GDANSK UNIVERSITY
OF TECHNOLOGY

The author of the doctoral dissertation: Aleksandra Laska
Scientific discipline: Mechanical Engineering

DOCTORAL DISSERTATION

Title of doctoral dissertation: Influence of friction stir welding technological parameters on
the properties of the joints of selected aluminum alloys

Title of doctoral dissertation (in Polish): Wptyw parametréow technologicznych zgrzewania
tarciowego z przemieszaniem na wtasnosci ztgczy z wybranych stopéw aluminium

Supervisor Second supervisor

Not applicable

Signature signature
Dr hab. inz. Marek Szkodo, prof. GUT -
Auxiliary supervisor Cosupervisor

Not applicable

Signature signature

Dr inz. Grzegorz Gajowiec -

Gdansk, year 2023




————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
OF TECHNOLOGY

STATEMENT

The author of the doctoral dissertation: Aleksandra Laska

I, the undersigned, declare that | am aware that in accordance with the provisions of Art.
27 (1) and (2) of the Act of 4" February 1994 on Copyright and Related Rights (Journal
of Laws of 2021, item 1062), the university may use my doctoral dissertation entitled:
Influence of friction stir welding technological parameters on the properties of the joints of
selected aluminum alloys

for scientific or didactic purposes.!

signature of the PhD student

Aware of criminal liability for violations of the Act of 4t February 1994 on Copyright and
Related Rights and disciplinary actions set out in the Law on Higher Education and
Science(Journal of Laws 2021, item 478), as well as civil liability, |1 declare, that the
submitted doctoral dissertation is my own work.

| declare, that the submitted doctoral dissertation is my own work performed under and in
cooperation with the supervision of Marek Szkodo, the auxiliary supervision of Grzegorz
Gajowiec.

This submitted doctoral dissertation has never before been the basis of an official
procedure associated with the awarding of a PhD degree.

All the information contained in the above thesis which is derived from written and
electronic sources is documented in a list of relevant literature in accordance with Art. 34
of the Copyright and Related Rights Act.

| confirm that this doctoral dissertation is identical to the attached electronic version.

signature of the PhD student

I, the undersigned, agree to include an electronic version of the above doctoral
dissertation in the open, institutional, digital repository of Gdansk University of
Technology.

GAANSK oo
signature of the PhD student

L Art 27. 1. Educational institutions and entities referred to in art. 7 sec. 1 points 1, 2 and 4-8 of the Act of 20
July 2018 — Law on Higher Education and Science, may use the disseminated works in the original and in
translation for the purposes of illustrating the content provided for didactic purposes or in order to conduct
research activities, and to reproduce for this purpose disseminated minor works or fragments of larger works.

2. If the works are made available to the public in such a way that everyone can have access to them at the
place and time selected by them, as referred to in para. 1, is allowed only for a limited group of people learning,
teaching or conducting research, identified by the entities listed in paragraph 1.


http://mostwiedzy.pl

————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
4 OF TECHNOLOGY

DESCRIPTION OF DOCTORAL DISSERTATION

The Author of the doctoral dissertation: Aleksandra Laska

Title of doctoral dissertation: Influence of friction stir welding technological
parameters on the properties of the joints of selected aluminum alloys

Title of doctoral dissertation in Polish: Wplyw parametréw technologicznych
zgrzewania tarciowego z przemieszaniem na wiasnosci ztgczy z wybranych stopow
aluminium

Language of doctoral dissertation: English
Supervisor: dr hab. inz. Marek Szkodo, prof. GUT
Auxiliary supervisior: dr inz. Grzegorz Gajowiec
Date of doctoral defense: -

Keywords of doctoral dissertation in Polish: zgrzewanie tarciowe z przemieszaniem,
FSW, stopy aluminium, mikrostruktura, korozja, twardosé, wtasnosci mechaniczne,
naprezenia wtasne, gestos¢ dyslokaciji

Keywords of doctoral dissertation in English: friction stir welding, FSW, aluminum
alloys, microstructure, corrosion, hardness, mechanical properties, residual stresses,
dislocation density

Summary of doctoral dissertation in Polish: Celem niniejszej pracy byto okreslenie
wptywu parametrow technologicznych zgrzewania tarciowego z przemieszaniem na
wilasnosci spoin z wybranych stopéw aluminium, z uwzglednieniem naprezen wiasnych
oraz gestosci dyslokacji w ztgczach. Ponadto, celem niniejszej pracy byto wytworzenie
spoin  wolnych od defektéw, charakteryzujgcych sie wysokimi wiasnosciami
mechanicznymi i elektrochemicznymi. W ramach dysertacji wytworzono jednoimienne
spoiny ze stopu AAG6082 oraz réznoimienne spoiny ze stopow AA6082/AA6060 oraz
AA5083/AA6060. Analizowane parametry obejmowaty geometrie narzedzia, predkosc
liniowg narzedzia, predkos$¢ obrotowg narzedzia oraz kat jego pochylenia. Po inspekgciji
wizualnej, wytworzone spoiny badano pod katem mikrostruktury, wytrzymatosci na
rozcigganie, twardosci i odpornosci elektrochemicznej. Ponadto, przedmiotem badan
byta analiza wptywu naprezen wilasnych oraz gestosci i mobilnosci dyslokacji na
wilasnosci spoin. W pracy stwierdzono istotny wplyw parametrow technologicznych
procesu na naprezenia w spoinach oraz charakter dyslokacji, co z kolei wptywato na
wynikajgce wtasnosci mechaniczne i elektrochemiczne ztgczy.

Summary of doctoral dissertation in English: The purpose of this dissertation was to
determine the effect of friction stir welding technological parameters on the properties
of selected aluminum alloy joints, with consideration of the residual stresses and
dislocation density in the joints. The goal of the present work was also to produce defect-
free joints with high mechanical and electrochemical properties. In the dissertation,
similar welds of AA6082 alloy and dissimilar welds of AA6082/AA6060 and
AA5083/AA6060 alloys were produced. The parameters analyzed included tool
geometry, tool traverse speed, tool rotational speed, and tool tilt angle. After visual
inspection, the produced welds were studied for microstructure, tensile strength,
hardness, and electrochemical resistance. In addition, the object of the study was to
analyze the influence of residual stresses and the density and mobility of dislocations


http://mostwiedzy.pl

A\ MOST

on the properties of the welds. The thesis concluded that the technological parameters
of the process had a considerable effect on the residual stresses in the welds and the
nature of the dislocations, which consequently affected the resulting mechanical and
electrochemical properties of the joints.

Summary of doctoral dissertation in language, in which it was written**:
not applicable

Keywords of doctoral dissertation in language, in which it was written**:
not applicable

**applies to doctoral dissertations written in other languages, than Polish or English


http://mostwiedzy.pl

ACKNOWLEDGEMENTS

| would like to express my sincere thanks to my supervisor, Prof. Marek
Szkodo, for his substantive help, valuable comments, kindness, patience,

and support during the entire process of preparing this dissertation.

| would also like to thank my auxiliary supervisor, Dr. Grzegorz

Gajowiec. - for his scientific support, valuable advice, and friendliness.

Words cannot express my gratitude to Prof. Pasquale Cavaliere from the
University of Salento. For his constant support and motivation, invaluable

conversations, but most of all for the great inspiration — grazie mille.

| would also like to thank all my Colleagues from the Institute of
Manufacturing and Materials Technology of the Faculty of Mechanical
Engineering and Ship Technology of the Gdansk University of Technology

for all the discussions, joint research, and valuable advice.

| could not have undertaken this journey without my Family and Friends.
Thank you for your patience, and motivation. | am deeply indebted to

Michat for his unwavering support and belief in me.


http://mostwiedzy.pl

————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

The following dissertation provides
a guide to scientific publications
In the form of a coherent thematic

collection.


http://mostwiedzy.pl

————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

A\ MOST

TABLE OF CONTENTS

LIST OF KEY DESIGNATIONS AND ABBREVIATIONS. .......ccccoeiviiereseeieieeeeea 15
LIST OF SCIENTIFIC PUBLICATIONS PROVIDING THE BASIS FOR THE
DISSERTATION ...ttt ettt ettt bt s et e ne bt nes 17
1. INTRODUCTION ...ttt sttt s et ne bt nes 19
1.1. Aluminum and its alloys — properties, applications, and weldability ........................ 19
1.2. Friction Stir WeldINg ......coooiiiee ettt s 23
1.3. Parameters of friction stir welding of aluminum alloys and resulting properties of
L1 TN Lo £ PRSPPSO 27
2. MOTIVATION AND OBJECTIVES OF THE THESIS.......ccoooiieeceee e 31
3. METHODOLOGY OF THE CONDUCTED RESEARCH .......ccccoeiviiieiinesieeieiine 33
3.1. Selection of @ tool gEOMELIY [P3]. ..ccvi i e 33
3.2. Manufacturing and process parameter analysis for similar AA6082 aluminum alloy
JOINES [P4, PS]. ittt ettt bt re s 35
3.3. Manufacturing and process parameter analysis for dissimilar AA6082/AA6060
aluminum alloy JOINTS [PB]......cccuoiiiiiiiie et re e 36
3.4. Manufacturing and process parameter analysis for dissimilar AA5083/AA6060
aluminum alloy JOINTS [P7]....ccvoiieeee e 38
4. RESULTS AND DISCUSSION ......coiiiiiiiiiieieiee ettt 41
4.1.Macro- and MicroStructure 0DSErVAtIONS...........coiviiiiiirenieeeee s 41
4.1.1. ViISUAL INSPECLION......uiiiiitiii ettt sttt s beete e besae et e teeneesreereenrens 41
O R |V - Tod 0 1511 0 (o (| TSP OU R OPRPRRURPPN 41
G T AV T (0 T (1 = SR PPPSSSN 42
4.2. Analysis of precipitates in aluminum JOINTS ........c.cccccvviiiiiiiicii s 43
4.3, HArdNESS STUAIES ......oiuieiiiiiiieie ettt sttt reere e besneesaesteeeeseeeseeee s 44
4.4. Tensile Strength OF JOINTS.......coiiiiiii s 46
4.5. Electrochemical properties of the JOINtS.......c.ccccveiiiicic i 46
4.6. Residual STreSSeS @NalYSiS......cc.iiiiiiiiiiiieie ettt s re e sr e sre b e 48
4.7 Dislocation density and mobility calculations.............ccocoeiiiiiiiiini e 49
4.8. Description of major research obSErVations.............cccvovcieiieie i e 50
5. SUMMARY ..ottt ettt ettt st et et e sttt e e et et e s et e st r e e e nnens 52
6. REFERENGCES ... ..ottt e s e e s be e e sae e e s tbe e s ntaeesaaae e 54
7. THE CONTENT OF THE PUBLICATIONS WITH A DESCRIPTION OF THE
CONTRIBUTION OF THE DOCTORAL CANDIDATE ..ot 61
7.1. [P1] Friction Stir Welding — an overview of tool geometry and process parameters.61
7.1.1. Declaration of the contribution of the doctoral candidate...............ccccoeviviininennenn 61
7.1.2. Content of the PUBDLICATION .........ccoiiiiiieec e 62
11


