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Abstract 
 

The paper presents an analysis of tensile tests for welded specimens made of 6061-T6 aluminium alloy. Three kinds 
of lap joins were made by Refill Friction Spot Stir Welding (RFSSW). The each specimen has one joint, but they were 
varied in the position of the sheets. In the first, the angle between sheets axes was 0º, to determine the tensile capacity of 
the joint. In the second and third, the angle between sheets axes was 20º, and -20º. That position of sheets allow determine 
the maximum load and displacement of stretched and twisted structure. The numerical calculations were performed using 
the ADINA System based on the Finite Element Method (FEM). The sheets and joints were modelled with 3D-solid ele-
ments. The experimental investigations were carried out using a testing machine and a non-contact and material inde-
pendent measuring system providing, for loaded test objects, accurate 3D displacements and surface strain values. The 
stress, strain distribution and displacements were analysed. The numerical and experimental results were compared. The 
structures were assessed in respect of strength and the possibility of applying in the aircraft industry. 
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1. INTRODUCTION 

Friction Stir Welding (FSW) is used in automo-
bile and aircraft structures in order to reduce weight 
and improve performance in relative to the rivets. 
The process is characterized by reliability and low 
time-consuming preparation of materials for welding 
and making the joint. FSW competes with traditional 
linear welding methods such as TIG-welding (Lacki 
& Derlatka, 2013; Lacki et al., 2012) Refill Friction 
Stir Spot Welding (RFSSW) and other methods (e.g. 
riveting and hybrid joints presented by Sadowski et 
al. (2013), Sadowski and Golewski (2013), Sa-
dowski et al. (2011) belong to a group of modern 
spot joining techniques. 

RFSSW is used for welding aluminium alloys 
i.e. AA 6061-T6 (Venukumar et al., 2013), AA2024-
T3 and AA5754-H22 analysed by Bozkurt and Bilici 
(2013) because of the good quality of the joints, 
especially in comparison to traditional welding tech-

niques. It is also possible to join other materials e.g. 
titanium (Kudła et al., 2009), steel (Sun et al., 2014; 
Ghosh et al., 2011) or steel with aluminium alloy 
(Kundu et al., 2013). The continuous and smooth 
face of the RFSSW joint is formed by a specific tool 
consisting of a probe, sleeve and clamping ring (fig-
ure 1). In Mishra and Mahoney (2007) is presented, 
 

 
Fig. 1. Tool for Friction Stir Spot Welding process. 
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that the sleeve and probe are the moving parts which 
can rotate and protrude for heating and plasticization 
of the base material. Yuan et al. (2011) present the 
analyze of the spots making by two tools: a conven-
tional tool with a center pin and an off-center feature 
tool. 
 

Table 1. Chemical composition of 6061 aluminium alloy. 

 

The thermo-mechanical models are used to ana-
lyze the welding process. Thermal analyses use 
a heat source distributed over the tool surface, with 
a heat flux per unit area. In another approach, the 
heat input may be distributed over the probe volume. 
The consequence of the effect of metal flow on the 
distribution of heat generation is ignored. Assidi et 
al. (2010) simulate FSW for the Al 6061 aluminum 
using an Arbitrary Lagrangian Eulerian (ALE) nu-
merical model and a Eulerian formulation, which 
provides a faster way to reach a steady welding 
state. To calculate the plastic energy and to account 
for the change in the yield strength with welding 
temperature, the model based on welding energy is 
proposed by Hamilton et al. (2009). A fully coupled 
thermo-mechanical model presented by Zhang and 
Zhang (2009) is adopted to analyse the effect of 
welding parameters: the rotating speed, the welding 
speed and material flow patterns. To analyse the 
structures made using RFSSW, the mechanical mod-
el is used. Derlatka et al. (2014) present the compar-
ison of three types of model with different kinds of 

finite elements: full shell elements model, full 3D-
solid elements model and 3D-solid and shell ele-
ments model for analysis the structures during ten-
sile testing. The full 3D-solid model is the most 
exact, but it requires a long total solution time. The 
alternative for shorter computational and modelling 
times are 3D-shell elements. In Fanelli et al. (2012) 
the RFSSW joints and heat affected zone are  
 

modelled as 3D-sold elements and base material as 
shell elements. Derlatka and Kasza (2014a, 2014b) 
present the analysis of bending beams. Complex 
aluminium structures are made from sheets welded 
with spot joints. The joints are meshed by 3D-sold 
elements and sheets by shell elements. 

