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Abstract
Refill Friction Stir Spot Welding (RFSSW) is a technology used for joining solid

materials that was developed in Germany in 2002 by GKSS-GmbH as a variant of
the conventional friction stir spot welding (FSSW) [1]. In the RFSSW technology,
the welding tool consists of a fixed outer part and rotating inner parts, which are
called a pin and a sleeve. The tool for RFSSW is designed to plasticize the material
of the parts to be joined by means of a rotary movement. The design of the tool 
allows independent vertical movement of both elements of the welding tool. This
allows obtaining spot welds without creating holes that could weaken the structure.
The main advantage of RFSSW is the potential for replacing the technologies that
add weight to the structure or create discontinuities, such as joining with screws or
rivets. Thus, RFSSW has great potential in the automotive, shipbuilding and
aviation industries. Furthermore, the technology can be used to join different
materials that could not be connected using other joining methods. The main objective
of this work is to understand the physical and mechanical aspects of the RFSSW
method – including the residual stress state inside the weld and around the joint. 
The results of the investigations can help to determine optimal parameters that could
increase the strength and fatigue performance of the joint and to prove the significant
advantage of RFSSW connections over other types of joints. The work assumes 
the correlation of two mutually complementary investigation methods: numerical analyses
and experimental studies carried out with diffraction methods. The comparison between
numerical and experimental results makes potentially possible the determination of
degree of fatigue degradation of the material by observing the macroscopic stress state
and the broadening of the diffraction peak width (FWHM), which is an indicator of 
the existence of micro-stress related to the dislocation density and grain size.
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INTRODUCTION 

Research carried out in the last decade has demonstrated that the RFSSW
technology has great potential for joining aluminium alloys used in aircraft structures.
The aim of most studies has been to determine the optimal welding parameters to
achieve the maximum load of the joint while minimizing possible weld defects. 
As for now the RFSSW joints have been investigated with many different methods 
including both the experimental and numerical ones. Among the experimental methods,
the following may be identified: SEM, acoustic microscopy, EBSD and X-ray
diffraction. In this work, the X-ray diffraction was chosen as a prime methodology of
the investigations. In Zhibo Dong’s et al. [2], the RFSSW technology was used to
connect sheets made of 5083 Al and AZ 31 alloys. The effect of rotation speed on joint
formation, intermetallic components (IMCs) and failure load of the joint was studied.
The results showed that differing between each other, Al/Mg alloys can be successfully
connected using the RFSSW method. Moreover, the connections were obtained
without defects. The diffraction methods were used there to determine the phase
composition of the material inside the joint and thus allowed to show the intermetallic
components inside the joint. Cao et al. [3] dealt with the evolution of the microstructure
texture and mechanical properties during the RFSSW process for aluminium 6061-T6.
The electron backscatter diffraction method was used to study the texture, and it
showed the appearance of a significant shear texture. The study also examined 
the evolution of the microstructure in a RFSSW joint. Very extensive research was
undertaken by Jambhale et al. [4], with regard to the flat friction stir spot welding for
different aluminium sheets (two AA6082-T6 sheets and one AA6061-T6 sheet).
Microstructural features of the joint such as microhardness and mechanical properties
were examined in the context of such parameters as the tilt angle, tool rotational speed,
dwell time and tool plunge depth. Other methods used were also optical microscopy,
microhardness testing, lap shear strength test and X-ray diffraction measurements.
Diffraction studies revealed the presence of compressive residual stresses due to forces
exerted by the tool shoulder. Fractographic analyses were also performed. In this 
paper, the authors made a methodological error when calculating residual stresses.
Stresses should be calculated based on diffraction peaks from high 2θ angles. 
Instead, the authors performed calculations for all possible diffraction peaks, which
maximizes the calculation error to an unacceptable level. Lin et al. [5] undertook wide-
ranging research on the microstructure, mechanical properties and stress corrosion 
behaviour for friction stir welded joints of Al-Mg-Si alloy extrusion. The evolution of 
the microstructure and the mechanical properties of RFSSW welds for 2A12-T4 alloy
were studied by Li et al. [6]. The authors investigated the effects related to the tool
speed value on the weld formation, microstructure evolution and mechanical properties.
They suggested the existence of some characteristic macrostructure related to the way
the plasticized material flows. The microstructure of the joint revealed changes in grain