http://mostwiedzy.pl

A\ MOST

7.2. [P2] Manufacturing Parameters, Materials, and Welds Properties of Butt Friction

Stir Welded JOINTS — OVENVIEW. .......cuiiiiiiiiiiiie ettt s 84
7.2.1. Declaration of the contribution of the doctoral candidate............cccocovvveviviinnnnnns 84
7.2.2. Content of the PUBIICAtION ..........ccccviiiiiicc e 85
7.3. [P3] Temperature evolution, material flow and resulting mechanical properties as a
function of tool geometry during Friction Stir Welding of AAB082.............cccccevvveveiiennnes 131
7.3.1. Declaration of the contribution of the doctoral candidate..........c..cccccoeeiviveinnnnn. 131
7.3.2. Content of the pUBIICAtION ..........c.coviiiiiii e 132
7.4. [P4] Effect of Processing Parameters on Strength and Corrosion Resistance of
Friction Stir-Welded AABDBZ...........c.ccuiiiiiiiieieieeses s 152
7.4.1. Declaration of the contribution of the doctoral candidate.........c..cccccoovviviveinnenn. 152
7.4.2. Content of the PUBIICAtION ..........cccoviiiiiic e 153
7.5. [P5] Analysis of Residual Stresses and Dislocation Density of AA6082 Butt Welds
Produced by Friction Stir Welding..........cccooviiiiiiiiccc e 169
7.5.1. Declaration of the contribution of the doctoral candidate..........c..cccccoevvviiverinnnnn. 169
7.5.2. Content of the PUBIICAtION ...........cccoiiiiii e 170
7.6. [P6] Corrosion Properties of Dissimilar AA6082/AA6060 Friction Stir Welded Butt
Joints in Different NaCl CONCENTIatioNS. .........ccovieiiiniiiiesie e 185
7.6.1. Declaration of the contribution of the doctoral candidate..........c..ccccccovvvvivernnnnn. 185
7.6.2. Content of the PUBLICAtION ..........ccccoiiiiiii e 186
7.7. [P7] Influence of the Tool Rotational Speed on Physical and Chemical Properties of
Dissimilar Friction-Stir-Welded AA5083/AAB060 JOINTS.........ccccererieinieninesineneeneeneeneas 207
7.7.1. Declaration of the contribution of the doctoral candidate..........c..ccccccoevviviveiennnn. 207
7.7.2. Content of the PUBIICAtION ..........cccviiiiiec e 208
8. DECLARATIONS OF THE CONTRIBUTION OF CO-AUTHORS...........cccccvvveneane. 229
8.1. [P1] Friction Stir Welding — an overview of tool geometry and process parameters.
................................................................................................................................................. 229
8.2. [P2] Manufacturing Parameters, Materials, and Welds Properties of Butt Friction
Stir Welded JOINTS — OVENVIBW. .......cviiiieiiiieiie ettt see e neenes 230
8.3. [P3] Temperature evolution, material flow and resulting mechanical properties as a
function of tool geometry during Friction Stir Welding of AAB082. ...........cccccvvcveverennns 231
8.4. [P4] Effect of Processing Parameters on Strength and Corrosion Resistance of
Friction Stir-Welded AABOB2............cccoviiiie ettt es 236
8.5. [P5] Analysis of Residual Stresses and Dislocation Density of AA6082 Butt Welds
Produced by Friction Stir Welding..........cooo oo 239
8.6. [P6] Corrosion Properties of Dissimilar AA6082/AA6060 Friction Stir Welded Butt
Joints in Different NaCl cONCeNtrations. ........c.coccveii i 243
8.7. [P7] Influence of the Tool Rotational Speed on Physical and Chemical Properties of
Dissimilar Friction-Stir-Welded AA5083/AAB060 JOINTS........cccooveeiiiieieiiieee e 246
9. SCIENTIFIC AND ORGANIZATIONAL ACHIEVEMENTS OF THE DOCTORAL
CANDIDATE ... ettt st e e st e et e e st e e st e e e shbeesbeesatee e snbeeesreeenees 249
12


http://mostwiedzy.pl

A\ MOST

9.1.
9.2.
9.3.
9.4.
9.5.
9.6.
9.7.
9.8.

BibliOMELriC INAICATONS. ..ot 249
LiSt Of PUBIICALIONS ... 249
CoNFErence PreSENTAtiONS. .........ocoiiiiirier e ene s 251
[ oYL=t 3SR 252
Professional traiNing ... e 252
RESEArCH INTEINSNIPS ... 253
AWAEAS ...ttt bbbttt E e bRt ettt 253
Organizational aCtIVITIES .........cccveiiiiiie e 254

13


http://mostwiedzy.pl

————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

A\ MOST

LIST OF KEY DESIGNATIONS AND ABBREVIATIONS

AS — advancing side

BM — base metal

CFD - computational fluid dynamics
CR — corrosion rate, [mm/year]

E — Young’s modulus, [GPa]

Ecorr — cOrrosive potential, [V]

EDS — X-ray energy dispersive spectrometer

EIS — electrochemical impedance spectroscopy

FSW — friction stir welding

H — hardness, [GPa]

HAZ — heat-affected zone

icor — COrrosion current density, [A/cm?]
OCP — open circuit potential, [V]

RS — retreating side

SEM — scanning electron microscopy
SZ — stir zone

Tm— melting temperature, [° C]

TMAZ — thermo-mechanically affected zone
UTS — ultimate tensile strength, [MPa]
v — tool traverse speed, [mm/min]

WN — weld nugget

XRD - X-ray diffraction

o — tool tilt angle, [°]

g —strain, [-]

p — dislocation density, [m]

or — residual stress, [MPa]

o — tool rotational speed, [RPM]

15


http://mostwiedzy.pl

————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

A\ MOST

LIST OF SCIENTIFIC PUBLICATIONS PROVIDING THE BASIS
FOR THE DISSERTATION

Review publications:

[P1] Laska A.*, Szkodo M., Friction Stir Welding — an overview of tool geometry and process
parameters. Under Review in International Journal of Materials Research (IF = 0.678, 40 points
of the Polish Ministry of Science and Higher Education)

[P2] Laska A.*, Szkodo M., Manufacturing Parameters, Materials, and Welds Properties of
Butt Friction Stir Welded Joints — Overview. Materials. 13(21), 4940; 2020.
doi:10.3390/mal3214940. (IF = 3.748, 140 points of the Polish Ministry of Science and Higher
Education)

Original research publications:

[P3] Laska A.*, Sadeghi B., Sadeghian B., Taherizadeh A., Szkodo M., Cavaliere P.,
Temperature evolution, material flow and resulting mechanical properties as a function of tool
geometry during Friction Stir Welding of AA6082. Major Revision (11 round of Under Review
after Major Revision status) in Journal of Materials Engineering and Performance (IF = 2.036,
70 points of the Polish Ministry of Science and Higher Education)

[P4] Laska A., Szkodo M., Koszlow D., Cavaliere P.*, Effect of Processing Parameters on
Strength and Corrosion Resistance of Friction Stir-Welded AA6082. Metals. 12(2), 192; 2022.
doi:10.3390/met12020192. (IF = 2.695, 70 points of the Polish Ministry of Science and Higher
Education)

[P5] Laska A.*, Szkodo M., Cavaliere P., Moszczynska D., Mizera J., Analysis of Residual
Stresses and Dislocation Density of AA6082 Butt Welds Produced by Friction Stir Welding.
Metallurgical and Materials Transactions A — Physical Metallurgy and Materials Science. 54,
211-225; 2023. doi:10.1007/s11661-022-06862-4. (IF = 2.726, 200 points of the Polish Ministry
of Science and Higher Education)

[P6] Laska A.*, Szkodo M., Pawlowski L., Gajowiec G., Corrosion Properties of Dissimilar
AAG6082/AAB060 Friction Stir Welded Butt Joints in Different NaCl concentrations.
International Journal of Precision Engineering and Manufacturing — Green Technology. 10, 457-
477; 2023. doi: 10.1007/s40684-022-00441-z. (IF = 4.66, 200 points of the Polish Ministry of
Science and Higher Education)

[P7] Laska A., Szkodo M., Cavaliere P.*, Perrone A., Influence of the Tool Rotational Speed
on Physical and Chemical Properties of Dissimilar Friction-Stir-Welded AA5083/AA6060
Joints. Metals. 12(10), 1658; 2022. doi: 10.3390/met12101658. (IF = 2.695, 70 points of the
Polish Ministry of Science and Higher Education)

