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A B S T R A C T

The present publication deals with an energy-oriented approach to the statistical analysis of rotational friction 
welding processes. To illustrate the methodological approach, it is applied to investigate the effects of energy 
flow on material flow behavior and joint quality during friction welding of an AA6060 alloy with a low-alloy 
16MnCr5 filler steel. The influences of the setting parameters on the energetic states are first analyzed by 
means of an initial screening. The evaluation using process simulation and statistical methods enables the 
generation of regressive response surfaces for the friction power, the friction time and the resulting induced 
friction energy. Based on these findings, a second experimental field is formed and evaluated, which considers 
the interaction between the energy input of the frictioning stage and the workpiece forging. This new approach 
results in the functional separation of the frictioning and forging stage, which eliminates the usual statistical 
interaction effects and thus facilitates analysis and optimization. The qualitative result variable required for the 
purpose of interpreting the results is the ultimate tensile strength of the friction-welded joint. Additionally 
determined hardness curves provide information about the properties of the thermally influenced zone and 
strength-relevant process sequences. The result is that, in addition to the amount of energy induced, the frictional 
power with which the former is induced also has a considerable influence on the joint strength, as it influences 
the material flow and the properties of the joining zone.

Introduction

In the course of current political, economic and social developments, 
the concept of material economy is increasingly coming to the fore in the 
areas of component design and production. This term includes all means 
and methods that serve to optimize the properties of a design with re-
gard to economic and/or functional aspects through maximum material 
utilization. Essentially, an efficient use of materials results from a 
maximally effective interaction between the geometric component 
design, the material used and an optimized manufacturing process. In 
line with this model, there is a large and growing demand within in-
dustry for the targeted use of application-specific materials (Wang et al., 
2018; Cheepu and Che, 2019; Sun et al., 2019; Fan et al., 2015) and 
hybrid components made of them (Wan and Huang, 2018). Such com-
ponents combine different materials in a composite part and thus enable 
its material-based adaptation to local stresses [cf. (Draugelates et al., 
2000)].

One of the most economical and productive processes for generating 
homogeneous and material-combining, material-locking joints is fric-
tion welding (Uday et al., 2010) acc.to Fuhaid et al. (2020), Fan et al. 
(2016). Due to the predominant interactions between the different 
materials, multimaterial systems pose particular challenges to the 
joining process (Winkler et al., 2023a). Specifically, these consist of 
limiting the formation of brittle intermetallic compounds and control-
ling the forced asymmetrical heat conduction (Li et al., 2014; Winic-
zenko et al., 2017).

This publication presents an innovative, energy-related approach for 
the analysis and optimization of friction welding processes, which 
eliminates the existing interaction effects between the frictioning and 
the forging stage and therefore contributes to a higher informative value 
of the generated results. This is exemplified by the investigation of a 
friction welding process to produce an aluminum-steel joint and illus-
trated holistically in Fig. 1.

By applying the methodology, process understanding can be 
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strengthened, as the analysis results obtained correspond to the theo-
retical manufacturing model. Among other things, this simplifies the 
transfer to SPC applications, as deviations of individual parameters in 
the frictioning stage can be monitored or corrected more efficiently by 
adjusting other friction or forging stage parameters.

State of the art

The results of previous research activities continually confirm that 
friction welding meets the special requirements of hybrid material 
combinations (Uday et al., 2010) acc.to Fuhaid et al. (2020), Fan et al. 
(2016). The main reason for this is the absence of material liquefaction, 
which eliminates many fusion welding-specific problems [cf. (Trommer, 
2011)]. Since the heat input can be precisely dosed and controlled and 
can be adapted to the respective material, friction welding can generally 
be used to join more materials and material combinations than most 
other welding processes (Trommer, 2011).

Although a large number of materials are in principal suitable for 
friction welding, no statement can be made regarding the friction 
weldability of certain materials and workpieces on the basis of the pure 
material characteristics, because the tendency to form a joint is defined 
by a complex system consisting of the friction welding machine, 
clamping situation, workpiece and the friction welding process per se 
[cf. (Trommer, 2011)]. With regard to suitable setting parameter win-
dows, the currently valid body of standards only provides concrete in-
formation for friction welding of some metal joints of the same type 
(German Welding Society (DVS), 2011). For hybrid material combina-
tions, a statement is only made with regard to general feasibility 
(German Welding Society (DVS), 2009). Consequently, experimental 
activities are always required to determine the numerous influencing 
factors present and to optimally design the process-shaping setting pa-
rameters (Ostermann, 2015; Prokopczuk, 2011), cf. (Ashfaqa et al., 
2011).

In order to limit the experimental effort, investigations of friction 
welding processes carried out in accordance with Alves et al. (2010) are 
limited as standard to the following essential setting parameters [as 
these determine the energy flow according to Seli et al. (2010) and 
[thus] have the greatest effect on the process according to Paventhan 
et al. (2012):

• the rotational friction speed (nrot)
• the friction pressure (pfric)
• the friction distance / friction time (sfric/tfric)
• the forge pressure (pforge)
• the forge time (tforge)

Fig. 2 shows the frequency with which these setting variables were 

examined in the evaluated sources (Winkler et al., 2023a, 2022; 
Paventhan et al., 2012; Adalarasan et al., 2014; Adin et al., 2022; Ajith 
et al., 2015; Anand et al., 2015a, 2015b; Ananthapadmanaban et al., 
2009; Asif et al., 2016; Bakkiyaraj et al., 2022; Balalan et al., 2015; Fuji, 
2004; Ihsan et al., 2013; Khalfallah et al., 2020; Kumar and Ram-
akrishnan, 2020; Pachal and Bagesar, 2013; Paventhan et al., 2011, 
2023; Rafi et al., 2010; Rajamani et al., 1992; Rangasamy et al., 2023; 
Sahin, 2009; Sathiya et al., 2004, 2009, 2006a, 2006b; Satyanarayana 
et al., 2005; Selvamani et al., 2015; Selvaraj et al., 2023; Shanjeevi et al., 
2016; Sreenivasan et al., 2019; Stalin et al., 2020; Uzkut et al., 2011; 
Varjenju et al., 2016).

