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Abstract. Friction-spinning as an innovative incremental forming process enables large degrees of 
deformation in the field of tube and sheet metal forming due to a self-induced heat generation in the 
forming zone. This paper presents a new tool and process design with a driven tool for the targeted 
adjustment of residual stress distributions in the friction-spinning process. Locally adapted residual 
stress depth distributions are intended to improve the functionality of the friction-spinning 
workpieces, e.g. by delaying failure or triggering it in a defined way. The new process designs with 
the driven tool and a subsequent flow-forming operation are investigated regarding the influence on 
the residual stress depth distributions compared to those of standard friction-spinning process. 
Residual stress depth distributions are measured with the incremental hole-drilling method. The 
workpieces (tubular part with a flange) are manufactured using heat-treatable 3.3206 (EN-AW 6060 
T6) tubular profiles. It is shown that the residual stress depth distributions change significantly due 
to the new process designs, which offers new potentials for the targeted adjustment of residual stresses 
that serve to improve the workpiece properties. 

Introduction 
Friction-spinning as an innovative incremental hot-forming process enables large degrees of 

deformation in the field of tube and sheet metal forming due to a friction-induced heat generation in 
the forming zone in an efficient way [1]. The self-induced partial heating of the components not only 
enables a significantly higher forming rate, but also a defined influence on the mechanical properties 
and microstructure. For example, the forming of flanges by friction-spinning of tubes is dominated 
by shearing in the tangential direction and by bending-like forming in the radial direction and the 
force and temperature profiles are radius depending [2]. These complex thermomechanical conditions 
lead to non-uniform residual stress distributions which arise due to plastic deformation misfits 
between different regions which are classified as mechanical, thermal and chemical [3]. Stress relief 
heat treatment and plastic deformation can relieve residual stresses [4]. Residual stresses can lead to 
component failure [5], but in this context locally adapted residual stress distributions are intended to 
improve the quality and functionality of the friction-spinning workpieces [6] [7], e.g. by delaying or 
triggering failure in a defined way.  

Regarding residual stress adjustments in aluminium-parts (e.g. flanges), preliminary investigations 
have shown that with the conventional process design, with a fixed tool, the rotation speed has the 
greatest effect on the gradient of the residual stress depth distribution [2]. Using the methods of design 
of experiments the effects and interactions of the process parameters were determined and empirical 
models were developed on this basis. For targeted residual stress adjustments, these models were 
implemented in a run-to-run predictive control. Furthermore, a 3D DIC residual stress measurement 
method was investigated and improved to enable more efficient residual stress adjustments [8]. 
However, since the effects were not sufficient to completely change the character of the residual stress 
distributions a new tool and process design have been developed. These include a driven-tool system 
and an optional subsequent flow-forming process, for the targeted adjustment of residual stresses in 
the friction-spinning process. Comparable incremental processes such as flow-forming [9] [10], 
metal-spinning [11] [12] or tube-spinning [13] offer the potential to introduce especially tensile 
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residual stress distributions into the component, while compressive and tensile residual stresses occur, 
for example, in flanges formed by friction-spinning of tubes [2].  

This paper presents the investigations on the new process design regarding the influences of the 
tool rotation and the subsequent flow-forming on the residual stress depth distributions compared to 
those of the standard friction-spinning process. Therefore, residual stress depth distributions are 
measured with the standardized incremental hole-drilling method [14] [15], and residual stress surface 
distributions by x-ray diffraction [16]. The workpieces (tubular part with a flange) are manufactured 
using heat-treatable 3.3206 (EN-AW 6060) tubular profiles. 

Experimental Setup  
In the following the new tool and process designs are described and the experimental investigations 

of the new process characteristics and the resulting residual stress distributions are presented. 
Generally, the workpieces, tubular parts with a flange, are manufactured using heat-treatable 3.3206 
(EN-AW 6060 initial temper state T6) tubular profiles with the LUF in-house design friction-spinning 
machine (FSV) which is computer controlled by Sinumerik 840D by Siemens AG, Germany. The 
main spindle drive has a power of 100 kW.  