* corresponding author

Total Impact Factor and points of the Polish Ministry of Science and Higher Education for the
published publications ([P2], [P4], [P5], [P6], [P7]) amounted to respectively

= |F:19.238 (11.533%)
= Points of the Polish Ministry of Science and Higher Education: 680 (461%)

# considering the percentage contribution of the doctoral candidate in the preparation of the
above publications.

17


http://mostwiedzy.pl

————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

A\ MOST

1. INTRODUCTION

This chapter is devoted to describing the theoretical issues related to the topic of the dissertation.
The first part briefly characterizes the properties of aluminum alloys with particular emphasis
on their weldability, the second part characterizes the friction stir welding method. The third
part of the chapter refers to a brief review of applications of the friction stir welding method to
aluminum alloys with a special emphasis on the process parameters. An extensive literature
review and analysis of the current state of the art is included in two review articles provided as

part of this dissertation.
1.1. Aluminum and its alloys — properties, applications, and weldability

Aluminum is a silver-white-colored element with the chemical symbol Al and an atomic number
13. Its amount in the Earth's crust is estimated at 8 %. With this respect, it ranks as the third
most abundant element after oxygen (45,5 %) and silicon (25,7 %) [1]. It can be found in many
minerals, always in combination with other elements. It is a metal with relatively good corrosion
resistance and good conductivity of electricity and heat. Aluminum is one of the lightest metals
on Earth [2]. Its specific weight of approximately 2.70 kg/dm? is the equivalent of about one-
third that of steel (7.9 kg/dm?) or copper (8.93 kg/dm?®) [3]. The use of aluminum in its pure
form is limited, mainly because of its low strength. Yield strength is almost always lower than
that of steel [4]. However, this disadvantage is balanced by its lower density, allowing the cross-
sectional area of the component to be increased until the desired strength is reached while
retaining a lower weight. Pure aluminum is used for electrical conductors, in the manufacturing

of foils, in powders for plating utensils, paints, and as a component of alloys [5].

Much greater use is found in aluminum alloys, which are also called light alloys due to their low
density. The most commonly used alloying elements are copper, silicon, magnesium,
manganese, nickel, and zinc. Alloying additives primarily increase strength, corrosion resistance
and improve machinability [6]. Aluminum alloys are divided into cast and wrought alloys.
Wrought and cast aluminum alloys employ distinct identification systems. Cast aluminum alloys
have a four- or five-digit number followed by a decimal point. The numeral in the hundredth
place indicates the component of the alloy, while the digit after the decimal point identifies the
form (cast shape or ingot). The most commonly accepted naming system for wrought alloys is
consistent with the International Alloy Designation System [7]. Each alloy is characterized by
four numbers. The first identifies the principal alloying elements, the second - if it is different
than O - specifies the alloy variety, while the third and fourth digits define the specific alloy in

the series. The series identification is presented in Table 1.
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Table 1 — Identification designation of wrought aluminum alloys

Series Description

1000 Essentially pure aluminum, with a minimum 99 % aluminum content by
weight. Can be work hardened.

2000 Alloys with cooper as a main alloying element. Can be precipitation hardened
to strengths comparable to steel. Formerly defined as duralumin.

3000 Alloys with manganese as a main alloying element. Can be work hardened.

4000 Alloys with silicon as a main alloying element.

5000 Alloys with magnesium as a main alloying element. Most 5000 series alloys
include also manganese. Characterized by very good corrosion resistance.

5000 Alloys with magnesium and silicon as the main alloying elements. Can be
precipitation hardened, but not to a high strength.
Alloys with zinc as a main alloying element. Most 7000 series alloys include

7000 also magnesium and cooper. Can be precipitation hardened to the highest
strengths of any aluminum.

8000 Alloys with alloying elements not covered by the above series (for example

with lithium as a main alloying element).

Both cast and wrought aluminum alloys can be further divided into heat-treatable and non-heat-

treatable alloys. The temper indication follows the alloy designation number with a dash, a letter,

and a one- or three-digit number. The designations of tempers are presented in Table 2.
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Table 2 — Designation of tempers for aluminum alloys

Temper o
. . Description
designation

F As fabricated

Cold worked, with or without thermal treatment, among them:
H1 - Strain hardened, with no thermal treatment

H2 - Strain hardened, partially annealed

H3 - Strain hardened, stabilized by low-temperature heating

0] Annealed

Heat treated to produce stable tempers, among them:

T1 - Cooled from hot working, naturally aged

T2 - Cooled from hot working, cold worked, naturally aged
T3 - Solution heat treated, cold worked

T4 - Solution heat treated, naturally aged

T T5 - Cooled from hot working, artificially aged

T6 - Solution heat treated, artificially aged

T7 - Solution heat treated, stabilized

T8 - Solution heat treated, cold worked, artificially aged
T9 - Solution heat treated, artificially aged, cold worked
T10 - Cooled from hot working, cold worked, artificially aged

W Solution heat treated

Aluminum, and especially its alloys, due to its unique properties - high strength relative to low
density, ability to self-passivation, good electrical and thermal conductivity, and good
machinability result in an increasing construction application of this material. Aluminum alloys
are second behind only steel in use as structural metals [3]. In Western Europe, the production
of primary aluminum (from ore) is over 3 million tons per year and the production of secondary
or recycled aluminum is almost 2 million tons per year [8]. The economic issues of using
aluminum alloys are making them increasingly popular in many industries. Due primarily to its
low specific weight, aluminum alloys are widely used in the aerospace industry [9]. Aluminum
alloy panels are used in Airbus 380 construction [10]. In Comac ARJ21 aircraft there is about

50 kg aluminum alloy skin plate [11]. Aluminum alloys, especially from series 6000 are
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commonly used in the high-speed train industry to produce profiles and carriage components
[12,13]. By reducing the weight of components of aluminum, the energy needed to accelerate
and deaccelerate a car is lower. Owing to that, the payload of a vehicle can be increased. It might
significantly affect the machine running costs [14]. Aluminum alloys are also widely used in
civil engineering. The history of aluminum alloys in the bridge industry dates back to 1933,
when a bridge on an existing structure, the Smithfield Street Bridge in Pittsburgh, USA, was
constructed from this material [15]. The Arvida Bridge is currently the longest aluminum bridge
structure with a center span of 88.4 meters [16]. Aluminum alloys are also extremely popular in
the automotive industry. Back in 1913, NSU produced a car with a body made entirely of
aluminum. Another examples, among many others, are Ford 2000 aluminum body both and a
higher class Audi A8 made of stamped aluminum parts [17]. The 5000 and 6000 series alloys
are applied in shipbuilding due to their good corrosion resistance [18-20].

Welding is a common manufacturing process employed in the production of aluminum alloy
components. It is an effective and economical way of joining two or more pieces of metal
together. Aluminum welding is a very extensive issue, and only the correct proposal of the
method and parameters of the process will make it possible to obtain reliable welds.
Determination of the weldability of aluminum alloys strictly depends on their chemical
composition. In general, some aluminum alloys can be considered relatively weldable, while
some alloying additives cause the use of conventional welding methods to be difficult.

Aluminum itself also exhibits properties that are challenging from a weldability perspective.
Aluminum has a high thermal conductivity (about 200 %) [21]. This value is almost four times

higher than for steel [22]. This makes it difficult to concentrate energy during welding, which
is why high-energy sources such as laser or electron beam welding are particularly
recommended [23-25]. Due to the high thermal conductivity, the cooling of the metal in the
weld pool is also a concern. Rapid solidification of the liquid metal affects the increased risk of
porosity in the weld. Aluminum alloys are one of the metals most susceptible to porosity [26].
Particularly dangerous in terms of a potential porosity of a weld is hydrogen. Hydrogen appears
to be present due to water vapor or hydrocarbon contamination from oils, greases, lubricants,
and solvents. It is crucial to clean the components to be joined and the filler wire immediately
before the process, as well as to use shielding gases. The chemical composition of the alloy also
affects the porosity of the weld [27]. Magnesium reduces hydrogen absorption into the liquid
metal, up to twice with an alloying addition of magnesium in aluminum of 6 %. Copper and
silicon, in contrast, have the opposite effect [8]. As mentioned earlier, aluminum has the ability
to be passivated. This means that a tight layer of Al.Os is formed on the surface of the metal,
which protects the metal from corrosion [28]. However, it should be noted that the Al.Os; melting

temperature is about 2050 °C, while aluminum alloys melt at about 660 °C. This negatively
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affects the weldability of aluminum alloys. Therefore, achieving the melting point of the
aluminum alloy during welding is insufficient to melt the aluminum oxide. A continuous or
fractured ceramic layer will remain in the weld. It might result in severe incomplete fusion
defects. It is extremely important to remove the oxide layer immediately before welding.
Aluminum oxide can be removed by mechanical processes (brushing with a stainless steel brush,
cutting with a saw, or grinding with semi-flexible grinding discs), chemical etching, or pickling

[8]. Degreasing should be also performed before mechanical cleaning. Another important aspect
is the high coefficient of thermal expansion of aluminum (23.6-10° %). Its value is twice as

high as for steel. This causes large welding deformations [29]. High stresses affect the
occurrence of weld cracks. Solidification cracking occurs in the center line of the weld, typically
extending along the line during solidification. Solidification cracking can also occur in the weld
crater at the completion of the welding procedure. Liquation cracking can also be observed in
the case of welding of aluminum alloys. It occurs in the heat-affected zone, when layers with a
low melting point are formed at the grain boundaries. They are not able to withstand the
contraction stresses created during the solidification and cooling of the weld metal [30].

It should be noted that most of the issues affecting the weldability problems of aluminum are
caused by a change in the state of the metal. Therefore, it is preferable to use joining methods
in which the melting point of the metal is not reached. Thus, fusion welding techniques are being
replaced by solid-state welding techniques. An example of such a method is friction stir welding
(FSW).

