. 8. The dimensions of the cross section of the profile under 
forming: a) initial geometry – diameter Ø38 mm; b) after forming – 
elliptical cross-section

a)

b)
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influence on the profile under forming of such moulding 
sand parameters as the cohesion coefficient c or the inter-
nal friction angle ϕ.

The possibility of obtaining considerable deformations 
is directly dependent on the profile material’s capability of 
being displaced into the deformation area. It is worth not-
ing that the stability of the process requires the develop-
ment of mould compacting methods in the entire volume 
and it is an important factor in obtaining a commercially 
repeatable profile shape.
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