For the new process designs, a 25 kW tool-drive servo motor was integrated into the tool-axis to 
drive the tool by a v-belt and is controlled by the computer control of the Sinumerik 840D of the FSV. 
Another axis, which is also controlled by the Sinumerik, allows to be used for flow-forming. The 
flow-forming roller has a diameter of dR = 200 mm, and angle of 15° and is made of the steel 1.2379 
hardened and tempered to 62 HRC.  

 
Figure 1. Friction-spinning process with driven tool and subsequent flow-forming. 

The new innovative friction-spinning process-design with the new tool systems is subdivided into 
the pre-friction phase and the flange-forming phase. In the pre-friction phase, heat is induced to the 
workpiece by friction with the stationary forming tool (cf. Figure 1, a – b). In the subsequent flange-
forming phase, the tool is fed radially (feed rate f) and driven with the tool rotation speed nT either in 
synchronism or counter-rotation to the workpiece (cf. Figure 1, b – c1). In this phase, additional 
forming can be carried out by a subsequent flow-forming process in the radial direction  
(cf. Figure 1, c2). In order to determine the new process characteristics, temperature profiles and the 
electrical power of the tool-drive are measured.   
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Figure 2. Wireless temperature-measuring set-up in the friction-spinning process. 

The complexity of temperature measurements in the friction-spinning process results from its 
process characteristics (friction of the tool on the surface and rotation of the workpiece) and with 
aluminium especially optical temperature measurements are not feasible due to its complex emissivity 
characteristics [17]. In addition, a basic black coating on the driven tool does not endure the forming 
process, so that reflections of the ambient heat radiation cannot be ruled out.  

Therefore, type k thermocouples were used with the radio data logger (measuring amplifier) Cobra 
SMARTsense, PHYWE Systems, Germany. The thermocouples type k are mechanically joined in 
corresponding holes at a discrete measuring point (here in R = 30 mm) (cf. Figure 2). This means 
that the measuring amplifier can be mounted on the rotating supporting-plate and the measured values 
can be transmitted wirelessly, which will provide new important insights into the temperature profile 
of the friction-spinning process, also in the areas that cannot be measured optically. With the new 
approach, heating and cooling curves of this process can be used to build up models of the generation 
of thermal residual stresses in the friction-spinning process.  

Finally, the initial findings of the residual stress evaluations of the new process designs are 
presented. For comparability, the process parameters of the standard process are applied to the new 
processes. Residual stress depth measurements are performed on the upper side of the flange in a 
distance of R = 30 mm from the centre-point. Hole drilling is operated by Vishay RS 200 and 1.6 mm 
inverted-cone endmills. Vishay Micro Measurements’ strain-gauge rosettes CEA-13-062UM-120 are 
applied. Strains are processed with the universal measuring amplifier HBM MX 440 in three-wire 
half-bridge circuit with 120-ohm precision resistors. Residual stresses are calculated by H-Drill 4.0 
according to ASTM E837-20 [15]. 

 
Figure 3. Temperature curves of the new process strategies in the friction-spinning process 
measured with thermocouple type k (Aluminium 6060). Rotation speed of the workpieces  
n = 900 rpm, rotation speed of the tool nT = 800 rpm, feed-rate of the tool f = 0.5 mm/s, feed-rate of 
the roller (flow-forming) fR = 0.5 mm/s. 
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Experimental Investigations  
Process characteristics. First, the process characteristics are determined so that the subsequent 

analysis of the residual stress profile can be discussed in the context of the conventional friction-
spinning process. Figure 3 shows the temperature profiles of the three new process variants in 
comparison to the standard friction-spinning process. The friction-spinning process with driven tool 
leads to a maximum temperature of Tmax = 510 °C with a wall thickness reduction from s0 = 5 mm 
initial thickness to s = 2.7 mm flange thickness. The relative drive direction influences the maximum 
temperatures only slightly.  