1.2. Friction stir welding

Friction stir welding is an innovative solid-state welding method, invented in 1991 in The
Welding Institute of the United Kingdom [31]. This method, initially dedicated to aluminum
alloys, today is also successfully used to join copper and its alloys [32—-34], magnesium and its
alloys [35-37], steels and ferroalloys [38—40], and even titanium and its alloys [41-43]. It is
also widely used in joining polymers [44—46], metallic and polymer matrix composites [47—49].
It also allows the manufacture of dissimilar joints, with materials that differ significantly in
mechanical and physicochemical properties [50-52]. According to its definition, friction stir
welding is a solid-state welding process. This implies that the materials can be joined without
reaching their melting point. Thus, several problems occurring during the fusion welding

process due to a change of a state, described before, can be eliminated [53].

The principle of forming a joint by friction stir welding is relatively simple. The essence of
creating a joint is to use a tool with a specially designed geometry, which, by its very principle,

should be non-consumable. In this regard, a very important issue is the proper selection of the
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material for the tool. The tool consists of two integral parts - a pin and a shoulder. The tool put
into rotational motion plunges into the material on the joint line. Due to the forces involved, it
is necessary to rigidly fix the components to be welded, the surfaces of which on the joint line
must be pressed together. During the process, the contact between the surfaces of the shoulder
and the workpieces to be welded must be strictly controlled. One of the process parameters is
the axial force and plunge depth of the shoulder. The tool pin is plunged into the material and is
primarily responsible for mixing the material. Then the tool, all the time performing rotational
motion at a certain speed, begins to move in a linear motion along the joint line, forming the
weld. In the course of the process, the kinetic energy of a non-consumable welding tool fitted
with a uniquely devised shoulder and pin transforms into thermal energy generated by the
friction of a tool traveling along the edge of a contact line. Heat and softening of the material
are provided by the friction generated on the interface between the tool and components. The
rotating tool leads to the plastic deformation of the material of the workpiece. Plasticized
material is mixed and extruded around the tool in a backward direction and a final joint is
formed.

A butt joint is shown in Figure 1 as an illustration of the process, however, FSW allows the
fabrication of joints of other types. Typically, this method is used to produce butt welds, lap

welds, and corner welds [54,55].
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Figure 1. Schematic illustration of friction stir welding process.

This method is considered a green technology. Since the melting point of materials is not
reached during the process, energy consumption is lower. In addition, the process uses a non-
consumable tool. There is no need for fluxes, electrodes, or shielding gases. Furthermore, the
amount of CO released into the atmosphere can be reduced [56]. The control of the process
in the FSW method is easier to be realized. After establishing the optimal set of parameters there
is no need to apply non-destructive testing. This allows for reducing the pollution generated by
sprays used in magnetic and visual inspections or, in the case of applying X-ray tests, radiation

exposure.

One of the main process parameters is the geometry of the tool. The geometry directly affects
the process of generating frictional forces, the amount of heat introduced, and the nature of the
mixing of the plasticized material. The special design of the tool has been a matter of concern
since the FSW method was considered a big step in metal joining techniques. A ratio of

diameters of the shoulder and the pin is critical from the heating aspects, while a tool design
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governs process loads, properties, and uniformity of microstructure. There are plenty of shapes
of the shoulder and the pin. They can also be modified with features like threads, scrolls, or
grooves. The process temperature is always lower than the melting point of the welded material,
due to the forces acting during the process, special attention should be focused on the
uncontrolled degradation of the tool. Therefore, it is necessary to select the tool material so that
it is characterized by high wear resistance, high hardness and is suitable for operation at
corresponding temperatures. These materials include but are not limited to tool steels [50,57],
high-speed steel (HSS) [58,59], metal carbides [60—62], nitrides [63-65], and ceramics [66,67].

In addition to tool geometry, the most important process parameters are tool rotational speed
(), tool traverse speed (called also welding speed) (v), and tool tilt angle (o). Stirring and
mixing of the material around the pin is a result of the rotation of the tool. The linear movement
of the tool moves the mixed material from the front to the back of the probe and it accomplishes
the welding process. It is also possible to observe an increase in the temperature in all the zones
characteristic for FSW joints caused by a tilt angle increase [68]. The reason for that is an
increase in the friction heat caused by a wider contact area between the workpiece and the pin
as well as increased plastic work of deformation energy. A large tilt angle additionally favors
high hydrostatic pressure and high temperature which, in turn, translate into enhanced integrity
of the nugget. However, severe tool wear may occur due to high hydrostatic pressure and high
temperature in the welding zone. In the majority of cases tilt angle ranges from 0 to 3 © [52,69—
71].

Due to the solid-state nature of the FSW process, a very specific microstructure occurs. In the
most general terms, there are four zones to be distinguished: stir zone (SZ), thermo-
mechanically affected zone (TMAZ), heat-affected zone (HAZ), and base metal (BM).
Formation of the stir zone also known as a nugget results from the recrystallization occurring in
the thermo-mechanically affected zone. For aluminum alloys, it is characteristic that fine grain
size material composes the nugget. Additionally, it is considered that it experiences plastic
deformations resulting from the interaction with the pin of the welding tool. Occasionally, a
nugget may mimic the pin intersection shape. A unique transition zone occurring between the
base material and the nugget zone is one of the characteristic features of the FSW process.
Thermo-mechanically affected zone (TMAZ) is exposed to deformation and temperature during
the process. In this zone, elongated grains of parent material are to a large extent deformed in
an upward direction following the pattern surrounding the nugget zone. The material in TMAZ
is subjected to plastic deformation but because of insufficient deformation strain, there is no
recrystallization. Exposure to high temperatures during the FSW process causes the dissolution
of some precipitates in the TMAZ. Moreover, it has been demonstrated that grains contained

within TMAZ can possibly feature a high-density of sub-boundaries [72]. The heat-affected
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zone is located beyond TMAZ and is subjected to a thermal cycle. There are no plastic
deformation of any kind in the HAZ. The grain structure of the HAZ is unchanged concerning
the parent material, however, the exposure to temperatures significantly affects the structure of
the precipitate. The HAZ is sufficiently heated during the process so it alters the properties of
that material without any plastic deformation. The modification of properties in the HAZ

includes changes in toughness, ductility, corrosion susceptibility, and strength.

The solid-state welding characteristics of this method make the joints have high mechanical
strength and electrochemical properties. Also, the risk of defects in the joints is lower. The next
subsection of this dissertation will focus on the analysis of the properties of FSW joints, with

particular emphasis on aluminum alloy welds.

Due to the above advantages over fusion welding techniques, there is growing interest in this
method. To date, hundreds of patents have been approved for this method, and the number of

scientific publications is growing exponentially [73,74].

1.3. Parameters of friction stir welding of aluminum alloys and resulting properties of the

joints

The FSW method was originally intended to be used to join aluminum and its alloys. Although
in recent years it has been successfully applied to join other materials as well, it is aluminum
and its alloys that are most often joined using this method. Because of the difficulty of welding
aluminum with conventional methods, FSW provides an effective solution for welding these
materials, providing reliability, easy process parameter control, and reduced risk of defects
contributing to reduced mechanical properties of the welds. The temperature is typically
maintained below 500 °C during the FSW process of aluminum and its alloys [75]. Large
deformations caused by mechanical mixing of the material during welding cause measurement

of temperature to be difficult. It is suggested that it is near the solidus temperature [76].

The parameters of the FSW process significantly affect the properties of the resulting joints.
However, the current state of knowledge does not allow to clearly define these relationships.
Tool geometry is one of the most important parameters in the FSW process, as it directly affects
the generation of heat generation and material flow. The material movement around the pin
depends on the geometrical features of the tool. The special design of the tool has been
a matter of concern since the FSW method was considered as a big step in metal joining
techniques. The possible thickness of workpieces, the type of material to be welded, and
possible welding positions are conditioned by the tool geometry [54]. Zhao et al. [77] proposed
four different tool geometries to join AA2014 - cylindrical pin, tapered pin, cylindrical screw

thread pin, and tapered screw thread pin. It was observed that the use of a taper screw thread pin
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resulted in the formation of a joint of high quality. Elangovan et al. [78] applied five different
tool pin geometries (triangular, square, straight cylindrical, threaded cylindrical, and tapered
cylindrical) to weld AA2219. Only the application of a square pin profile tool resulted in the
production of defect-free welds with high mechanical properties. Krasnowski et al. [79]
proposed a triflute pin profile to joint AA6082 alloy by the FSW method. Ji et al. [80] found
that a thread design of a pin is critical in terms of the plasticized material flow in AA2024 alloy.
In the studies of Aldanondo et al. [81] it was observed that the application of the tool
characterized by 3 flats and mixed thread resulted in enhanced properties of the AA2060 and
AA2099 joints compared to the joints produced with a conventional threaded tool.
Ramanjaneyulu et al. [82] found that the heating generation rate and the peak temperatures
achieved are comparatively higher for non-circular pin sections, increasing with the number of
flat profiles. Vairis et al. [83] observed the highest weld efficiency achieved with a cylindrical
pin tool for AA7075 friction stir welded joints. The current state of knowledge does not allow
the selection of a one reliable tool geometry to produce defect-free welds with advanced
properties. Analyzed scientific reports are often contradictory, and it is impossible to draw clear

conclusions.

Apart from the geometry of the tool, the dimensions of the tool also have a significant impact
on the FSW process. The analysis of tool dimensions mainly considers the length of the pin, its
diameter, the diameter of the shoulder, and the ratio of the diameter of the shoulder to the
diameter of the pin. The length of the pin affects the penetration level of the plasticized material
in the nugget zone. The length of the pin must be sufficient to penetrate the weld. However, it
should not be too long so that it does not rub against the backing plate. The heat input in the
FSW process highly depends on the dimensions of the tool. In investigations of friction stir
welding of aluminum alloys by Dehghani et al. [52], Khodir and Shibayanagi [84], Cavaliere et
al. [85], Leitao et al. [86], and Peel et al. [87] it was concluded that the thermal input has a bigger
impact on weld properties than the mechanical deformation by the tool. The ratio of shoulder
diameter to the pin diameter, for aluminum and its alloys, should be in the range of 2.5:1t0 4.5:1
[84-90].