2. GOAL AND SCOPE OF WORK 

The analysis of the tensile test results for differ-
ent configurations of sheets in RFSSW joints is the 
goal of the paper. The structures were assessed ac-
cording to tensile strength, strains and displace-
ments. Two sheets of 6061-T6 aluminium alloy are 
welded as lap joints by RFSSW. The chemical com-
position of the base material is given in table 1. 

Three variants of sheet position relative to each 
other are analysed – figure 2. In each model, the 
same finite elements are used: 3D-solid for the 
RFSSW joint and shell elements for the sheets. The 
numerical results are compared with experimental 
investigations. The tensile tests were carried out 

Element content, % wt. 
Cr Cu Fe Mg Mn Si Ti Zn other Al 

0.04-0.35 0.15- 0.40 0.70 0.80-1.20 0.15 0.40-0.80 0.15 0.25 0.15 rest 

 

Fig. 2. Geometry of samples: angle between sheets axes of 0º (a), angle between sheets axes of 20º (b), angle between sheets axes of -
20º, mm (c). 
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using a testing machine and a non-contact optical 3D 
deformation system, Aramis, which enables measur-
ing displacements and strains. 

The RFSSW processes were carried out using 
the following parameters: joint thickness 2.2 mm, 
tool rotational speed 2000 rpm, tool input speed 
0.7 s, tool output speed 0.5 s. 

 

 
Fig. 4. Force - displacement diagram. 

3. EXPERIMENTAL INVESTIGATION 

Figure 3 shows the analyzed samples. Figure 4 
shows the force - displacement diagram during ten-
sile tests. The maximum force for the sample with 
the angle between sheets axes of 0º is 9.8 kN, for the 
sample with the angle between sheets axes of 20º is 
9.2 kN, while for the sample with the angle between 

sheets axes of -20º is 7.8 kN. The displacements are 
respectively 1.36 mm, 2.70 mm and 3.58 mm. 

The strain distributions for the analysed samples, 
during peak force, are presented in figure 5. In each 
sample, the area of maximum values concentration 
is located on the edge of the joint and base material. 
In the first sample, the distributions are symmetrical 
with respect to the vertical axis (Y-axis). In the sam-
ples for the angle between sheets axes of 20º and  
-20º, the distributions reflect the shape of a screw. 
The same dependencies are observed in the joint 
shapes after breaking (figure 6). 

 
Fig. 3. Analyzed samples: angle between sheets axes of 0º (a-b), angle between sheets axes of 20º (c-d), angle between sheets axes of -
20º (e-f). 

 
Fig. 5. Strain distribution for samples during tensile test: for angle between sheets axes of 0º (a), for angle between sheets axes of 20º 
(b), for angle between sheets axes of -20º (c). 

 

Fig. 6. Joints after tensile test: angle between sheets axes of 0º (a-b), angle between sheets axes of 20º (c-d), angle between sheets axes 
of -20º (e-f). 
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4. COMPUTATIONAL MODELS 

The ADINA System based on the Finite Element 
Method was used for the numerical studies. 
The geometry of the models is identical to the real 
samples. The model for the samples with the angle 
between sheets of 1600 do not include the differ-
ences in the direction of welding. The sheets and 
joints are modelled as 8-node 3D-solid elements. 
Between the 3D-solid element surfaces of the sheets, 
contact conditions are assumed. The sheet and joint 
elements are connected in nodes. 

 

The boundary conditions and type of load are the 
same for each sample and they are added to the sur-
faces. All the degrees of freedom on the first exter-
nal edge of the sample are fixed, the second external 
edge has one free degree of freedom (X-translation). 
This edge is loaded by the displacement of the ex-

perimental value. The meshes of the samples are 
shown in figures 7, 8. 

Plastic orthotropic material with the following 
parameters: modulus of elasticity 68.9 GPa, yield 
strength 276 MPa, Poisson's ratio 0.33 and density 
2700 kg/m3, is used for each model. 

The model with the angle between sheets of 
1800 has 11648 3D solid elements and 15041 nodes. 
The model with the angle between sheets of 1600 
has 9704 finite elements and 12185 nodes. The cal-
culations are performed in 100 time steps. 

 

5. RESULTS 

The effective plastic strains for the sample with 
the angle between sheets axes of 0º are presented in 
figure 9. Figure 10 shows the effective plastic strains 
for the sample with the angle between sheets axes of 
20º. The results for the sample with the angle be-

 

Fig. 7. Mesh of sample for angle between sheets axes of 0º: whole model (a), RFSSW joint, m (b). 

 

Fig. 8. Mesh of sample for angle between sheets axes of 20º: whole model (a), RFSSW joint, m (b). 

