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ABSTRACT: A successful approach to achieve a reduction of a car’s total weight is the implementation of lightweight 

strategies in the design process, e.g. using lightweight materials. An interesting alternative to conventional welding and 

riveting processes is joining by die-less hydroforming. This work describes an analytical model which can be used to 

calculate the strengths of these joints, taking into account the material parameters, joint geometry and process 

parameters. Additionally, validation of the model by both finite element simulations and experiments will be provided. 

Furthermore, investigations were carried out to implement the described methodology for a multi-joint used in a space 

frame structure.  
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1 INTRODUCTION  

In the context of current debates on climate change and 

its consequences and the limitation of the natural 

resources, lightweight concepts are becoming more 

important. Lightweight materials and related lightweight 

techniques result in a reduction of the energy and 

material requirements. In addition to aeronautical 

engineering, the automotive industry is one of the most 

important technology driver in this area. Automobiles 

are significant contributors to the harmful C02 emissions 

with a continuous increase in passenger traffic. A long 

term reduction of CO2 emissions can only be achieved by 

using alternative technologies [1]; i.e. e-mobile, in 

addition to the short term approach of saving fuel 

through the reduction of the vehicle weight [2]. The 

vision is the realization of a C02 neutral vehicle. 

Solutions for this are intelligent lightweight construction 

strategies, shown in Figure 1, that give the possibility to 

reduce the vehicle weight while increasing functionality. 

Promising approaches are multi-material design and 

hybrid construction [3].  

This is based on the fact that in most cases the load on 

structure components is not homogeneous. By 

optimizing the design of the components by partial 

substitution of materials and local reinforcements in 

dependence on the required strength and/or stiffness of 

the parts locally, a significant weight optimization could 

be realized. By doing this, the expensive light weight 

material is applied only in the necessary areas. 

Therefore, the diversity of materials in automobiles will 

continue to increase [4]. Alternative and new materials 

will only be economical to use, if an appropriate solution 

for joining and processing exists [5]. Especially by the 

application of different materials, thicknesses and 

properties, conventional joining methods are no longer 

applicable [6].  

 

Figure 1: Lightweight design [2] 
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Either the materials cannot be joined to each other or the 

heat will cause disadvantages to the joints. In many cases 

their use is associated with high manufacturing and 

assembly costs. At the same time, the achievement in 

weight reduction by the use of lightweight materials 

should not be burned out by the joining process. 

Moreover, it is not just about using special technologies 

and procedures to establish a secure connection, but also 

to generate a high level of component and group 

stability. That means it is not only essential to achieve 

maximum stiffness and stability but also to realize a 

predefined deformation behaviour. An example of a 

modern lightweight space frame structure is the BMW-

C1E prototype powered by an electric drivetrain, 

displayed in Figure 2.  

 

 

Figure 2: SFB/TR10 Demonstrator Frame [7] 

This example was taken as a reference and a 

demonstrator of the Collaborative Research Center 

SFB/TR10. The demonstrator’s purpose is to show new 

forming, cutting and joining processes developed and 

investigated within the SFB/TR10 [8]. One example of 

the joining processes is the joining by die-less 

hydroforming (DHF), also known as hydraulic 

expansion. Manufacturing of heat exchangers, 

camshafts, intermediate shafts or cylinder liners is done 

using DHF nowadays [9]. Furthermore, this joining 

process is potentially suitable for joining extruded 

profiles to cast or machined nodes. Basically, the joining 

partners have to be aligned in a typical shaft-to-collar-

configuration [10]. In Figure 2, the lower section shows 

a machined node and its accordingly simplified 

geometry, which was used for the experimental studies. 

 

2 INTERFERENCE PRESSURE 

To initiate the joining process, a joining tool, introducing 

it as hydro-probe, is positioned inside the tube and 

axially underneath the other joining partner. In a gap 

between hydro-probe and tube, a pressurized fluid 

(water, hydraulic media etc.) is applied. If the pressure, 

which acts locally in the joining area because of a 

limitation in axial direction by sealings, exceeds the 

tube’s yield strength, plastic deformation of the tube 

occurs [11]. The main parameters for describing the 

DHF process are listed in Table 1 and are taking into 

account material parameters, the geometry of both 

joining partners and the process parameter. 

Table 1: Parameters in DHF 

Parameter Description 

Index I Inner joining partner 

Index O Outer Joining Partner 

pi Fluid pressure 

kf, Yield stress 

E Young´s modulus 

Q Ratio of diameter: inner to outer 

 Poisson’s ratio 

 

The final strength of a joint against an axial force Fax, 

where µ is the coefficient of friction, Acon is the area of 

contact loaded by the interference pressure p and lj 

represents the length of the joint interface, is defined as 

 

ax con jF A µ p d l µ p        (1) 

 

An analytical model was developed by Garzke [12] to 

calculate the interference pressure between a thick 

walled tube and a ring after joining. As Figure 3 

indicates, there are four significant strains, each related 

to the interference diameter.  