Another crucial variable during the FSW of aluminum and its alloys is a tool tilt angle. A tilt
angle of 0 to 3 is recommended for aluminum alloys [88-92]. Ensuring the proper angle of the
tool helps the mixed material re-coalesce at the rear end of the tool. It is possible to observe an
increase in the temperature in the nugget, heat-affected zone, and thermo-mechanically affected
zone caused by a tilt angle increase [68]. The reason for that is an increase of the friction heat
caused by a larger contact area between the workpiece and the pin as well as increased plastic
work of deformation energy. A large tilt angle additionally favors high hydrostatic pressure and

high temperature which, in turn, translate into enhanced integrity of the nugget [93]. However,
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severe tool wear may occur due to high hydrostatic pressure and high temperature in the welding
zone. The relation between the tilt angle and microstructure and mechanical properties of
dissimilar aluminum alloy joints AA6061/AA5083 was investigated by Hamid et al. [90]. In
their experiments, tilt angles within the range of 0 to 4 ° with 1 ° increments were used.
Micrographic examination of the welded joints showed that a tilt angle equal to 3 ° produced a
defect-free joint. Lower tilt angles produced joints with tunnel defects in the bottom section of
the weld nugget which, in turn, caused the strength reduction. Vijayaraghavan et al. [94]
produced welds of dissimilar aluminum alloys applying various tilt angles ranging from 1 to 3 °,
with a plate of AA7075 alloy on the advancing side and AA6082 on the retreating side. The
relation between the tilt angle and tensile strength was investigated. The experiments proved
that a higher tilt angle applied during the process produces a weld with a lower tensile strength.
Additionally, the increase in the tilt angle translated into a decrease in the impact strength of the
welded joint.

The Friction Stir Welding method is mostly characterized by two parameters: tool rotational
rate () and tool traverse speed (v) along the line of edges to be welded [95]. The rotation
movement of a tool can be in a clockwise or counterclockwise direction. Choosing the proper
tool traverse speed and tool rotational rate is a fundamental problem in the design of the FSW
process. The traverse and rotational speed values of the tool depend primarily on the thickness
of the components to be welded. In the study of Raweni et al. [55] Taguchi method was applied
to propose the optimized set of the FSW parameters to weld AA5083 plates. The mathematical
formulas enabled to predict the characteristics of the welds prepared under different conditions.
The results show that the traverse speed has the highest effect on the fracture toughness and the
crack propagation energy is the highest when the tool traverse speed is the highest. The optimum
parameters for the total input energy and the energy for crack initiation were equal to 600 RPM
for the rotational speed and 125 mm/min for the tool traverse speed. Balasubramanian [96]
investigated the macrostructure of FSW joints using five different aluminum alloys — AA1050,
AAB061, AA2024, AAT7039, and AA7075. All the fabricated welds were analysed at low
magnification by an optical microscope. Different values of the tool traverse speed at the
constant tool rotational speed of 1200 RPM were used. Of the five tool traverse speed values
used, the welds fabricated with the traverse speed of 135 mm/min for AA1050 alloy resulted in
defect-free joints. The welding speed of 75 mm/min for AA2024, 100 mm/min for AA6061,
45 mm/min for AA7039, and 22 mm/min for AA7075 alloys resulted in the formation of defect-
free joints. The same investigations were conducted for the varying tool rotational speed. The
constant tool traverse speed of 75 mm/min was kept. Joints fabricated with a rotational speed
equal to 900 RPM for AA1050, 1100 RPM for AA6061, 1200 RPM for AA2024, 1300 RPM
for AA7039, and 1500 RPM for AA7075 alloys resulted in the formation of defect-free joints.
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For other combinations of parameters defects like pin holes, tunnel defects, piping defects,
Kissing bonds, and cracks occurred. Feng et al. [97] investigated the microhardness of the FSW
AAT7075 alloy welds made using different tool traverse speed values. At a constant tool
rotational speed of 800 RPM, as the tool traverse speed increased from 100 to 400 mm/min, the
hardness values increased and the width of the lowest hardness zone decreased. The same
investigations were made for the constant tool traverse speed and the increasing tool rotational
speed from 800 to 1200 RPM. The width of the low hardness zone had almost no change and
the hardness values did not change significantly either. However, the location of the low
hardness zone changed and moved outward. The same relationship for FSW AA6061 alloy was
proved by Feng et al. [98]. In the research conducted by Zhang et al. [99] AA2024 plates were
successfully welded by the FSW method at the varying tool rotational rate from 400 to
1200 RPM in steps of 400 RPM and at the tool traverse speed equal to 100, 200, and
400 mm/min. The ultimate tensile strength increased from 408 to 451 MPa, respectively with
an increase of the tool traverse speed, for the joints made with a tool rotational speed of
800 RPM. The elongation at those parameters increased with an increase in the tool traverse

speed.

Considering the extensive literature review in [P1] and [P2] included in this dissertation, it can
be concluded that the selection of appropriate traverse and rotational speed of the tool, tool
geometry and tool tilt angle is still a current issue. The present state of knowledge does not allow
to unambiguously determine the optimal parameters of the FSW process, and the analysed

scientific publications are often in contradiction with each other.
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2. MOTIVATION AND OBJECTIVES OF THE THESIS

The research thesis of the doctoral dissertation claims that it is possible to shape the
physicochemical and mechanical properties of similar and dissimilar joints of selected
aluminum alloys by appropriate selection of the parameters of the FSW process, which includes
both the geometry and inclination of the tool and its rotational and traverse speed. The
correlation between the FSW process parameters and the properties of the joints of selected
aluminum alloys is possible due to the change in the dislocation structure of the joint material

depending on the selected process parameters.

The scientific objective of the dissertation was to determine the influence of friction stir welding
process parameters on the residual stresses, dislocation densities and mobility, and the resulting
mechanical and electrochemical properties of joints from selected aluminum alloys.

The functional objective of the dissertation was to produce joints of selected aluminum alloys

without defects, which are characterized by high mechanical and electrochemical properties.

The current state of knowledge does not allow a clear determination of the influence of the
parameters of the friction stir welding process on the stress state of the resulting joints and the
densities, types, and mobility of dislocations. These properties significantly affect the
mechanical and electrochemical properties of the joints. The process is influenced by parameters
such as tool geometry, tool traverse and rotational speed, and tool tilt angle. These parameters
not only determine the mixing process of the plasticized material but also affect the amount of
heat introduced and the distribution of forces. This translates directly into the resulting residual
stresses in the material and also completely changes the material properties. The material
subjected to the welding process is characterized not only by a different microstructure but also
by changed dislocation densities. The types of dislocations and their mobility also change. This

directly affects the resulting mechanical and electrochemical properties.

The expected result of the work was to design a tool and propose parameters for the friction stir
welding process in such a way that defect-free joints of selected aluminum alloys with high

strength and corrosion resistance could be achieved.
The scope of work conducted as part of this dissertation included:

1. Anextensive literature review on the determination of the state of the art from the field
of friction stir welding method with particular emphasis on the application to joining
aluminum alloys.

2. Design of tools to produce sound similar and dissimilar joints from aluminum alloys.
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3. Selecting the appropriate methodology for producing FSW welds - selection of traverse
and rotational speed of the tool, tool tilt angle, and tool geometry in order to obtain
similar and dissimilar joints from selected aluminum alloys that do not exhibit serious
material discontinuities and defects.

4. Studies of produced similar joints of AA6082 alloy, and dissimilar AA6060/AA6082
and AA5083/AA6060 alloys joints- macro- and microstructural studies, analysis of
precipitation, measurements of hardness and tensile strength, electrochemical tests,
studies on residual stresses and dislocation density and mobility.

5. Analysis of the effects of process parameters such as tool geometry, tool traverse speed,
tool rotational speed, and tool tilt angle on the mechanical, electrochemical, and
physicochemical properties of AA6082, AA6060, and AA5083 alloy joints.

6. Analysis of the obtained research results and preparation of scientific publications.

The result of the work conducted as part of the dissertation is a series of coherent collection of
publications. It includes 2 review articles and 5 research articles. 5 articles have been published
and 2 are in review. All of these articles have been published or are in review in JCR-listed

journals.
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3. METHODOLOGY OF THE CONDUCTED RESEARCH

3.1. Selection of a tool geometry [P3].

Choosing the proper tool geometry is a key aspect of the successful manufacturing of sound
joints. On the basis of an extensive review of the literature, with a particular focus on the effect
of tool geometry on the properties of fabricated joints (section “2. Geometry of the tool” in [P1]),
two different tool geometries were selected. The exact geometries of the proposed tools, with

their full dimensioning, are presented in Figure 1.
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Figure 1. Schematic illustration of the geometries of the tools used for Friction Stir Welding.

Both tools were designed in such a form that they possessed interchangeable pins. According to
the FSW process, the tool should be made non-consumable by its nature. However, due to the
high temperatures of the process and the forces applied, there is a risk of gradual degradation of
the tool. In order to keep the pin's geometry constant, due to its interchangeability, the cost of
using such a tool is much lower. The tools also have extendable pins, so the length can be defined
in a controlled manner. The suggested length of the pins has been proposed for welding 3 mm
thick metal sheets. The material of the pins was 73MoV52 tool steel, with a hardness of 58 HRC
(Wilson Mechanical Instrument Co. Inc., USA). Both the body of the tool and its shoulders are
made of X210Cr12 tool steel, with a hardness of 61 HRC (Wilson Mechanical Instrument Co.
Inc., USA). Based on the literature review in [P2], the traverse speed of the tool was proposed
to be equal to 250 mm/min, the tool rotational speed of 1000 RPM, and the tool tilt angle of 2 °.
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The material used was AA6082 aluminum alloy, solution heat-treated and artificially aged to
T651 condition. The rolled sheets of 3 mm in thickness were used to perform computer

simulations and the friction stir welding process.