It becomes clear that in the course of documented research activities, 
the pressure conditions and the frictioning stage duration are predom-
inantly considered. In the case of distance-controlled processes, the 
latter is characterized, among other things, by the frictional pressure, 
which influences the intensity of the frictional torque (Mfric) according to 
(1). 

Mfric =

∫

τr dA =

∫

μpfricr dA (1) 

(Trommer, 2011; Seli et al., 2010; Rößler, 2023; Kes, 1989)
Multiplied with the angular velocity (ω), this generates a friction 

power (Pfric) (2), which, depending on the friction time (tfric), induces a 
certain amount of friction energy (Enfric) (3) into the system, depending 
on the duration of exposure. The angular velocity itself depends abso-
lutely on the rotational friction speed (nrot). 

Fig. 1. Schematic representation of the analysis and optimization algorithm.

Fig. 2. Frequencies of considered setting variables in evaluated sources for the 
optimization of friction welding processes.
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Pfric = Ėn˙fric =
dEnfric

dt
= Mfricω = Mfric2πnrot (2) 

(Trommer, 2011; Seli et al., 2010) 

Enfric =

∫

Mfric dφ =

∫

Pfric dtfric (3) 

In addition to providing the required energy, the surfaces are cleaned 
during the frictioning stage, allowing the atomic grids to come into 
direct contact. According to Maalekian (2007), Oosterkamp et al. 
(2004), this fulfills all the conditions for bond formation. According to 
Pohle (1999) [therefore], adhesion with subsequent diffusion bonding 
occurs within a narrow joining zone when high forces are applied during 
the forging stage. This creates intermetallic compounds and metal bonds 
and thus ensures the material bond between the workpieces.

Although it is obvious and known that there is a clear functional 
separation between the frictioning and the forging stage, both cannot be 
analyzed separately by simply looking at the setting parameters. The 
reason for this are cross-stage, statistical interactions, which have a 
significant effect on the joining process for both similar and hybrid 
material joints (Winkler et al., 2023a). The resulting requirement to 
consider a large number of setting parameters inevitably leads to a high 
level of experimental effort when optimizing friction welding processes 
and makes interpretation of the results more difficult.

Because no approach for the complete decoupling of existing in-
teractions between the frictioning and forging stage is currently docu-
mented for rotary friction welding with continuous drive, this paper 
presents such an approach. This is based on a statistical methodology 
and is to be verified with regard to its functionality using a hybrid 
aluminum-steel joint. The aim is to determine how the relationship 
between energy input and forge pressure affects the joint quality and 
whether it is possible to statistically decouple the frictioning and forging 
stage. By summarizing the parameters of the frictioning stage to friction 
power or energy, the statistical separation of the two process stages 
should enable an efficient analysis of the friction welding process with 
little experimental effort.

A statistical stage separation can be used to analyse frictioning stage 
parameters at constant forging. Subsequently, the forging stage can be 
optimised by substituting the frictioning stage parameters with the 
friction energy or the friction power in combination with the friction 
time. In the case of empirically conducted experimental series, this 
substitution prevents the double testing of different parameter combi-
nations with identical friction power. When using statistical experi-
mental designs, the potential for reducing the experimental effort results 
from the dependence of the number of required model constants on the 
number of analysed factors (NF). In the case of full-factorial experi-
mental designs, as they are often used for the calculation of regression 
models, the number of required experimental points (NP) is exponential 
to NF. Table 1 shows the formulae for calculating the number of design 
points for a full factorial Yates (4) and a central composite design (CCD) 
(5), which substantiate this statement. If these formulae are compared 
with the equations (6) and (7), which describe the increase in the 
number of design points (ΔNP) when the number of factors is decreased 
by a value x, it can be seen that ΔNP(x = z) > NP(NF=z). Consequently, 
splitting an experimental field into several smaller ones always saves 

experimental effort. Consequently, splitting a large experimental field 
into several smaller ones always saves experimental effort. A one-off 
determination of the friction power or friction energy and a subse-
quent substitution of the frictioning stage parameters with these repre-
sentative substitute variables therefore offers the potential to save 
experimental effort. The prerequisite for this is that there are no in-
teractions between the substituted parameters and the parameters 
analysed in the second instance.

The concrete reduction potential can be analysed on the basis of the 
numbers of design points shown in Table 2 for various factor quantities.

In addition to reducing the experimental effort, the harmonisation of 
the process analysis with the theoretical understanding facilitates the 
interpretation of generated results and the design of experimental design 
fields. An adequately comparable study for rotary friction welding with 
flywheel drive is documented in Wang et al. (2005). In Liu et al. (2020), 
Liu et al. prove significant differences between the process-related ma-
terial influence in flywheel friction welding compared to the process 
variant with continuous drive, on the basis of which the results obtained 
can only be transferred to a limited extent. From Grant et al. (2009) it is 
known that dissipation influences workpiece heating and material 
plasticization. In the context of the scientific application, the effect of 
the intensity of the heat induction on the material flow, the thermal 
softening and the achieved joint quality is to be investigated by means of 
the presented approach. This energy-related process analysis could also 
represent the basis for a new type of process monitoring with a high 
degree of reliability.

Methods and materials

The general weldability of the research-relevant aluminum-steel 
joint has already been confirmed by documented research projects 
(Kawai et al., 2000). A comprehensive summary of the current state of 
research is documented in (Ghari et al., 2024; Ambroziak et al., 2014; 
Mehta, 2019; Murugan and Sathiya, 2023). It is known that this material 
combination only achieves industrially usable properties under opti-
mized conditions and setting parameters (Wan and Huang, 2018; Li 
et al., 2006). The dependence of the welding result on the joining pro-
cess design is attributed to the type and intensity of formation of 
intermetallic compounds (IMC) (Mehta, 2019; Kimura et al., 2017; 
Ambroziak, 1999). Since these are in any case considerably harder and 
more brittle than the base materials (Atabaki et al., 2014; Springer et al., 
2011; Haidara et al., 2012), they inevitably cause a metallurgical 
weakening of the joining zone (JZ) (Ambroziak et al., 2014). In addition 
to the joint-forming IMC, the properties of the heat affected zone (HAZ) 
also have a direct influence on the joint strength. Depending on the 
process design, strength, ductility and hardness can vary, so that 
different joint properties are achieved (Mehta, 2019; Herbst et al., 2017; 
Taban et al., 2010; Reddy et al., 2008). According to Table 4, aluminum 
has significantly lower strength, a lower melting point and higher 
thermal conductivity than steel, so deformation and microstructural 
changes occur almost exclusively on the aluminum side (Wan and 
Huang, 2018; Seli et al., 2010; Herbst et al., 2017; Taban et al., 2010; 
Reddy et al., 2008). Although the latter are very complex, according to 
Abdulla et al. (2018), Wysocki et al. (2007) they can be reduced to the 
structural model shown in Fig. 3 on the left. Area (a) forms the thermally 
affected zone, areas (a)–(c) in their entirety form the mechanically 
affected zone. By the use of grid-based hardness mapping, the thermally 
and mechanically influenced zone [(a)] as well as the exclusively 