size, the distribution of the precipitations, and the substructure in the direction parallel
to the width. The authors noted the existence of a softened region, the formation of
which may be associated with coarsening and dissolution of S-precipitations.
Moreover, the cracks caused by the melting of S-precipitations were observed in 
the mixing zone of the joint. They were produced at the highest speed of welding.
Wang et al. [7] conducted very interesting and extensive research on an innovative
method of increasing the fatigue strength of welded joints made with the RFSSW method
by using graphene nanosheets. The research methods used in the work included
microstructure observation, crack characteristics, EBSD. Kubit [8] carried out high-
cycle fatigue strength tests of single-lap welded joints. C-mode acoustic scanning
microscopy (C-SAM) and scanning electron microscopy (SEM) were used to assess 
the joint quality and microstructure characteristics. The paper discusses the influence
of maximum load force and defects related to material flow in the weld on the failure
mechanism. Insufficient ductility of the sheet material and mixing of the material in
the weld area were the key defects that affected the number of failure cycles. Defects
in the welded joint construction were the source of a decrease in fatigue life compared
to the fatigue life of defect-free joints. It was also found that defects in RFSSW welds
can be effectively detected using the C-SAM non-destructive method. Kluz et al. [9]
presented the analysis of the influence of tool immersion depth on shear strength. 
For this purpose, a shear load was applied to the specimens and shear strength was
determined. The aim of Kubit et al. [10] work was an experimental study of fatigue
damage in RFSSW. Samples for fatigue analysis were made of 7075-T6 aluminium
alloy with a thickness of 0.8 mm and 1.6 mm, which are used in the production of
aircraft fuselages consisting of a cladding coating with a stiffening string. The load
capacity of the joints was determined by tensile/shear tests. Fatigue crack microstructure
features for different levels of variable load were tested with Scanning Electron
Microscopy. The analysis of fatigue cracks showed that the Alclad layer in the lower
part of the weld is a kind of a structural notch and in this situation it can be the starting
point of fatigue cracking. It was found that the crack mechanism depended on the load
amplitude value. Analysis of SEM micrographs of fatigue cracks showed that 
the source of fatigue cracking was the thermal-mechanical influence zone and the heat
influence zone.

The application of FEM in simulation studies related to friction welded joints can be
divided into two categories: modelling the process of manufacturing a welded joint
technological analysis [11,12,13,14] and modelling of welded joints as structural
elements (structural mechanics) [15,16]. The first category includes simulation studies
of the welding process in order to determine the course of the joint production process,
taking into account friction phenomena, heat generation, bringing the material to 
a doughy state with mixing of components, as well as aspects of the change of material
structure and physical state, and to determine the field of residual stresses and deformations
in the joint area. The second category focuses on how the created connection works 
as an element of the loaded structure. The most common simulations in this area relate
to the modelling of the behaviour of a point joint in statically or dynamically loaded
structure. As part of the first above mentioned category there are plenty of works
assuming different approaches. Yang et al. [17] used so called Smoothed Particle