Analysis of the influence of tool geometry involved computer simulations in COMSOL
Multiphysics® 5.3 software with an applied computational fluid dynamics (CFD) approach. In
order to simulate the heat generated in the tool/ workpiece interface, the steady-state solution
was used. In this model, the tool was placed in the center of the part and the temperature
distribution model was considered based on the steady-state heat transfer equation. Also, the
heat generation process was divided into two general parts: heat produced by friction and heat

produced by plastic deformation, and this issue was considered in the models.

The welding process was conducted on a conventional milling machine (FU251, Friedrich
Engels Kazanluk, Bulgaria). The employed process parameters were identical as in the case of
conducted simulations — the tool traverse speed was 250 mm/min, the tool rotational speed was
1000 RPM and the tool tilt angle was 2 °.

The welded samples were investigated with respect to their macro- and microstructure. The
specimens were cut in cross-sections. The samples were wet-ground to the final gradation of
#4000 and polished with a 1um diamond suspension. Firstly, the metallographic samples were
etched in a 2(wt) % NaOH solution for 60 s. Then, the samples were immersed for 10 s in a
solution of 4 g KMnO4, 1 g NaOH, and 100 mL of distilled water (Weck’s etchant). The
microstructural observations were performed using an optical microscope (BX51, OLYMPUS,
Japan), in accordance with the ASTM E3 standard - Standard Guide for Preparation of
Metallographic Specimens. The average grain size was calculated with the use of the linear
intercept method, according to ASTM E112-13 standard - Standard Test Methods for

Determining Average Grain Size.

The microhardness distribution measurements were performed on the cross-sections of the
produced joints at a distance of 1.5 mm from the weld face (central line of cross-sections). The
length of the measurement line was 32 mm and measurements were made every 0.25 mm. This
allowed observation of all zones of the joint — a weld nugget, a thermo-mechanically affected
zone, the heat-affected zone, and a base metal. A Vickers microhardness tester (Future-Tech
FM-800, Japan) with a load of 1 N was used.

The tensile properties of the produced welds were performed with a universal testing machine
(Zwick/Roell 100, Germany). Three samples were tested in order to calculate their standard
deviation. The fracture surfaces of the samples after the tensile tests were investigated by a high-
resolution scanning electron microscope (SEM) (Phenom XL, Thermo Fisher Scientific,

Netherlands) with a backscattered electron detector (BSE).
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3.2. Manufacturing and process parameter analysis for similar AA6082 aluminum alloy
joints [P4, P5].

After selecting a proper tool geometry, which was a tool with a hexagonal pin with grooves, the
next research focused on the selection of other process parameters — tool traverse speed, tool
rotational speed, and the tool tilt angle. Based on the literature review in [P2] two different tool
traverse speeds (200 and 250 mm/min), two different tool rotational speeds (1000 and
1250 RPM), and two different tool tilt angles (0 and 2 °) were selected. The welding process
was conducted on a conventional milling machine (FU251, Friedrich Engels Kazanluk,
Bulgaria). The process was performed on AA6082-T6 aluminum alloy sheets with a thickness

of 3 mm.

The produced samples were cut and wet ground to the final gradation #4000 and polished with
a diamond suspension. To observe macrostructure the Keller’s etchant was used, consisting of
95 mL Hz0, 2.5 mL HNOs3, 1.5 mL HCI and 1 mL HF. For the microscopic observations, the
procedure introduced in the previous section was also employed with the use of an optical
microscope (BX51, OLYMPUS, Japan). Moreover, the electron backscattered diffraction
method (EBSD) was applied using scanning electron microscopy (Hitachi SU-70, Japan). The
samples were prepared with the use of argon ion polishing at 5 kV (Hitachi IM4000, Japan).
EBSD maps were collected in the nugget zone, thermo-mechanically affected zone, heat-
affected zone, and the base metal with an acceleration voltage equal to 20 kV with a step size
of 0.2 um. The analysis of the data was performed with HKL Channel 5 software (Oxford

Instruments, United Kingdom).

The nugget zones of the welds produced were also analyzed for phase composition by X-ray
diffraction method (XRD) (Philips X’Pert Pro, Netherlands). The diffractometer with Cu Ka
radiation was applied with a wavelength of 0.15418 nm. It operated with 30 kV and 50 mA. The
patterns were observed with a Bragg-Brentano geometry over 26 range 20-90 ° with a step of
0.02 °. The Rietveld refinement method was used for the quantitative analysis of phases using
MAUD software.

To calculate crystallite sizes and microstrains in the nugget zones and the base metal the
Williamson-Hall analysis was proposed. The procedure is described in detail in [P5]. To
calculate residual stresses based on the value of microstrains, the indention method was applied
(Nanotest Vantage, Micro Materials, United Kingdom). The maximum force during indentation
tests was equal to 5 N, the loading and unloading time during each experiment was 20 s, and the
dwell period of 5 s was defined. The specimens were subjected to 10 measurements to calculate
standard deviations. The values of reduced Young’s modulus were obtained The calculated

values of the Young’s modulus were analyzed in terms of residual stresses. To calculate the
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dislocation densities the modified Williamson-Hall procedure was applied. The method is
described in detail in [P5]. Also, to calculate the dislocation mobility, the dwell period during

the indentation tests was studied.

The microhardness tests were performed with the force of 2 N with a Vickers indenter (Future-
Tech FM-800, Japan) in three lines on the cross-section of the joints — top (0.5 mm from the
weld face), middle (1.5 mm from the weld face) and bottom (2.5 mm from the weld face). This
approach allowed to observe the shape of the exact zones on the cross-sections.

The welds produced were also studied for their electrochemical resistance. The tests were
performed according to the standard ASTM G5-94. The tests were conducted in an environment
simulating seawater. The proposed concentration of sodium chloride was equal to 3.5 %, which
is the average salinity of seawater in the world. The temperature of the process was kept constant
(20 °C), using potentiostat/galvanostat (Atlas 0531, Atlas Solich, Poland). A three-electrode
system was used (a counted electrode — platinum, a reference — a calomel electrode, a working
electrode — a weld nugget). The open circuit potential (OCP) was measured in 60 min and the
corrosion curves were obtained within the range of potential from — 2 to + 1 V. The Tafel
extrapolation method was applied to determine the corrosive potential (Ecor) and corrosion
current density (icorr) (Atlas 0532 Electrochemical unit). Scanning electron microscopy (SEM)
with a backscattered electron detector was applied to observe the surfaces of the samples after
electrochemical tests (Phenom XL, Thermo Fisher Scientific, Netherlands).

The whole analysis was performed also with respect to the revolutionary pitch values, defined
as the tool rotational speed divided by the tool traverse speed. The revolutionary pitch indicated

the heat input during the process.

3.3. Manufacturing and process parameter analysis for dissimilar AA6082/AA6060

aluminum alloy joints [P6].

The results obtained on the similar AA6082 joints were decided to be confronted with the results
of the studies on dissimilar aluminum alloy joints. The dissimilar aluminum alloy joints were
produced with AA6082 alloy on the advancing side of the joint and AA6060 alloy on the
retreating side. Both alloys were solution heat-treated to T6 condition. The thickness of the
sheets was equal to 3 mm. The process was performed on the same milling machine (FU251,
Friedrich Engels Kazanluk, Bulgaria). The tool with a hexagonal pin with grooves was used.
Based on the previous results, it was decided to keep the tool inclined, with the tool tilt angle
equal to 2 °. The tool rotational speed was kept constant at 1250 RPM. Two different tool

traverse speeds were chosen: 160 mm/min and 200 mm/min.
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The microstructure observations methodology was identical to the procedure presented for

AAB082 aluminum alloy joints.

Also, the XRD testing was performed with the same procedure as described before. Based on
the Williamson-Hall analysis, the crystallite size and microstrains were calculated for the welds
nuggets and base metal. Nanoindentation tests were performed with a pyramidal Berkovich
indenter, and 25 measurements were performed for each specimen to calculate deviations. The
maximum force was equal to 10 N, the loading time was equal to 20 s, and the unloading time
was 15 s. The dwell time with the maximum force was equal to 5 s. The distance between indents
was equal to 200 pm. From the obtained reduced Young’s modulus value, the Young’s modulus
was calculated, based on the Olivier -Pharr procedure. Considering microstrains and Young’s

modulus values, the residual stresses were calculated.

Based on the data obtained during indentation tests, the geometrically necessary dislocation
density, statistically stored dislocation density, and the mobility of dislocation were calculated
for all the tested specimens.

To discuss the electrochemical performance of the produced welds, the potentiodynamic and
electrochemical impedance spectroscopy (EIS) tests were performed. The research was aimed
at determining corrosion resistance in seawater. Due to the varying salinity concentrations of
seawater around the world, especially in the Baltic Sea, tests were performed at three different
NaCl concentrations: 0.2, 0.7, and 1.2 %. Electrochemical measurements were completed with
the use of a potentiostat/galvanostat (Atlas 0531, Atlas Solich, Poland). The same three-
electrode system was proposed. The OCP data were collected within 60 min. The EIS studies
were performed at the frequency from 1 Hz to 100 kHz. The signal amplitude was equal to 10
mV, and 10 points per decade were collected. The EIS spectra were collected at the OCP
potential value. To fit the obtained EIS data, the ZView software (Scribner Associates Inc.,
USA) was applied. The %2 representing goodness of fit was kept on a level lower than 107,
Potentiodynamic studies were performed within the range of potential from -2 to +1 V. The scan
rate was 1 mV/s. AtlasLab software (Atlas Sollich, Poland) was used to perform Tafel
extrapolation. Before and after the electrochemical tests the weight of the samples was measured
(Pioneer PA114CM/1, OHAUS, Switzerland) with an accuracy of 0.1 mg.