Table 1 
Formulas for calculating the number of experimental points for a full-factorial 
Yates or CCD experimental design (NV) and their increase if the number of 
factors (NF) is increased by the value x.

experimental design Yates fully factorial Central-Composite-Design

number of design points 
(NP)

NP(NF) = 2NF (4) NP(NF) = 2NF +

2NF + 1
(5)

decrease of 
experimental effort 
per factor(ΔNP(x))

ΔNP=2NF(2x− 1) (6) ΔNP=2NF+x− 2NF+2x (7)

Table 2 
Number of experimental points as a function of the number of parameters 
investigated.

Yates (fully factorial) Central-Composite-Design

NF 2 3 4 5 6 2 3 4 5 6
NP 4 8 16 32 64 9 15 25 43 77
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mechanically affected specimen region [(b)-(c); MAZ], as shown in 
Fig. 3 on the right, can be visualized very well.

The correlations between the nature of the thermally and mechani-
cally influenced area and the process parameters have not yet been 
scientifically investigated (Tasdemir, 2020). [For this reason], according 
to TASDEMIR, there is a great interest in investigating the energy input. 
[cf. (Tasdemir, 2020)] The present publication is intended to provide an 
approach for this.

Materials

For the aluminum component, the age-hardenable wrought alloy 
AA6060 according to DIN EN 573 (German Institute for Standardization 
(DIN), 2005) in heat treatment condition T6 is used. As the alloy has 
good strength, corrosion resistance and workability, it is suitable for a 
wide range of different applications, with the production of extruded 
profiles being the main use.

In the documented experiments, it is welded to the chromium- 
manganese alloyed case-hardening steel 16MnCr5, whose composition 
corresponds to the specifications of DIN EN ISO 683-3 (German Institute 
for Standardization (DIN), 2022). This steel material is frequently used 
in mechanical engineering for the manufacture of shafts and gear 
components. The specific material compositions and selected mechani-
cal properties can be found in Tables 3 and 4.

Technological system

The experiments are carried out on a multivalent horizontal 
continuous drive friction welding machine. The forces occurring are 
recorded using the machine’s internal sensors. This enables force- 
controlled execution of the process.

In the course of the experiment, rod-shaped semi-finished products 
with a diameter of 20 mm and a length of 100 mm are welded together. 
The aluminum workpiece is clamped on the slide side by means of a 
force fit in a turned-out two-jaw chuck. The clamping pressure is eight 
bar. The steel component is clamped on the rotor side, also force-fit at 
eight bar clamping pressure, in a turned three-jaw chuck. The aluminum 
workpiece is supplied axially to the rotating steel sample. The actual 
experimental setup is shown in Fig. 4.

In order to create a uniformly defined, clean joining surface in terms 
of both surface quality and spatial position, the steel sample is turned 
flat in the clamping position in preparation for welding. The average RZ- 
value achieved is approx twelve micrometers. The friction surfaces of 
the aluminum specimen are adequately machined in preparation for the 
experiment and are cleaned with ethanol immediately before welding.

Welding process and its parameters

As a distance-controlled process can be designed to be much safer 
than a time-controlled one in terms of workpiece shortening, it is 
generally more suitable for carrying out screening programs. This ap-
plies even more to friction welding of aluminum alloys due to their low 
strength. The process is therefore designed to be force-controlled and 
distance-controlled so that friction time is transformed into a secondary 
variable. Since it is known from theory that, in principle, a distinction is 
only made between an excessively short and a sufficiently long forge 
time, these setting variable is eliminated as influencing variable by a 
generally high setting. This results in the system model shown in Fig. 5
for the screening experiments.

The setting values documented in Table 5 are used for the constant 
process and control parameters, which always remain unchanged during 
the tests:

The set-up times describe the set ramp times for reaching the 
respective target force value. Due to the low strength of the aluminum 
material, an inertial frictioning stage is not used.

Design of experiments

The investigations are based on a regressive process analysis. In 
addition to the basic determination of achievable value regions for the 
target variables, the first step is to generate a response surface for the 

Fig. 3. The microstructural condition of the joining zone of friction-welded aluminum-steel joints [cf. (Wan and Huang, 2018), cf. (Wysocki et al., 2007), cf. (Ruge, 
2013)]: (a) [thermally affected] fully plasticized zone; a1) partially secondary recrystallized zone; a2) recrystallized zone; a3) partially recrystallized zone; b) 
plastically deformed zone; (c) partially plastically deformed zone; (d) undeformed zone; (e) [slightly,] (only) thermally affected zone.

Table 3 
Compositions of materials (German Institute for Standardization (DIN), 2005, 2022).

material Si Fe Mg Zn Cu Cr Mn C Ti+Zr Al div.

AA6060 0.3-0.6 0.1-0.3 0.1 0.15 0.1 0.05 0.1 0 0.1 bal. 0.15-0.3
16MnCr5 0.4 balance 0 0 0 0.8-1.1 1-1.3 0.14-0.19 0 0 0.06

Table 4 
Test-relevant strength values.

material Rm hardness

AA6060 264 MPa 78 HB 2.5/6.25
16MnCr5 780-1080 MPa (Gomeringer et al., 2020) 176 HV10
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induced friction power.
The design of the experimental field corresponds to the variant of the 

central composite design shown in Fig. 6.
As already mentioned in Winkler et al. (2023b), the combination of 

inscribed and face-centered experimental points of the axial design 
component makes it possible to detect potentially existing nonlinearities 
with a high degree of certainty. In addition, unlike with an extended 
axial component, the entire experimental field can be analyzed full 
factorial. Measured in terms of the informative value of the model, the 

Fig. 4. Technological experiment setup.