 
Fig. 9. Effective plastic strain for sample with angle between sheets axes of 0º: X-Z view (a), axonometric view, mag. 5x (b). 
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tween sheets axes of -20º are not shown. The strain 
distributions are similar in the sample with the angle 
between sheets axes of 20º. Only the extreme results 
are different. 

In the sample with the angle between sheets axes 
of 0º, the effective plastic strain distributions are 
symmetrical with respect to the X-axis and similar in 
both sheets. The extreme results are located on the 
inner sides of the sheets, which is difficult to specif-
ically identify. The maximums are on the fixed part 
of the sheet, the minimums are on the free part of the 
sheet. The free parts of the sheets are deflected with 
respect to the Y-axis. 

In the sample with the angle between sheets axes 
of 0º the strain distributions are not symmetrical, but 
they are similar in both sheets. The extremes are on 
the area surrounding the RFSSW joint. The precise 
location of the extreme results is difficult, because 
extremes are also located on the inner sides of the 
sheets and the sheets are asymmetrically deflected. 

6. DISCUSION 

Based on the displacement-force diagram, the 
highest breaking force is for the sample with the 
angle between sheets axes of 0º. The shape of the 
curve suggests the sample strains during pure ten-
sile. The samples with the angle between sheets axes 
of 20º are stretched and twisted. Therefore, the 
curves have a complex shape and the displacements 
reach higher values. 

The structures behaviour affect the places of 
strain concentration. The numerical studies show 
that in each sample the maximum value of strains 

are on the inner part of the joint. In the tensile test, 
the samples fracture in the RFSSW joint but they do 
not separate from the sheets. 

 

The sheet Y-displacement for the sample with 
the angle between sheets axes of 0º are the result 
of non-fixed edges with respect to the Y-axis. The 
Y-displacement of the sample with the angle be-
tween sheets axes of 20º is caused by the complex 
behaviour of the sample. 

7. CONCLUSION 

The analysis of RFSSW joints with a different 
arrangement of sheets was conducted. The following 
conclusions were made: 
− The strength of the sample with the angle between 

sheets axes of 0º is higher than the sample with the 
angle between sheets axes of 20º and -20º. 

− In each sample, the maximum strains are ob-
served on the joint area, on the inner surfaces of 
the sheets. The concentration of strains on the 
outer surface are observed on the edge of the 
joint. 

− In each case, the fractures are in the joint. The 
spot welds do not separate from the sheets. 

− The sheets of the sample with the angle between 
axes of two parts of 0º are deflected with respect 
to the Y-axis. The sheets of the sample with the 
angle between axes of two parts of 20º are de-
flected with respect to the Y-axis and they are 
twisted. 

 

 

Fig. 10. Effective plastic strain for sample with angle between sheets axes of 20º: X-Z view (a), axonometric view, mag. 5x (b-c). 
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ANALIZA NUMERYCZNA PUNKTOWYCH POŁĄCZEŃ 
ZGRZEWANYCH TARCIOWO Z MIESZANIEM 

MATERIAŁU 

Streszczenie 
 
W pracy przedstawiono analizę rozciągania próbek ze stopu 

aluminium 6061-T6. Trzy rodzaje próbek powstały poprzez 
połączenie za pomocą punktowego zgrzewania tarciowego 
z mieszaniem materiału. Każda z próbek składała się z jednej 
zgrzeiny łączącej dwie blachy, różniące się ustawieniem. 
W pierwszej kąt pomiędzy blachami wynosił 0o, w celu wyzna-
czenia nośności połączenia na rozciąganie. W drugiej i trzeciej, 
kąt wynosił 20o i -20o. Takie ustawienie blach pozwala na okre-
ślenie maksymalnej siły i przemieszczenia struktury rozciąganej 
i skręcanej. Analizy numerycznej dokonano za pomocą opro-
gramowania ADINA System opartego na Metodzie Elementów 
Skończonych (MES). Blachy oraz zgrzeiny zamodelowano jako 
elementy 3D-solid. Badania eksperymentalne przeprowadzono 
z wykorzystaniem bezkontaktowego oraz nieingerującego 
w materiał systemu pomiarowego, stosowanego do badań obcią-
żonych struktur w celu wyznaczenia trójwymiarowych prze-
mieszczeń, odkształceń powierzchniowych. Analizowano roz-
kład naprężeń, odkształceń oraz przemieszczeń. Dokonano 
porównania wyników z analizy numerycznej oraz eksperymen-
tu. Struktury rozpatrywano z uwagi na wytrzymałość oraz moż-
liwości zastosowania w przemyśle lotniczym. 
 

Received: September 30, 2014 
Received in a revised form: October 27, 2014 

Accepted: December 21, 2014 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