Hydrodynamics (SPH) to approach the plunge stage in RFSSW aluminium. Material
flow modes and material flow velocity were tested using an elastoplastic deformation
model. This work contains only possible applications of SPH method in RFSSW
simulation and no quantitative results or experimental validation were presented. 
Muci-Küchler et al. analyzed the plunge phase of RFSSW using the thermo-mechanical
finite element method. The finite element model was developed in Abaqus/Explicit
simulation enviroment. The predicted temperature distribution in the weld zone showed
good compatibility with the experimental studies. The results of the material flow
simulation during RFSSW for aluminium sheets 6161 were presented by Cao et al.
[18]. The authors used the Abaqus program with Coupled Eulerial-Lagrangian (CEL)
formulation, which takes into account the relationships between stress and temperature,
strain and strain rate. The authors analyzed the influence of the process parameters
ontheformation of the hook defect and onion structures near the sleeve periphery. 
FEM simulations designed to determine how process parameters affect the temperature
distribution in the weld area were presented by D’Urso and Giardini [19]. The two-
dimensional numerical model was validated experimentally showing a good ability to
predict the shear resistance of the joint and the maximum temperature in the weld area.
D’Urso et al. [20] conducted a numerical study on the distribution of temperature and
weld force as a function of the welding parameters. A three-dimensional model using
the finite element method was realized for AA6060 T6 aluminium sheets in the Deform
program, assuming a rigid-plastic material model. Malik et al. [21] developed a three-
dimensional model based on FE for FSSW using the commercial version of the Deform
/Implicit code in order to select appropriate welding parameters for filling and exiting
the weld hole. The FEM model related to the Arbitrary Lagrangian-Eulerian (ALE)
method, based on Abaqus/Expicit software carried out by Yang et al. [22, p. 8], was
capable of analysing the probeless FSSW process for aluminium alloy 2198-T8. 
The Johnson Cook equation was used to describe stress flow and its dependence on
temperature, plastic deformation and strain rate. The fluid dynamic calculation technique
is also widely used to simulate temperature distribution during the FSSW process. 
The 3D CFD model created in the ANSYS/Fluent code allows for the simulation of
temperature control of the tool used during the friction welding process. In the model,
the tool temperature was optimized to reduce the force in the axial direction applied by
the tool. Atharifar et al. [23] used the CFD technique to simulate heat transfer and
material flow during frictional welding of AA6061 aluminium alloy. Temperature-
dependent material properties and stick / slip conditions were assumed in the numerical
model. Recent developments and applications of CFD simulation for frictional welding
analysis were presented by Chen et al. [24].

The calculations based on the SPH of RFSSW processes carried out by Yang et al.
[17] apply only  to the plunge stage. Furthermore, the correctness of the numerical
models is difficult to verify because the only material parameters provided by the authors
are the Poisson ratio and the Young modulus. The thermo-mechanical Muci-Küchler
model [25] was also limited to the plunge stage. Kubit and Trzepieciński [26] used 
a two-dimensional axially symmetrical fully coupled thermo-mechanical model for
RFSSW welds of Alclad 7075-T6 alloy in the form of aluminium sheets. The aim was
to predict the material flow and temperature distribution in the weld area after all 



the phases of the RFSSW process, i.e. touch, preheating, plunging, refilling and
retreating. Temperature-dependent and strain rate material models of sheet metal and
cladding layer were established. The results of numerical calculations were compared
with the experimental results. 

The main objective of the work presented here was to introduce the experimental basics
in frames of the X-ray diffractometry for future investigation aimed to the understanding
the physical and mechanical aspects of the RFSSW method. We suppose that it could
help to determine the optimal parameters that could increase the strength of the joint
and demonstrate the significant advantage of RFSSW connections over other types of
joints used in aviation and the automotive industry. In our approach, we intended to
correlate two mutually complementary investigation methods: numerical analyses and
experimental results given mainly through diffraction methods.

While in the general analysis of large structures containing multiple welds such 
an approximation may give good results without significantly increasing the size of 
the problem, in the analysis of the local behaviour, as well as with regard to the welds
themselves, such an approximation may be rather inaccurate. Therefore, there is a need
to define an exact model of the welded joint for more accurate simulation studies with
the Finite Element Method. This need is also emphasized in many publications on 
the problem of finding a better welding model [27]. In summary, modelling the work
of welded joints requires the preparation of several weld models at different levels of
generalization. A simple – for the calculation of large structures, where it is important
to represent the weld with as few elements as possible, correctly determining both 
the strength and stiffness of the joint; a more sophisticated for local stress modelling of
the most stressed nodes and very accurate for fatigue, dynamic calculations and
diagnostic analyses. The objective in the frames of numerical modelling is the developing
a calculation methodology to estimate the fatigue life of such connections. 

On the other hand, as the experimental validation of numerical model is crucial. 
The development of diffraction methodologies for estimation the stress state, dislocation
density and as a result the fatigue damage is necessary to validate the numerical
calculations. Moreover, the data obtained from the experiments are the key parameters
for numerical modelling of the phenomena during fatigue loading. 