Fig. 5. Systematical model of the joining process.

Table 5 
Constant process parameters of the friction welding experiments.

process 
parameter

set-up times forge 
time

rotational forge 
speed

frictioning forging
[tfric set-up] [tforge set 

up]
[tforge] [nforge]

setting value 0.01 s 0.1 s 5.0 s 0 min-1
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field size of 25 experimental field points can be considered acceptable. 
For the purpose of statistical validation, the factorial field points and the 
center point are verified five times, the axial points three times. The 
five-level testing of each setting parameter provides a meaningful basis 
for a quadratic regression model according to (8). If required, a linear or 
cubic model can be derived from this. 

y = y +
∑NF

i=1

Ei

2
xi

⏞̅̅̅̅⏟⏟̅̅̅̅⏞
ymain

+
∑NF − 1

i=1

(
∑NF

j=i+1

Eij

2
(
xixj
)
)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞

yinteract

+
∑NF

i=1

Eii

2
(xii)

2

⏞̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅⏞
ydim

+
∑NP

P=1

1
Nε

∑Nε

i=1
(yPi − yP)

2

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
ε

(8) 

(Winkler, 2023)
y (functional) value of the target variable/quality characteristic
y average value of the target variable/quality characteristic
ymain direct influence of the setting parameters
yinteract mutual influence of the setting parameters (interactions)
ydim components dependent on the dimension of the model (non-linearities)
ε influence of the disturbance variables
Ei main effect of the input values
Eij interactions of the input variables
NF number of factors
NP number of experimental design points
Nε number of verifications per point
xi, xj normalized setting value of the setting parameter; range: [− 1;1]
y;-P average value per experimental design point
yPj single measured value

The design of the experimental field bases on the standard specifi-
cations for similar welds of the aluminum alloy in German Welding 
Society (DVS) (2011). The forging stage is dimensioned in such a way 
that the maximum specimen load occurs in the area of the yield point. In 
order to be able to detect potential influences of the forge pressure on 
the braking stage, the former is also varied, although it does not 

represent a setting parameter of the frictioning stage. Table 6 documents 
the specific parameter values.

The statistical evaluation contains a significance test of all setting 
parameters with a confidence interval of 95 percent. Finally, the in-
fluences of all control variables on the joint strength and the induced 
friction power are quantified by calculating the main and interaction 
effects.

The regressively determined response surface of the applied friction 
power is used to derive a design of experiments and a resulting regres-
sion model for analyzing the interaction of the friction power, the fric-
tion time and the forge pressure. The resulting experimental design 
causes a change in the systematic input parameter model and enables a 
separate consideration of the frictioning and forging stage according to 
Fig. 7.

Because the two setting parameters, friction power and friction time, 
according to (3) define the kinetic energy, which is converted into 
thermal energy by the process-related friction, the statistical investiga-
tion of energetic influences is no longer carried out using distance-based 
but friction-time-based process control. Fig. 8 shows the designs used in 
the second iteration. These result in the experimental plan shown in 
Table 8.

Metallurgical analysis and determination of the mechanical joint quality

In order to detect any thermal effects on the material strength and 
assess their impact, a HBW 2.5/6.25/10 microhardness mapping is 
carried out. The offset to the joining zone and the edge zones is 0.5 mm. 
The measuring points are arranged in a grid of 0.8 × 0.8 mm.

During the tensile tests in accordance with ISO 6892-1 (German 
Institute for Standardization (DIN), 2020), the specimens are continu-
ously stretched to absolute failure at a rate of ten millimetres per minute. 
The maximum tensile force is used as the evaluation criterion. To pro-
duce uniform profiles, the weld flash is turned as shown in Fig. 9 and the 
joining area is reduced to a diameter of 18 mm. The weld specimens are 
clamped on both sides in precisely fitting round profile recesses. In order 

Fig. 6. Design of the process analysis.
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to rule out any influence of ageing processes on the test results, the 
specimens are always post-processed and the tensile tests are always 
carried out within a time window of 48 h after welding.

To support the interpretation of the results, both the weld sample 

cross-sections and the fracture surfaces are examined visually under a 
scanning electron microscope (SEM).

Three-point bending tests according to ISO 7438 (German Institute 
for Standardization (DIN), 2000) with an infeed speed of five 

Table 6 
Limit values of the experimental field (coloring according to Fig. 6).

Fig. 7. Systematic model of energetic analysis.

Fig. 8. Experimental design of the energetic investigation.
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millimeters per minute are carried out for selected specimens. During 
preparation, the weld flash is turned down to a diameter of 20 mm, 
resulting in cylindrical specimens.

Simulation of the friction welding process

Although Eqs. (1) and (3) provide a general insight into the friction 
welding process, they can only be solved analytically with considerable 
simplifications. The numerical process simulation "virtua RFW" uses the 
finite element method to predict quantitative results for arbitrarily 
complex process variables, such as workpiece shortening, frictional 
torque or heat induction, which are investigated and discussed in 
chapter"Energetic Investigation of the Friction Welding Process". As 
torques and temperatures cannot be recorded by the used sensors, the 
application of simulative software enables a more in-depth process 
analysis. The physical simulation model is based on the principle of 
virtual velocities and temperatures and is able to calculate both the 
transient temperature field (θ) and the displacement field (u). The 
challenges are in the material description, the friction modeling, the 
treatment of large deformations and the processing of constantly 
changing states. For a detailed description of the mathematical and 
physical principles, please refer to Schmicker (2015). The agreement of 
simulated in-process variables with real values was verified selectively 
in the course of preliminary experiments.

Sensitive process analysis

Results

All tested parameter combinations produced a stable, material bond 
between the two joining partners. Based on the variance analysis, 
Table 7 lists the significant parameters for the qualitatively and 

energetically relevant results as well as the associated effects according 
to their significance. The temperature values used for the calculation 
were determined by simulation.