 

Figure 3: Stress and strain in DHF [4] 

These four strains are defined as:  

 I,o i( )p as the elastic expansion of the tube 

under fluid’s pressure,  

 O,i i( )p  as the elastic expansion of the ring 

under internal pressure,  

 I,o ( )p  as the elastic expansion of the tube 

under interference pressure and finally  

 O,i ( )p  as the elastic expansion of the ring 

under interference pressure.  
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The strains can be summed up in Equation 2 as: 

I,a I,aO,i i i O,i( ) ( ) ( ) ( )p p p p       (2) 

Assumed were plain stress, elastic and ideal plastic as 

well as isotropic material behavior. The interference 

diameter d is defined as equal to the outer diameter dO of 

the inner joining partner (tube) and the inner diameter dI 

of the outer joining partner (ring). Equation 1 can be 

solved taking TRESCA’s flow rule and LAMÉ equations 

into account. This leads to an interference pressure p 

displayed in Equation 2. Determination of the 

interference pressure p is executable, taking material and 

process parameters into account. Verification of 

Equation 2 has been done using the commercial FE 

program Ansys 11. 
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A comparison between Equation 2 and the FE results is 

displayed in Figure 4 for the aluminum alloy EN AW-

6060. 

 

 

Figure 4: Calculation of interference pressure 

3 MULTIPLE DHF JOINTS IN 

SPACEFRAMES STRUCTERS 

The basic mechanical challenge in the application of 

DHF in the manufacturing of lightweight frame 

structures is predicting the strength of the joint. The 

analytical model described above is valid for the joining 

of two tubes and does not take into account any side 

effects caused by a more complex geometry of the node. 

Consequently, adopting the model begins with defining a 

proper geometry by assuming a substitute diameter of 

the outer joining partner. A substitute diameter dO 

representing the effective outer diameter of the node has 

been introduced. Therefore, the necessary ratio of 

diameter QO and the according interference pressure p 

can be calculated. This substitute diameter is defined as 

dO = d + smin whereas smin is the minimal wall thickness 

of the drill hole, as indicated in Figure 5. The substitute 

diameter, is independent of the bridge thickness, which 

is the distance between the two drill smin. To verify this 

substitute diameter, model investigations were done by 

joining one and two tubes into three types of nodes with 

different bridge thicknesses sbridge. After joining, the 

specimens were tested on a tensile test machine. The 

resulting strength of the joint against an axial force Fax 

was used to calculate the interference pressure pexperimental 

according to Equation (1). 

To evaluate the quality of the substitute diameter, the 

experimentally determined interference pressure was 

normalized to the analytic interference pressure, which 

was calculated using Equation (3) taking the substitute 

diameter into account. A ratio of 1.0 indicates no 

deviation between the experimental and analytic values 

and verifies the substitute diameter model. The results of 

these investigations are shown in Figure 5. 

If just one tube is joined into the node, the corresponding 

specific interference pressure shows a linear dependency 

on the bridge thickness, which can be attributed to a 

higher stiffness of the node. 

 

 

Figure 5: Specific interference pressure 

Nevertheless all joints take values between 1.14 and 0.94 

so that the substitute diameter can be seen as an adequate 

approximation for the effective outer diameter of the 

node. In the second step, two tubes were successively 

joined into the node to identify interactions between the 

two joints and side effects on the strength of the joint. 

Figure 5 indicates that there is no significant influence in 

the specific interference pressure for two successively 
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joined tubes, taking a bridge thickness of sbridge=5mm 

and (sbridge=15mm) into account. However, with node 

type 2 (sbridge=10mm) a significant decrease of the 

specific interference pressure was observed. As a result, 

interactions between the two joints depend on the bridge 

thicknesses in a non-linear way. The reason for this non-

linearity can be explained as a kind of leverage effect, in 

which the bridge between the two drill holes acts as a 

pivotal point, indicated in Figure 6. As a consequence, 

the radial expansion of the node during the joining 

process of one tube initiates a subsequent backward 

deformation of the second joint and leads to a decrease 

of strength. In case of a bridge thickness of sbridge = 

15 mm, the leverage effect is insignificant because of the 

large distance between the two joints. In case of a bridge 

thickness of sbridge = 5 mm, the bridge can not work as a 

pivotal point as the bridge is plastically deformed. 

 

 

Figure 6: Leverage effect 

As a result, there are no significant differences in the 

specific interference pressures of the primarily joined 

tube and the subsequently joined tube, which proves that 

the order of joining does not influence the strength of the 

joint.  

 

4 CONCLUSIONS 

An analytical model to determine the interference 

pressure between the joining partners has been applied in 

the joining of nodes of a space frame structure. 

Consequently, validation of the model could be proved 

be simulation and experiments. Furthermore, the 

influence on the strength of the joint by the joining 

sequence has been investigated. As a result, taking the 

suggested methodology of designing a feasible bridge 

thickness into account, the joint’s strength is independent 

of the joining sequence. 
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