Despite the many advantages of the RFSSW technology over the traditional riveting,
such as no need to drill a hole, no need to use a filler material, no porosity, no generated
chipping, easy automation of the process, the RFSSW technology has not yet been fully
understood. Appropriate selection of RFSSW parameters (process time, tool speed, tool
cavity level) are crucial to ensure the adequate strength of the joint [28, 29]. The welding
parameters are sensitive to many external factors such as the type of materials to be
welded, the thickness of the sheets to be welded, material cladding, etc. Although many
publications dealing with this issue are available, the guide to the optimal RFSSW
process parameters for thin-walled aluminium structures are not still clearly defined.
Summarizing, creation of RFSSW joints research methodology, which will allow to
predict their static and fatigue properties and to model them at different levels of
accuracy (generalization) in construction design is necessary.



RFSSW – THE METHOD DESCRIPTION.

Refill Friction Stir Spot Welding is a solid state joining technology with the potential
to replace other types of joining in e.g. aerospace applications. The selection of proper
parameters of this process is crucial in view of ensuring the mechanical strength of 
the joint. The main aim of this work was to experimentally investigate the residual stress
state after fatigue tests with different characteristics and to perform the numerical
calculations for the quasistatic tests of this type of joints. This technology can join
dissimilar materials which are difficult to join using fusion welding due to different
thermal expansion coefficients and melting points. A better understanding of the physical
and mechanical aspects of the material flow could help to set optimal welding parameters
which could improve the weld strength.

The welding tool used to prepare specimens for the diffraction experiment in 
the frame of this work was equipped with a welder and consists of three independent
elements: a 17 mm diameter clamping ring, a 9 mm diameter sleeve and a 5.3 mm
diameter pin. The RFSSW process can be briefly divided into four main stages:
touchdown and preheating, plunging, refilling, and retreating. After the touchdown
stage, the tool starts to rotate to preheat the material of the upper sheet (Fig. 1a). 
At the plunging stage, the rotating sleeve plunges into the metal, while the pin moves
upwards (Fig. 1b). After reaching a certain plunge depth, the sleeve and pin reverse
their direction and return to their original position (Fig. 1c). Finally, the tool is retracted
from the workpiece (Fig. 1b).

Fig. 1. Refill friction stir spot welding process [26]. 

MATERIAL AND SPECIMENS

The RFSSW joints for these investigations were made from 0.8 mm thick and 
1.6 mm thick Alclad 7075-T6 aluminum alloy plates. This metal alloy is a kind of non-
weldable lightweight material and is characterized by high mechanical strength,
comparable to that of structural steel, and a very high fatigue resistance. It is a precipitation-
hardened Al–Zn–Mg–(Cu) alloy that has been extensively used for highly loaded
constructional elements in aircraft structural components. The sheets of this material
were subjected to cladding, i.e. an aluminum alloy core of the material was covered
with surface layers of pure aluminum. Specimens were prepared in an overlap joint,
where the thicker sheet is set as the top one (Fig. 2). This configuration corresponds to
the joining of a stringer (1.6 mm thick) to the skin (0.8 mm-thick) in aircraft structures.



The clamping force during the welding was 17 kN, tool rotational speed was 2600 rpm
and the tool plunge depth was 1.5 mm. The welding cycle consisted of 1s three steps,
i.e. plunge time (1 s), stirring time (1 s) and tool retract time (1 s).

Fig. 2. The specimens subjected to the experiments.

For the X-ray experimental investigations there were prepared five types of
specimens. Two of them were prepared for the analyses of the residual stresses for 
the investigation of the stress state for the initial state of the specimens, referred here 
as the initial state, directly after the welding process. For this case two different welding
parameters were applied: Specimen I1 was welded with the spindle speed 2200 rpm, 
the tool plunge depth was 1.5 mm and the welding process lasted 2.5 s (Fig. 3). The tool
plunge for the next specimen at the initial state, signed with I3 (Fig. 4) was the same but
the spindle depth and welding time differed from the parameters for specimen I1: being
respectively 2800 rpm and 1.5 s.

Fig. 3. Specimen I1 representing the initial state after the RFSSW process 
with following parameters: spindle speed – 2200 rpm, tool plunge depth – 1.5 mm,

duration of welding – 2.5 s.

Fig. 4. Specimen I3 representing the initial state after the RFSSW process 
with following parameters: spindle speed – 2800 rpm, tool plunge depth – 1.5 mm,

duration of welding – 1.5 s.