Based on the comparatively high significance of the interaction effect 
of both stage pressures, the difficulty in separating the frictioning and 
forging stage is made clear when considering the setting parameters 
alone. When analyzing friction welding processes, it is important to al-
ways consider the braking time. Although it is a secondary variable, it 
can influence the effective duration and amount of heat induction and 
therefore the welding result. Within the analyzed experimental field, it 
averages 0.4 s with a variance of 0.2 s. The influence of the braking time 
is therefore considered negligible. Its influence is therefore assessed as 
negligible, but can certainly play a role when transferring the process to 
a more massive machine [cf. (Ochi et al., 1993)]. The measured friction 
time comprises the time span from component contact until the specified 
friction distance value is reached. Consequently, it is dependent on all 
parameters of the frictioning stage.

The response surfaces of the measured joint tensile strengths illus-
trated in Fig. 10 show that a high forge pressure can mitigate the effects 
of a suboptimal frictioning stage design and stabilize the process 
accordingly. The finding that the joint strength is positively influenced 
by a high forge pressure level is confirmed in Winkler et al. (2023a), 
Abdulla et al. (2018), Senthil Murugan et al. (2020), Irawan et al. 
(2017), Kimura et al. (2005).

By using the simulation software, the average prevailing friction 
power can be determined from the friction torque curves according to 
Formula (2). As expected, this depends on the rotational friction speed 
and the friction pressure. Fig. 11 shows the interaction between rota-
tional friction speed and friction pressure in the form of a response 
surface. In order to compare these with the theoretically calculated ex-
pected torque values, Mfric is calculated from (2) using the relevant 
setting variables as follows: 

Fig. 9. Experimental setup and specimen geometry of the tensile tests.

Table 7 
Results of the ANOVA (significant setting parameters and their effects).

target value significant parameters (size of the effect)
1 2 3 4 5 6

ultimate tensile strength (σtens) pfric (35.48) pforge (22.0) pfric x pforge (− 18.69) nrot (12.68)
friction time (tfric) pfric (− 4.31) nrot (− 1.82) nrot x pfric (1.67) sfric (1.29)
braking time (tbrake) nrot (0.24) pfric (− 0.06) nrot x pfric (− 0.02)
friction power (Pfric) pfric (8.24) nrot (6.74) nrot x pfric (5.28) sfric (− 1.17) nrot x sfric (− 1.17) pfric x sfric (− 0.98)
friction energie (Enfric) pfric (− 1.16) sfric (2.61)
max. joining zone temperature (THAZ max) nrot (55.57) sfric (15.02) pfric (− 12.73) nrot x sfric (− 13.13)
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dMfric = dFfricr (9) 

(Trommer, 2011), vgl.20 

Mfric =
2
3

πμr3pReib (for round solid cross − sections) (10) 

(Trommer, 2011), vgl.20
There is a clear discrepancy between the friction power data pre-

dicted mathematically using (2) with (10) and the friction power data 
determined experimentally and simulatively. This discrepancy is 
attributed to the inconsistency of the force curves, especially during the 
contacting and braking stages, as well as the inconsistency of the 

material and joining surface properties during the process. While the 
mathematical Eqs. (2) and (10) represents a stationary state,d these ef-
fects are taken into account in the experimentally supported regression 
model. Since the intensity of the effects mentioned increases with 
increasing friction pressure, a prior, test-based determination of the 
friction power behavior is recommended, especially when researching 
friction welding processes at an intensive friction power level.

Fig. 10. Influence of the rotational friction speed and the friction pressure on the tensile strength of the friction welded joint at different forge pressure levels.

Fig. 11. Discrepancy between the response surface calculated using (2) resp. (10) (left) and the experimentally determined response surface (right) to illustrate the 
influence of rotational friction speed and friction pressure on the friction power.

d constant coefficient of friction μ=0.1; nfric and pfric correspond constantly to 
the respective setting value acc. to Table 6
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As already shown in formula (3), the frictional energy is influenced 
by the friction time. Fig. 12 illustrates the ultimate tensile strength 
values detected in the sensitive process analysis in relation to friction 
time levels above and below two seconds.

It should be noted that the previously explained influence of the 
braking time does not play a role in the power or energy-related anal-
ysis, as the time required for spindle downtime is already included in the 
results as long as the production system is not changed.

In accordance with the simulatively generated response surface 
shown in Fig. 13, the upper limit of the induced energy is set at 40 kJ in 
the course of further experiments. Because the friction pressure ac-
cording to Table 7 has the strongest influence on the friction time of 
time-controlled processes or the shortening of distance-controlled pro-
cesses, such amounts of energy can only be realized with low friction 
pressures. Fig. 13 illustrates this. The response surface of the induced 
energy amount shown therein is constant at a low level at high friction 
pressure.

Because of the excessive shortening, long friction times at a high 
friction pressure level cannot be investigated. Since the variance of 
strength values achieved according to Fig. 12 also varies greatly in the 
case of a long frictioning stage, the duration of the energetic analysis is 
limited to a maximum of two seconds.

However, an excessively high ratio of rotational friction speed to 
friction pressure can cause heat build-up. The combination of intense 
friction and low shortening speed heats up the joining zone to the extent 
that it can become brittle and the joint strength deteriorates (Yamamoto 
et al., 2004; Ikeuchi et al., 2005; Yamamoto et al., 2007). This effect is 
intensified with increasing friction time. According to the simulated 
response surface in Fig. 14, a high joint strength with good process 
stability can be achieved in a joining temperature range between 500 ◦C 
and 600 ◦C. Overheating of the joining zone should be avoided in order 
to achieve high joint strength [cf. (Seli et al., 2010)]. In accordance with 
this, it is shown in Bouche et al. (1998), Jank et al. (2008) that the 
resulting IMCs are drawn into the base material like stems at a joining 
temperature of 500 ◦C and above. Due to the complete insolubility of 
aluminum and iron, these IMCs deviate structurally from the base ma-
terials according to Gottstein (2007) and only have a limited homoge-
neity range compared to them. As a result, the joining zone is 
increasingly weakened with increasing joining temperature, even far 
from the IMC.