Before and after the corrosion studies the surface of all the samples was observed by a high-
resolution SEM (Jeol, JSM-7800 F, Jeol, Japan) with a BED detector at 5 kV voltage.

The degradation tests were also performed on the welded samples and both base metals. All the
samples were immersed in individual containers containing 200 mL of a solution of H20 with
NaCl with a concentration of 3.5 %. After 168 h of keeping the samples immersed at room
temperature, the weight loss of the samples was checked (Pioneer PA114CM/1, OHAUS,
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Switzerland). The accuracy of the collected data was equal to 0.1 mg. The corrosion rate (CR)

was collected using the formula:

- 87600

[mm _ Am[g]
year| ~ d [-L5]:stem2)-e(n)

where Am is a weight loss (in g), d is the density of the alloy (for both alloys it’s equal to
2.710 g/lcm?), S is the surface area of the sample (in cm?) and t is the time of immersion (in h).

The tests were performed 3 times for each type of specimen to calculate the deviation.

3.4. Manufacturing and process parameter analysis for dissimilar AA5083/AA6060

aluminum alloy joints [P7].

The study included the characterization of dissimilar FSWed butt joints, with AA5083-0 alloy
on the advancing side and AA6060-T on the retreating side. The thickness of both sheets was
equal to 3 mm. The process was performed on the same milling machine (FU251, Friedrich
Engels Kazanluk, Bulgaria). The tool with a hexagonal pin with grooves was used. In this study,
the tool tilt angle was kept constant at the value of 2 °. The tool traverse speed was also constant
and equal to 100 mm/min. The welding process was carried out at different tool rotational speed
values — 800, 1000, and 1200 RPM.

The microstructure observations methodology was identical to the procedure presented for
similar AA6082 aluminum alloy joints and dissimilar AA6082/AA6060 aluminum alloy joints.

Indentation tests were employed to perform hardness measurements on the cross-sections of the
produced welds. The tests were performed in the middle line of the cross-section (1.5 mm from
the weld face). The indents were spaced at 0.5 mm. 60 independent measurements were
performed for each sample in the line of the length of 30 mm. This methodology allowed to
examine all the zones of the joints — weld nugget, thermo-mechanically affected zone, heat-
affected zone, and the base metal. A diamond Berkovich indenter was used, and the applied
force was equal to 1 N. The loading and unloading time was 20 s, the dwell time was 5 s. Based
on the obtained data not only hardness values were discussed. Also, the density of geometrically
necessary dislocations and statistically stored dislocations, and the dislocation mobility were

calculated based on the procedure described in detail in [P7].

The potentiodynamic studies were performed with the use of potentiostat/galvanostat (Atlas
0531, Atlas Solich, Poland). The selected NaCl concentration was equal to 3.5 %, the average
concentration of seawater worldwide. Disc samples cut from the nugget zone of the produced
joints and the base metals with an area of 1 cm? were tested. The temperature of the solution
during the entire process was kept constant at 20 °C. A three-electrode system defined before

was used. The OCP measurement was performed with a procedure explained before. The
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corrosion curves were also obtained with the procedure the same as for the previous samples, as
well as the Tafel extrapolation. The samples after the corrosion investigations were observed
with the use of a high-resolution SEM with BSE (Phenom XL, Thermo Fisher Scientific,
Netherlands).

The whole analysis was performed also with respect to the revolutionary pitch values, defined
as the tool rotational speed divided by the tool traverse speed. The revolutionary pitch indicated

the heat input during the process.

Figure 2 presents the diagram of the methodology of the conducted research within the
framework of the doctoral dissertation, with respect to the order of the executed activities.
Detailed procedures of the conducted tests are presented in the original research papers (P3-P8)
that are the subject of this dissertation.
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COMPARISON OF

SYSTEMATIC LITERATURE REVIEW ON FRICTION STIR
WELDING WITH A SPECIAL FOCUS ON ALUMINUM
ALLOYS [P1], [P2]

SIMULATION AND
EXPERIMENTAL
RESULTS ON
AA6082,
SELECTION OF THE
TOOL GEOMETRY

ANALYSIS OF THE
INFLUENCE OF
TOOL ROTATIONAL
AND TRAVERSE
SPEED, TOOL TILT
ANGLE ON THE
PROPERTIES OF
AA6082 ALLOY
WELDS

FRICTION STIR WELDING TOOL GEOMETRY DESIGN AND
COMPUTER SIMULATIONS OF THE PROCESS [P3]

SIMULATION ANALYSIS, FABRICATION OF AA6082 ALLOY
WELDS, SELECTION OF THE TOOL GEOMETRY [P3]

STRENGTH AND CORROSION STUDIES OF AA6082
ALLOYS WELDS WITH RESPECT TO THE PROCESS
PARAMETERS — TOOL ROTATIONAL AND TRAVERSE
SPEED, TOOL TILT ANGLE [P4]

STUDIES ON
DISSIMILAR
AA60082/AA6060
WELDS

STUDIES ON
DISSIMILAR
AA5083/AA6060
WELDS

RESIDUAL STRESSES, DISLOCATION DENSITY AND
MOBILITY STUDIES OF AA6082 ALLOYS WELDS WITH
RESPECT TO THE PROCESS PARAMETERS — TOOL
ROTATIONAL AND TRAVERSE SPEED, TOOL TILT ANGLE
(P5]

—

MICROTSTRUCTURE, RESIDUAL STRESSES, DISLOCATION
DENSITY AND MOBILITY, CORROSION STUDIES OF
AA6082/AA6060 ALLOYS WELDS WITH RESPECT TO THE
TOOL TRAVERSE SPEED [P6]

Figure 2. Diagram of the conducted research within the framework of the doctoral dissertation

MICROTSTRUCTURE, DISLOCATION DENSITY AND
MOBILITY, HARDNESS AND CORROSION STUDIES OF
AA5083/AA6060 ALLOYS WELDS WITH RESPECT TO THE
TOOL ROTATIONAL SPEED [P7]
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4. RESULTS AND DISCUSSION

4.1.Macro- and microstructure observations

4.1.1. Visual inspection

For all the fabricated welds, the analysis began with visual inspections of the joints. In every
case, there were no significant defects found. The studies conducted in this dissertation allowed
the production of welds without serious weld discontinuities for both similar AA6082 and
dissimilar AA6060/AA6082 and AA5083/AA6060 joints.

In the case of AA6082 joints, no material outflow was found [P3, P4, P5]. The weld faces
exhibited no serious imperfections like lack of bonding or grooves. Only in the case of the
AAB6082 weld produced with a tapered cylindrical pin, some cavitation losses could be observed
[P3]. For all the AA6082 joints produced with a tool with a hexagonal pin with grooves non-
defected weld seam was found. The performed computer simulations revealed that by applying
the hexagonal pin with grooves, the amount of heat generated during the process is around 20 %
higher when compared to the process with the use of a tapered cylindrical pin. It is claimed that
the key factors determining the quality of the weld are adequate heat input and proper stirring
of the plasticized material. Therefore, for the weld produced with the hexagonal pin, higher heat
input and better plasticization and mixing of the material resulted in the formation of a non-

defective weld seam.

In the case of AA5083/AA6060 welds produced with a hexagonal pin with grooves, little
material outflow was found in the case of the samples produced with tool rotational speeds of
800 and 1000 RPM, but by applying the tool rotational speed of 1200 RPM no irregularities on
the weld seam were noted on the surface [P7]. With an increase in the tool rotational speed,
there is a higher heat input to the material. Thus, sufficient plasticizing and mixing resulted in

the formation of a non-defective weld.

4.1.2. Macrostructure

Based on the studies on similar AA6082 joints in [P3], it can be concluded that the geometry of
the tool strongly influences the macrostructure of the weld. In the case of the weld produced
with a tapered cylindrical pin, the width of the stir zone was larger. The width of the stir zone
measured in the center line of the cross-section was equal to 8.25 mm for the tapered cylindrical
pin, and 6.80 mm for the case of the hexagonal pin with grooves. Despite the temperature being
about 5 % higher when using a complex pin compared to a straight pin and the greater total heat
input, the mixing process differed between the two cases. The simulation results showed that
mixing the plasticized material through the complex pin lead to the trapping of the material in

some areas and the flow around the pin was reduced. With a simple pin, due to the slope, the
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material found a simpler flow around the pin, so it had a higher velocity. It resulted in a wider
stir zone area. Also, in [P5], the width size of the stir zones was measured in the mid-thickness
of the cross-sections of AA6082 joints. The results were discussed in terms of other process
parameters — tool traverse and rotational speed, as well as tool tilt angle. When the tool tilt angle
was 0 °, the width of the stir zone was lower, compared to the welds were the tool tilt angle of
2 © was applied. Also, by decreasing the tool traverse speed from 250 mm/min to 200 mm/min,
a larger stir zone was found. This is due to the greater heat input when the tool traverse speed is
reduced and when the tool is tilted. For the AA6082 weld produced with a non-tilted tool, the
lowest rotational speed (1000 RPM) and the highest tool traverse speed (250 mm/min), the width
of the stir zone was the lowest and was equal to 6.43 mm.

Macrostructure studies on dissimilar AA6060/AA6082 aluminum alloy joints revealed that the
curvature of the top surface of the welds could be observed due to the tool shoulder plunge into
the aluminum components for both applied tool traverse speed values — 160 mm/min and
200 mm/min. Also, a little material outflow was noted on both the advancing and the retreating
side [P6].