Another set of specimens was prepared to investigate the stress state around the welds
after a number of fatigue cycles. These specimens (F1, F2 and F3) were welded with
the same parameters as Specimen I1, with one exception: for Specimen F3 the tool
plunge depth was bigger and equal to 1.8 mm. The specimens were subjected to fatigue
tests, with high-cycle tests designed for two of them, F1 and F3, and for one: F2 – low
cycle test. For Specimen F1, the maximum force was 0.9 kN and it was subjected to
almost 25 ‧106 fatigue cycles (Fig. 5). For Specimen F2, the maximum force was 2 kN
at 17 ‧103 cycles; for Specimen F3, the fatigue test parameters were 17 ‧103 cycles and
1 kN, respectively.

Fig. 5. Specimen F1 after the fatigue tests: maximum force – 0.9 kN, 25‧106 fatigue cycles.

Fig. 6. Specimen F2 after the fatigue tests: maximum force – 2 kN, 17 ‧103 fatigue cycles.

Fig. 7. Specimen F3 after the fatigue tests: maximum force – 1 kN, 17 ‧103 fatigue cycles.

EXPERIMENT 

Diffraction measurements

Measurements using X-ray diffraction methodology were carried out using a portable
Xstress 3000 G2R diffractometer. The measurements were carried out for the surface
layer of the samples and for the aluminum phase. The K alpha radiation of the chromium



X-ray tube was used and the measuring spot was 1 mm. The step between every
measurement point was 1 mm too. The measurements were taken of the stress distribution
along the centerline of the specimen starting from the focal point at the weld. Over 
a length of approx. 20 mm. The measurements were carried out for the circumferential
and radial directions in relation to the geometry of the welds. All measurements were
performed for the thicker, 1.6 mm sheet.

Results

In the case of the specimen at the “initial” state I1, it can be observed that the stresses
in the weld area are better defined by the applied measurement methodology – the errors
are considerably lower than in the case of the native material of the welded sheets.
Furthermore, it should be noted that in the weld the stresses in the circumferential
direction are close to zero, whereas in the radial direction they are of 40 MPa and are
of the compressive nature. In the parent material of the plate, the stress values are much
more widely scattered and can be assumed to oscillate around zero for both directions. 

Fig. 8. Diffraction stress measurements for I1 specimen for tangential direction 
with respect to the weld geometry.

Phase
aluminium

E = 70.6 GPa
 = 0.345

measurement parameters 2θ/hkl 139.3° / 311
exposure time 300 s
measurement geometry ψ
φ 0°, 90°
ψ (tils no. //range) 6 // −40° − +40°
ψ oscillations 5°
radiation CrKα
collimator size 1 mm

calculation parameters background subtraction linear
peak position cross-correlation



Fig. 9. Diffraction stress measurements for I1 specimen for radial direction 
with respect to the weld geometry.

Fig. 10. Diffraction stress measurements for I3 specimen for tangential direction 
with respect to the weld geometry.

Fig. 11. Diffraction stress measurements for I1 specimen for radial direction 
with respect to the weld geometry.

If the welding parameters were changed, i.e., the number of rotations was increased
at the expense of decreasing the duration of the process, as is the case of Specimen I3
there was no significant variation in the stress values for the directions for which 
the measurements were carried out (Figures 10 and 11). The stress values along 
the entire length of the examined section had the same value: they oscillated around zero.



It is worth mentioning that in the case of this sample, as in the case of sample I1, 
the values of measurement errors for the weld area were relatively small compared to
the measurements obtained for the native material of the plates. This effect can be
attributed to crystallographic texture release which can affect the accuracy of X-ray
stress measurements.

The next two graphs concern stress measurements for specimens for which high-
cycle fatigue tests were performed (F1 and F3, Figures 12–15). In the case of both
specimens, there was no significant change in the stress level – for both of them, for
both directions, the stress values oscillated around zero between approximately −40 and
40 MPa. It is worth noting that after realizing a higher number of fatigue cycles for
Specimen F1, 25 millions of cycles, the measurement errors decreased too. It is likely
that the high-cycle fatigue process affects the release of the crystallographic texture.

Fig. 12. Diffraction stress measurements for F1 specimen, after HCF testing, 
for tangential direction with respect to the weld geometry.

Fig. 13. Diffraction stress measurements for F1 specimen, after HCF testing, 
for radial direction with respect to the weld geometry.