The rotational friction speed and friction time level are therefore 
limited for further experiments so that overheating of the joining zone is 
avoided. According to the Pearson coefficient in Formula (11), the 
maximum joining zone temperature correlates to 79.7 percent with the 
rotational friction speed, so it is advisable to declare the rotational 
friction speed as the determining factor with regard to the energy input 
or the frictioning stage and to adapt the friction pressure to this 
depending on the desired friction power level. 

Cor =
∑

(xi − x)(yi − y)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(xi − x)2∑
(yi − y)2

√ (11) 

A similar relationship between rotational friction speed and joining 
zone temperature is described in Wang et al. (2005) for friction flywheel 
welding. The high correlation between rotational friction speed and 
joining temperature can be attributed to the self-regulation of the fric-
tion welding process. According to (1), the frictional moment and the 
frictional pressure are limited because, according to Lotz (2013), an 
equilibrium of mechanical hardening and thermal softening always oc-
curs during the frictioning stage. According to (2), this self-regulation 
does not apply to the rotational friction speed, for which reason it has 
a stronger effect on the joining temperature. The proven influence of the 
rotational friction speed on the welding temperature confirms the 
transferability of the findings from Sasmito et al. (2023), Ikeuchi et al. 
(2005) regarding monolithic aluminum weldings to adequate mixed 
joints.

Discussion

The screening experiments once again confirm the process-side link 
between the frictioning and forging stage with regard to joint strength 
and the cross-stage interactions that cause this. However, concrete 
correlations could only be derived to a limited extent due to the latter. 
Nevertheless, it is clear that the frictioning stage parameters influence 
the joining temperature as well as the material flow and thus also the 
joint quality achieved. The focus of the research was on the generation of 
the friction power response surface, which forms the basis for the sub-
sequent energetic investigation of the friction welding process. As sig-
nificant differences were found between the experimentally determined 
and the mathematically calculated friction power behavior, it was 
essential to carry out these preliminary tests.

Energetic investigation of the friction welding process

Results

Suitable combinations of rotational friction speed and friction pres-
sure are selected from the experimental determined friction power 
regression shown in Fig. 11 (right) in order to achieve the required 
friction power for the experimental field defined in Table 8. The 

Fig. 12. Influence of friction time on the tensile strength of the 
screening specimen.

Fig. 13. Influence of friction pressure and friction distance on the fric-
tion energy.
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individual field points are verified in the same way as the first series of 
experiments (Table 9).

To ensure a uniform energy input, the difference between the contact 
torque and the average friction torque should be as small as possible 
when creating the experimental field. The rotational friction speed 
should therefore be set as high as possible, taking into account the 
thermal conditions. As the strength values of the previously performed 
screening, as shown in Fig. 15, have a strong divergence and their 
maximum only at low friction forces, friction energy and friction force 
are considered logarithmically according to Figs. 16–18.

The evaluation of the statistical effects of the energetic experimental 
field shown in Table 10 shows no significant interaction effects between 
parameters of the frictioning stage and the forge pressure. The desired 
statistical separation of the two process stages has therefore been 
achieved.

Although the achieved tensile strength according to (11) correlates 
to 85.8 percent with the induced friction energy, the high interaction 
effect between friction power and friction time indicates that the type of 

energy input is also highly relevant and should be considered. The 
energy-related evaluation of the experimental field shown in Fig. 16 in 
accordance with Table 8 shows that a high energy input tends to lead to 
a higher joint strength. However, the high heat input and the long 
frictioning stage required for this also result in greater shortening of the 
aluminum workpiece.

As already shown by the effects in Table 10, the joining zone tem-
perature is strongly dependent on the generated friction power. An ex-
amination of the thermal states in Fig. 17 shows the effect for the two 
experimental field limits.

It is important to note the power range ΔPfric1 = 0 … 7 kW and the 
power Pfric2 = 14 kW at high friction time, as these result in very uniform 
heating of the joining zone, whereby the centre area always experiences 
less heating due to rotational speed dependence. A comparable phe-
nomenon is confirmed in Wang et al. (2005). In the case of a high friction 
power (Pfric2), this leads to a higher temperature and thus to increased 
soft annealing effects, which reduce the joint strength despite the high 
energy input. At low friction power (ΔPfric1) and lower joining tem-
perature, a stable experimental field zone is created, as shown in Fig. 18, 
in which high joint strengths are generated. The local characteristics of 
this area are at their maximum at a forge pressure of pforge = 160.5 MPa. 
The results of the hardness mapping carried out in accordance with 
Chapter"Metallurgical Analysis and Determination of the mechanical Joint 
Quality" illustrate the effects on the material flow and the nature of 
the HAZ. It can be recognized that, according to Wang et al. (2005), the 
process-dependent thermal fields cause lateral softening of the material 
in the joining zone.

Fig. 14. Influence of the rotational friction speed and friction pressure on the joining zone temperature (left) and the influence of the joining zone temperature on the 
joint strength (right).

Table 8 
Limit values of the experimental field of the energetic investigation.

Table 9 
Results of the energy ANOVA (significant setting parameters and their effects).

target value significant parameters (magnitude of the effect)

1 2 3 4

ult. tensile 
strength

(σtens) Pfric 

(− 35.86)
Pfric x tfric 

(44.82)
tfric 

(− 8.47)
pfric 

(42.27)
max. joint zone 

temperature
(THAZ 

max)
Pfric 

(84.28)
tfric 

(33.49)
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According to the findings of Hincapié et al. (2020), the less intensive 
joining zone heating with moderate energy induction results in a devi-
ating flow behavior of the aluminum material. A lower friction power 
leads to a thicker weld flash, which does not bulge like a basket handle 
but is pushed over the edges of the steel joining partner. A comparable 
influence of rotational friction speed and torque on the weld flash is 
described in Wang et al. (2005). The illustration of the simulated ma-
terial flow in Fig. 19 makes it clear that this results in a shift of the 

position of the highest equivalent plastic strain, which according to 
Tasdemir (2020) also influences the material recrystallization, from the 
specimen center (Alves et al., 2010) to the lateral area. The intensity of 
the deformation is also significantly reduced.

As a result of the altered flow behavior at low friction power, 
compressive tensions and congruent with (Bendzsak et al., 1997) shear 
effects occur around the outer edges of the steel profile, which partially 
harden the aluminum and prevent the formation of lateral softening 

Fig. 15. Influence of friction energy and power on the tensile strength of screening specimen.