However, higher temperatures are maintained over a longer period of time by driving the tool. The 
temperatures decrease for a short time after the changeover point, from axial to radial feeding of the 
tool (cf. Figure 3 (A)). This is due to the tool is separated from the workpiece for a time of less than 
one second in order to ensure a controlled start of the drive of the tool. After re-establishing contact 
between the workpiece and the tool, the maximum workpiece temperature is not reached again as 
quickly in the synchronous drive as in the standard process or the counter-driven process (B). After 
that, the temperatures decrease steadily. By driving the tool, the workpiece temperature is clearly 
higher at the end of the forming phase (C to D) as in the standard process. The engagement of the 
roller in this phase significantly reduces the workpiece temperature (C). By separating the tool from 
the workpiece, the friction-spinning process is completed (D). With the additional flow-forming 
process, there is an intermediate increase in the workpiece temperature at point D, whereby the 
temperature adapts to the curve of the other process variants until the end of the flow-forming 
operations (E). 

 
Figure 4. Power supply to the driven tool in the friction-spinning process (Aluminium 6060). 
Rotation speed of the workpieces n = 900 rpm, rotation speed of the tool nT = 800 rpm, feed-rate of 
the tool f = 0.5 mm/s. 
The active electrical power consumption of the tool-drive to drive the tool in counter-rotation or 
synchron to the workpiece, which is measured by the drive-system, is shown in Figure 4. When 
starting the tool-drive (A), there is a short, strong power increase, which immediately drops again. In 
the following, the tool-drive needs in maximum 3500 W to maintain the tool rotation speed of  
nT = 800 rpm in counter-rotation to the workpiece rotation (n = 900 rpm). To maintain the tool rotation 
speed of nT = 800 rpm synchron driven to the workpiece it needs at least 1500 W. The power for the 
counter-rotation of the tool decreases till the end of the friction-spinning process (D), whereas the 
power for the synchron-rotation of the tool increases till the end of the friction-spinning process with 
2200 W (D).  

2,7

5

6060

El
ec

. P
ow

er
 o

f t
he

 
To

ol
-D

riv
e 

P
in

 W

Process-Time t in sec
100 20 30 40 6050 70 80 90 100 110 120 130 140

1000

0

2000

3000

4000

5000

Synchron
Counter-
Rotation

DA

686 Achievements and Trends in Material Forming



 
Figure 5. Residual stress depth distribution measured with the HDM from the upper side of the 
flange (Aluminium 6060). Rotation speed of the workpieces n = 900 rpm, feed-rate of the tool  
f = 1.5 mm/s, feed-rate of the roller (flow-forming) fR = 1.5 mm/s. Flange thickness after friction-
spinning sFS = 2.7 mm and after flow-forming sFF = 2.5 mm.  

Residual stress depth distributions. In Figure 5 the residual stress depth distributions of the new 
friction-spinning process-designs with the driven tool are compared to the standard process [2] with 
a fixed tool. Residual stresses are measured on the upper-side of the flange at R = 30 mm using the 
incremental hole-drilling method.  

For the standard friction-spinning process it is characteristic that compressive residual stresses 
occur in the radial direction and tensile residual stresses in the tangential direction [2]. With a rotation 
speed of n = 900 rpm and a feed-rate of f = 1.5 mm, in the radial direction the compressive residual 
stresses tend to be constant in the surface with max. of σRS

rad = -20 MPa with a slightly decreasing 
tendency to the core (cf. Figure 5, A). In the tangential direction, there are strongly graded tensile 
residual stresses that increase with depth (max. σRS

tan = 50 MPa).  
When additionally driving the tool with nT = 800 rpm in synchron rotation to the workpiece, the 

radial compressive residual stresses increase to max. σRS
rad = -45 MPa (cf. Figure 5, B). The tangential 

residual stresses are compressive near the surface (σRS
tan = -20 MPa) and tensile in the core  

(σRS
tan = 40 MPa). Driving the tool in counter-rotation with nT = 800 rpm, only slightly influences the 

radial compressive residual stresses, but the tangential residual stresses in the surface increase to a 
max. of σRS

tan = -70 MPa and decrease to the core up to approx. σRS
rad = 15 MPa (cf. Figure 5, C). 