Fig. 14. Diffraction stress measurements for F3 specimen, after HCF testing, 
for tangential direction with respect to the weld geometry.

Fig. 15. Diffraction stress measurements for F3 specimen, after HCF testing, 
for radial direction with respect to the weld geometry.

Fig. 16. Diffraction stress measurements for F2 specimen, after LCF testing, 
for tangential direction with respect to the weld geometry.



Fig. 17. Diffraction stress measurements for F2 specimen, after LCF testing, 
for radial direction with respect to the weld geometry.

Significantly different experimental results of stress measurements were obtained for
the low-cycle fatigue specimen, Specimen F2 (Figures 16 and 17). Especially for 
the weld area, significantly different residual stress values for the circumferential
direction could be seen in relation to the previously presented specimens as well as in
relation to the stress values for the specimen’s parent material. For the weld, these values
oscillated around 80 MPa of compressive stresses while for the parent material they were
around zero. A similar trend was not be observed for the radial direction, although in this
case a change in the sign of the stresses in the parent material immediately behind 
the weld was seen. The stress values at this point were approx. 80 MPa of tensile stresses.
It can be concluded that this may be the first sign of fatigue processes beginning.

Below, on Fig. 18, a comparison of the stress distributions in the welds and in 
the parent material of the plates for successive specimens subjected to different fatigue
tests relative to the initial state Specimen I1, is presented. Differences in stress distributions
between Specimen I1 and Specimens F1 and F3 (HCF) were not observable, whereas for
the specimen subjected to LCF significant differences were visible. 

Measurements of the half-width of the observed diffraction peaks were aimed at
determining a degree of degradation of the crystalline structure of the weld material 
and the parent material due to fatigue processes. The presented graph shows that for
fatigue-tested samples (red, blue and green lines), the values of half-widths were
relatively lower than for the sample at the initial state. This observation may be an
argument for the application of the method of measuring the half-width of diffraction
peaks to determine the progress of fatigue processes by means of diffraction methods.
This methodology still requires considerable refinement. 



Fig. 18. The comparison of FWHM values for the specimen in the initial state (I1) 
and after the HCF (F1, F3) and LCF (F2) fatigue tests.

A preliminary Finite Element Analysis (FEA) was performed for the tensile test 
of the lap joint. The nonlinear simulation was performed in the ANSYS 2021R2
environment using SOLID185 elements (the geometry, mesh, load and boundary
conditions are presented in (Fig. 19). In this preliminary study, the residual stress field
from the RFSSW manufacturing process was not considered. 

Fig. 19. Geometry of the lap joint with load and boundary conditions (a) 
and FEM mesh (b).



The FEA results of this study are presented in Fig. 20. The applied force of 1 kN
caused significant secondary bending of the lap joint due to non-symmetrical nature of
this joint type. Furthermore, it can be observed that the highest reduced stress peak
(Huber-Mises-Hencky formulation, H-M-H) is located between the welded sheets near
the weld joint, which corresponds to the recognized damage mechanisms (example
presented in Fig. 21). More detailed FEM assessments requires considering residual
stress distributions obtained from X-ray diffraction measurements and are planned for
future studies. Based on them, the damage mechanism of RFSSW joints will be
described and understood much better, which will be helpful to improve and optimize
this technology for aviation structures.

Fig. 20. FEA results of the lap joint loaded by 1 kN 
(H-M-H reduced stress field, deformation scaled 20 times).

Fig. 21. One of recognized damage mechanisms of the RFSSW lap joint.



CONCLUSIONS

Preliminary stress measurements along the axes of the welded specimens showed
the possibility of obtaining reliable information on the stress distribution after a certain
number of fatigue test cycles. When testing a welded specimen subjected to low-cycle
fatigue, significant changes in the stress distribution were observed in the weld area
starting from the weld centre point. The measurements of the half-widths of diffraction
peaks should, after further development of the methodology, allow researchers to
determine the extent of fatigue processes in the weld and in the parent material of welded
sheets. The preliminary FEA studies performed show good correlation of the peak stress
location with the damage mechanisms observed. Considering the residual stress field
in numerical simulations (which is planned for next studies) will contribute to a better
understanding of damage phenomena that occurr in RFSSW joints and will help in more
accurate fatigue assessment and optimization of this joining technology for aviation
structures.
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