Fig. 16. Influence of friction energy on friction-, forge- (left) and total shortening (center) as well as tensile strength (right).
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notches. The zone of least hardness therefore shifts to the radial center of 
the aluminum sample. Such phenomena have already been observed by 
authors during friction welding of pipe cross-sections in Kawai et al. 
(2000).

Excessive heating over a longer period of time results in an overly 
intensive formation of the heat affected zone and the radial softening 
notches it contains. As Fig. 20 illustrates, these cause a weakening of the 
joint tensile strength and confirm the relationship between flow 
behavior and joint strength already proven in Wan and Huang (2018).

Fig. 17. Simulatively determined joining temperatures in different radial areas of the joining surface (center: R = 0 mm; outside: R = 9 mm) with various friction 
power and friction time.

Fig. 18. Friction time - friction power response surface at pforge = 160,5 kW and selected hardness curves.

Table 10 
Crack and necking depths of the HAZ and JZ according to Fig. 22.

friction power friction time HAZ constriction crack depth JZ
[Pfric] [tfric] [ΔDHAZ] [ΔDJZ]

20 kW 0.5 s 3.17 mm 1.33 mm
8 kW 1.5 s 2.36 mm 0 mm
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A numerical-experimental optimization iteration takes a closer look 
at the moderately heated zone of high strength (Pfric = 5…8 kW; tfric =

1.5…2 s) from Fig. 18. On average, tensile strengths of 240 MPa are 
measured within the experimental field, which have a standard devia-
tion of 17,65 MPa. The optimum determined by mathematical 
enumeration represents a friction power of Pfric = 8 kW with a friction 
time of tfric = 1.5 s. As Fig. 21 illustrates, this combination of parameters 
produces a very homogeneous HAZ, which acts as a ductile compound 
layer. Compared to the industrially standard power-intensive short-time 
welded specimen, higher joint strengths can be achieved.

It is clear that by applying a moderate friction power, it is possible to 
induce a higher amount of energy with less overall shortening. In 
combination with the mechanical mechanisms explained above, this 
significantly stabilizes the joint zone. In addition, the thermally influ-
enced zone has a significantly higher ductility. Fig. 22 compares the 
failure behavior resulting from both with that of the etablished indus-
trial standard (high friction power, short friction time (Reiners and 

Kreye, 1988; Shinoda et al., 2001)).
The progression of the stress-strain curves in Fig. 23 and the 

measured values in Table 10 illustrate the mechanical effects of the 
lower cross-section reduction. As a result of the lack of crack formation 
in the radially outer specimen zone, the elastic deformation is main-
tained at much higher load ranges than is the case with short-term, 
power-intensive welding.

Due to thermal softening, the failure of the weld specimens always 
occurs in the heat-affected zone along the joint surface. Occasionally, 
fragments are broken out of the aluminum workpiece and remain on the 
steel surface. The results of the bending test shown in Fig. 24, clearly 
show that the joining zone area is much more ductile when using the 
optimized parameter combination, which leads to higher process sta-
bility. The combination of homogeneity and low hardness leads to a 
lower support effect of the central specimen area in the bending load 
case. In contrast to the tensile test, no improvement in strength is 
therefore achieved.

Fig. 19. Material deformation with different friction power/friction time ratios.

Fig. 20. Influence of the HAZ characteristic on the ultimate tensile strength of the joint.
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It can therefore be assumed that the academically established 
assumption of an indirectly proportional relationship between material 
ductility in the joining zone and friction time, as described for example 
in Tashkandi and Mohamed (2020), is not generally valid, but is only 
applicable for identical friction power.

Metallurgy

Furthermore, the established understanding of the failure mecha-
nism of friction welded aluminum-steel joints, as described in Gotawala 
and Shrivastava (2021), Ma et al. (2021), can be extended to the prin-
ciple model shown in Fig. 25.

Fig. 26 shows the microscopic analysis of the three crack formation 
areas with moderate and intensive power welding.

It can be seen that a longer friction time not only leads to a more even 
heating of the aluminum material, but also distributes it to a greater 

extent on the steel joining surface. Dense areas of ductile aluminum 
residue can be seen in both the crack formation and crack propagation 
regions. Due to the low flow resistance in the outer radial area, prefer-
ably only the elevations of the rotational depths are covered, which 
leads to a fracture surface morphology corresponding to the surface 
structure and promotes the cracking of this area. Therefore, covering as 
much of this area as possible is particularly relevant for the joint 
strength. The increased occurrence of indicators of ductile material 
behavior continues in the residual fracture fragments. These are much 
more pronounced in the case of low frictional power and have a 
consistently cellular, ductile structure. In contrast, fracture surfaces that 
have been intensively welded for a short time exhibit smaller residual 
fractures which, in addition to the ductile structures, contain portions of 
brittle forced fractures.

According to Wan and Huang (2018), Ambroziak et al. (2014), Ochi 
et al. (1997), the formation of intermetallic structures in the joining zone 

Fig. 21. Comparison of achieved ultimate tensile strengths with intensive-short-term and moderate-long-term energy induction (hardness progression scale anal-
ogous to Fig. 18).

Fig. 22. Influence of the HAZ on the failure behavior in the tensile test.
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is unavoidable, as there is no solubility of both elements in a solid phase 
in the Al-Fe system. Because these structures are considerably harder 
and more brittle than the base material, they can cause a degradation of 
the joining zone (Atabaki et al., 2014; Springer et al., 2011; Haidara 
et al., 2012) and must be limited in their development (Li et al., 2014; 
Winiczenko et al., 2017). According to [cf. Winiczenko 2016], a low 
temperature/degree of deformation ratio, as is the case with the 

specimen analysed in Fig. 26, contributes to this limitation [as there is a 
proportionality between phase growth and joining temperature (Wan 
and Huang, 2018; Kimura et al., 2017; Herbst et al., 2017; Taban et al., 
2010; Reddy et al., 2008; Shinoda et al., 2001; Fukumoto et al., 1999; 
Fukumoto et al., 2002; Gan et al., 2017; Ikeuchi et al., 2009; Ashfaq 
et al., 2013; Kimura et al., 2016; Sahin et al., 1996; Yılmaz et al., 2002) 
and a strong material flow leads to a displacement of intermetallic 

Fig. 23. Stress strain diagram of the tensile tests from Fig. 22.