The subsequent flow-forming (cf. Figure 5, D) in combination with the synchron rotating tool  
(nT = 800 rpm) leads to a whole new character of the residual stress depth distribution, compared to 
that of the standard process design (cf. Figure 5, A) [2]. In the surface there are tangential residual 
stresses in both directions (σRS

rad = 25 MPa and σRS
tan = 35 MPa). In the depth of 0.6 mm there are 

tensile residual stresses in tangential direction and a peak of compressive residual stresses in radial 
direction (σRS

rad = -70 MPa). In the core (depth of 1.0 mm) there are also tensile residual stresses in 
the tangential direction (σRS

rad = 25 MPa and σRS
tan = 40 MPa). Thereby, the stresses in radial direction 

are zero and tend to tensile residual stresses with increasing depth, following the gradient of the curve. 
Discussion. In the experimental investigations, first the new process characteristics and the 

resulting residual stress distributions were evaluated. The temperature profile, in terms of maximum 
temperatures, is not significantly changed by the new process designs, but the temperatures are kept 
high for longer by driving the tool during the forming-phase and are dissipated more quickly by flow-
forming during this phase.  

The comparison of the active electrical power consumption of the tool-drive shows the power 
needed to work against or with the rotation of the workpiece.  In this regard, it can be seen that the 
required torque, which is proportional to the power at constant rotation speed, decreases in the 
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progression of the process. This is because the contact area between the tool and the workpiece 
decreases and with it the torque required to rotate the tool. Inversely, the torque increases when the 
tool is driven less by friction with the workpiece. Finally, the tool drive needs more power when it is 
not engaged than in synchronous rotation with workpiece contact.  

The corresponding residual stress depth evaluations show that driving the tool causes compressive 
residual stresses in tangential direction, so that compressive residual stresses are present in both 
directions near the surface and that subsequential flow-forming changes the character of the residual 
stresses significantly. In principle, it can be assumed that driving the tool influences the stress state 
respectively the material flow in the forming zone due to the new type of relative motion in the contact 
area. It is less plausible that the changes in the residual stress profile are due to the change in the 
temperature profile, as they only deviate slightly from the standard process. The great influence of 
the stress state is also evident in the subsequential flow-forming with its different stress state that 
significantly changes the residual stress profile. The residual stress profile resulting from the friction-
spinning process with driven tool is superimposed by the flow-forming caused tensile residual stresses 
in the surface layer. 

The novel residual stress depth distribution characteristics achieved by the new process designs 
provide new potential for the targeted adjustment of residual stresses depth profiles, which serve to 
improve workpiece properties. For example, it is possible to adjust compressive residual stresses in 
both directions of the flange surface layer by the new process designs, which supports the durability 
of the workpiece under dynamic loads. 

Further investigations must be carried out on this, also on the corresponding process 
characteristics, in particular the new stress states. Thereby, using the methods of design of 
experiments, the aim is to create empirical models in order to integrate them into a run-to-run 
predictive control. The application of machine learning methods is also conceivable for this purpose. 
Additionally, the driven tool system will be redesigned with a new drive train to allow a wider range 
of process parameters to be investigated. 

Summary 
In this paper, new innovative friction-spinning process and tool designs were presented that can 

significantly change the character of residual stresses in flanges formed by friction-spinning of tubes 
(Aluminium 6060 T6) compared to those of the standard friction-spinning process. It is shown how 
the residual stress distribution can be significantly influenced by driving the tool and by additional 
subsequent flow-forming. The novel residual stress depth distribution characteristics achieved by the 
new process designs provide new potential for the targeted adjustment of residual stresses depth 
profiles, which serve to improve workpiece properties. Furthermore, essential process characteristics, 
such as the temperature profile, were investigated. These are initial findings that require further 
research. Therefore, with the aim of model building, further investigations using the methods of 
design of experiments are intended. 
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