Fig. 24. Comparison of achieved bending strengths of different friction power and time levels.

Fig. 25. Failure principle of friction welded aluminum-steel joints in the tensile test [cf. Ma et al., 2021].
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segments]. Congruent to this, intermetallic microstructures within the 
two specimen cross-sections can only be detected in the lateral outer 
area, but not in the tensile test-relevant area. It is clear that due to the 
lower joining temperature at moderate friction power, only a rudi-
mentary formation of intermetallic phases occurs despite the long 
exposure time. At high friction power, small phase segments are formed 
completely. The previously mentioned dependence of phase growth on 
the joining temperature is thus confirmed.

As no intermetallic phases can be detected within the areas relevant 
for the tensile tests, the previously presented experimental results are 
attributed solely to the thermal-mechanical influence on the aluminum 
material as explained (Fig. 27).

Discussion

A decoupling of the two process stages was achieved by the energetic 
consideration of the rotary friction welding process carried out in the 
second iteration. A response surface of the frictional power was gener-
ated from the screening data for the design of the experimental array. 
According to the ANOVA, the friction power depends on the rotational 
friction speed and the friction pressure, as expected. However, in the 

case of excessive rotational friction speed, insufficient dimensioning of 
the friction pressure can cause heat build-up. The effect of the rotational 
friction speed on the braking time must also be considered in this 
context. Particularly in the case of large friction welding machines with 
high inertia, a high rotational speed can lead to an unwanted, significant 
extension of the friction stage. This falsification of the process analysis 
can be avoided on a system-specific basis using the modified system 
model presented. Due to the decisive influence of the friction pressure on 
the friction time or the friction distance, large amounts of energy can 
only be induced at a low friction pressure level. Experimental fields for 
the energetic analysis of friction welding processes must therefore al-
ways be designed with these framework conditions in mind.

Based on the energetic analysis of the process, it becomes clear that a 
high friction energy input, due to a strong correlation with the joint 
quality, tends to lead to a higher joint strength, but can result in a sig-
nificant overall shortening. In addition to the amount of energy input, 
the frictional power also has a formative effect on the thermal conditions 
within the joining zone and the overall course of the process. The exper- 
imental results show that a moderately intensive, longer frictioning 
stage can enable the induction of a higher amount of energy and the 
achieve a better joint strength. The reason for this is attributed to a 

Fig. 26. Fracture surface analysis of the steel specimen.

Fig. 27. Formation of intermetallic phases in the lateral outer area of the weld specimens at high (left) and moderate (right) friction power.

M. Winkler et al.                                                                                                                                                                                                                                Journal of Advanced Joining Processes 10 (2024) 100251 

17 



modification of the aluminum alloy’s flow behavior. As a result of uni-
form heating, slow sliding of the alumi-num sample causes a shift of the 
maximum local deformation from the sample center to the radially out- 
er area. As a result of shear effects, the aluminum is therefore 
strengthened in the edge area of the steel sample. It also reduces and 
equalises the amount of deformation in the radial direction. The hard-
ening notches typical of the process, which act as weak points in the 
event of mechanical loads, are consequently eliminated. The experi-
mental results also show that an intensive energy input increases the 
average prevailing joining temperature and thus also forces the devel-
opment of the heat affected zone, which reduces the tensile strength of 
the joint. An optimum parameter setting prevents this and can therefore 
improve both the strength and the ductility of the joint zone compared 
to the current industrial standard. The analysis of the fracture surface 
shows that the latter is positively influenced by a much denser material 
application in the course of a longer welding time with uniform heating 
of the specimen.

In conclusion, moderate long term energy input is therefore identi-
fied as a promising approach for higher joint strength with good process 
stability and could potentially be advantageous in terms of industrial 
applications, both procedurally and economically.

Resume

The series of experiments carried out confirm the suitability of sta-
tistically based test methods in the context of the friction welding pro-
cess. In accordance with the results of the source research, they 
emphasize the complex dependence of the connection quality on the 
process parameters. The main results of the experiments are as follows:

■ An energetic approach allows the systematic decoupling of existing, 
cross-stage interactions between setting parameters of the frictioning 
and forging stage.

■ Furthermore, the influence of the braking time is eliminated by this 
consideration.

■ The prerequisite is an experimental determination of the friction 
power behavior in the experimental field under consideration.

■ This saves experimental effort, facilitates experimental field ascent 
and makes interpreting the results easier.

■ There is a high correlation between energy input and joint strength.
■ High energy quantities can only be induced at a low friction pressure 

level.
■ The induction intensity-time ratio influences the temperature field 

and thus also the material flow, the bonding and the ductility of the 
thermally softened zone. The characteristics of the thermally soft-
ened zone (especially in the lateral area) influence both the joint 
strength and the ductility of the material in the joining zone.

■ Especially their condition in the lateral area is decisive for the for-
mation of cracks.

Outlook

After the influence of the frictioning stage parameters has been 
methodically systematized in such a way that a decoupling between 
frictioning and forging stage is possible, the influence of the forging 
stage design on the produced joint quality is to be investigated in further 
experiments. It is known from the literature that the forge pressure in 
particular has a significant influence on the joint strength (Winkler et al., 
2023a; Fuji, 2004; Kimura et al., 2017, 2005, 2009, 2011, 2023; Abdulla 
et al., 2018; Senthil Murugan et al., 2020; Irawan et al., 2017; Ambro-
ziak, 2011; Fuji et al., 2001). The OFAT results shown in Fig. 28 illus-
trate that the effect of forge pressure diverges at different friction power 
levels.

The hardness curves shown in Fig. 28 suggest that this is due to the 
different characteristics of the HAZ. In the case of a strong characteristic, 
as is the case with moderate energy input, much greater forging is 
required to achieve a high joint strength.

Using the methodology presented in this publication, such phe-
nomena can be identified and researched with a manageable amount of 
testing. The end result should be a complete, systematic investigation of 
the friction welding process, which forms the basis for high-quality 
material joints and can be reliably monitored using modern SPC appli-
cations (Fig. 29).
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