In the macroscopic observations of AA5083/AA6060 joints a characteristic basin shape of the

weld nugget was also distinguished [P7].

4.1.3. Microstructure

Based on the microstructural observations, in all the cases the asymmetries of the weld cross-
sections were observed, indicating the advancing (AS) and retreating (RS) sides of the welds.
In all the cases, the characteristic shape of the nugget zone could be observed, as a result of the
move of the pin between sheets. It is a typical basin shape of this zone. Four characteristic zones
for the friction stir welding process were recognized in all the cases [P3, P4, P5, P6, P7].
Typically for a FSW joint, the weld nugget zone consists of a fine-grained structure formed by
the recrystallization process in the stir zone (SZ). Also, the thermo-mechanically affected zone
(TMAZ) and the heat-affected zone (HAZ) could be distinguished.

For AA6082, in [P3] the average grain size in the SZ of the weld produced with the simple pin
was equal to about 14 = 1 um, and for the weld produced with the hexagonal pin 10 + 1 pym.
When using a hexagonal pin with grooves, due to the higher heat input, the recrystallization
process occurred more efficiently, resulting in a finer-grained microstructure. In [P4] the
average grain size in the stir zone of AA6082 welds was also discussed in terms of other process
parameters — tool traverse speed, tool rotational speed, and the tool tilt angle. It was revealed
that when the tilted tool was used during the process, the average grain size was lower compared
to the welds produced with the same tool traverse and rotational speed, but 0 ° tool tilt angle.

This is due to higher heat input when an inclined tool is used. For the same reason, when
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increasing the tool rotational speed, and decreasing the tool traverse speed, a small grain size
was observed. The lowest grain size in the stir zone equal to 9.8 + 1.5 um was observed for the
sample produced with 1250 RPM for rotational speed, 200 mm/min for traverse speed, and 2 °
for the tool tilt angle. On the contrary, the largest grains with an average size of 17.3 = 1.5 um
were observed when the highest traverse speed (250 mm/min), the lowest rotational speed
(1000 RPM), and the non-inclined tool were applied. Also, in [P4] the relationship between the
average grain size in the nugget zone of all the tested samples and the revolutionary pitch,
defined as the tool rotational speed divided by the tool traverse speed was presented. Also,
EBSD studies confirmed the existence of four characteristic for the FSW process zones, based
on the example of AA6082 aluminum alloy joints in [P5].

Microstructure observations on AA6060/AA6082 joints revealed the existence of the SZ,
TMAZ, and HAZ. Two welds produced with different tool traverse speeds - 160 mm/ min and
200 mm/min displayed no significant differences in the grain size of the nugget zone.

In experiments on AA5083/AA6060 joints, it was noted that the stir zone experienced the
highest heat input and high plastic deformation during stirring through the mandrel. This caused
recrystallization in the zone and led to the finest microstructure. The TMAZ on both sides of
the welds also experienced high temperature peaks and plastic deformation due to stirring by
the tool. The recrystallization process was not observed in TMAZ due to insufficient heat input.
HAZ on both sides was formed only due to thermal evolution. No recrystallization process
occurred in the heat-affected zones. Approaching both parent metals, the material was already

characterized by the original microstructures of both alloys.

4.2. Analysis of precipitates in aluminum joints

On the basis of the XRD tests performed, the analysis of precipitates in welds and parent metals
was conducted. The quantitative phase analysis was performed using Rietveld refinement of the
obtained XRD patterns. For AA6082 similar aluminum alloy joints it was concluded that after
the FSW process, the precipitate content in the weld nugget is reduced for all the produced joints
regardless of process parameters. In [P5] the dependence of the total percentage of precipitates
on the value of the rotational/linear speed ratio was determined. Such analysis was performed
for joints produced with a non-inclined tool and with an inclination of 2 °. It was observed that
the use of a tilted tool resulted in more significant dissolution of the precipitate, while the use
of a non-tilted tool resulted in a reduction in dissolution precipitation. It was connected to a
higher heat input while the tilted tool was applied during the process of FSW. The minimum
reduction of precipitation fraction was observed for the tool tilt angle of 0 °, the tool rotational
speed of 1000 RPM, and the tool traverse speed of 250 mm/min. The reduction was equal to

48 % compared to the base material. The maximum reduction of the precipitation fraction
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(almost 64 % of reduction compared to the base AA6082 metal), was noted for the tool traverse
speed of 1250 RPM, the tool rotational speed of 200 mm/min, and the tool tilt angle of 2 °.
When increasing the tool rotational speed the heat input is also increased and the precipitation
dissolution is higher, leading to the reduction of their fraction. The same when decreasing the
tool traverse speed. Also, by applying the inclined tool, the heat input during the process is
increased, compared to the use of the non-inclined tool. Stress on the leading edge of the tool is

increased when the tool is inclined, and this is the reason for improved frictional heating.

In the case of dissimilar welds AA6060/AA6082, the main diffraction peaks in the XRD pattern
were indexed as originating from pure aluminum. Also, peaks corresponding to the phases of

the main alloying elements — magnesium, silicon, and manganese were found.

In the FSW process, heat is generated due to friction, leading to an increase in material
temperature. Aluminum alloys in the 6000 series containing magnesium and silicon as the main
alloying additives belong to the group of precipitation-hardened alloys. Due to the precipitates,
the material is strengthened and the movement of dislocations is inhibited in the crystal
structure. Dissolution of precipitates in the metal leads to a decrease in hardness and strength.
Advanced mixing of the material during the process and recrystallization of the grains are the
basis for ensuring high joint strength. At the same time, the dissolution of precipitates by

increasing the temperature in the process reduces the strength of precipitation-hardened alloys.
4.3. Hardness studies

For similar AA6082 aluminum alloy joints, the hardness profiles on the cross-sections were
presented for the welds produced with two proposed tools [P3]. As described in the section
4.1.3, a smaller grain size was noted in the SZ in the weld produced with a hexagonal pin with
grooves and it strongly influenced the hardness of this sample. Higher heat input when applying
more complex tool geometry during the FSW process resulted in greater grain refinement due
to more efficient recrystallization, which enhanced the strength of the SZ. In the stir zone, the
value of 89.9 + 3.1 HV was found for the weld produced with a hexagonal pin. The measured
microhardness of the base metal AA6082 was established as 96 + 3.9 HV. In the case of a
cylindrical pin, the value of 86.2 + 2.7 was observed in the SZ. Microscopic observations
allowed to observe lower grain size in the nugget zone of the weld produced with the hexagonal
pin. The reduction of the grain size led to an increase in the hardness, according to the Hall-
Petch relationship. The lowest values of approximately 62 and 67 HV were observed in the HAZ
on the advancing side of the welds produced with the cylindrical and hexagonal pins,
respectively. A more significant decrease in hardness in the HAZ on the advancing side is
consistent with the results of the simulations performed. There, a greater heat input was observed

on the advancing side for the process involving both tools. As the temperature in the HAZ
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increased, the process of dissolution of precipitates was intensified, leading to the decrease in
strength in this zone. This is the reason for the significant decrease in hardness in this area. In
the case of the weld produced with a cylindrical tool, the microhardness on the cross-sections
revealed that the nugget zone was larger, which was also proved by macroscopic imaging
explained in the section 4.1. In [P4], the influence of other process parameters like tool traverse
and rotational speed, and tool tilt angle were discussed for the joints produced with a hexagonal
pin with grooves on AA6082 alloy. In the case of the samples produced with the tool tilt angle
of 0 °, lower hardness values were found compared to the welds produced with an inclined tool.
Also when the rotational speed increased and the traverse speed decreased, the measured
hardness values in the nugget zone were higher. The main reason for this is the lower grain size
in the stir zones, influenced directly by the total heat input during the process. The hardness
measurements were performed in three lines on the cross-sections — top, middle, and bottom.
For all the tested welds the lowest hardness was noted at the bottom of the cross-sections, while
the highest was observed at the top of the samples. The top of the weld experienced the most
serious heating due to the contact with the shoulder of the tool and the frictional heating. It
resulted in the finest microstructure and the highest microhardness. Comparing all the welds,
the maximum hardness, reaching approximately 92 % of the base material, was observed for the
sample produced with the tool tilt angle of 2 °, the tool rotational speed of 1250 RPM, and the
tool traverse speed of 200 mm/min. In [P5] the indentation measurements on similar AA6082
revealed that the lowest hardness exhibited the weld produced with the tool tilt angle of 0 °, the
lowest tool rotational speed of 1000 RPM an the highest tool traverse speed of 250 mm/min.
Based on the performed hardness measurements in [P4], the width of the stir zone was also
measured. The highest width size was observed at the top of all the samples and the lowest at

the bottom, which reflected the characteristic basin shape of the stir zone.

In the case of AA5083/AA6060 [P7], the indentation studies were performed in the middle line
of the cross-sections of the joints. The hardness of base metal AA5083 was equal to 0.754 GPa
and of AA6060 1.103 GPa. The hardness analysis for AA5083/AA6060 joints revealed that the
profiles were clearly asymmetrical. The reason for that is the application of aluminum alloys
from two different series. The alloys in the 5000 series are non-heat-treatable alloys and their
increase in strength can be achieved through cold working or hardening process. The AA5083
alloy sheets were delivered in the condition “O”, which means they were annealed. The alloys
in the 6000 series are heat-treatable alloys. By adding alloying elements the strength is initially
formed. These elements exhibit increasing solid solubility in increased temperatures. When
subjected to solid solution treatment, additional strengthening is provided. The AA6060 sheets
were delivered in T6 condition, which means they were solution heat treated and artificially

aged. Because of the different series of used alloys, and they different conditions, unsymmetrical
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hardness profiles were found. From the side of AA6060 alloy, the typical shape profile for FSW
joints was found, with a minimum hardness in the heat-affected zone. In the stir zone, a great
recovery was observed. On the advancing side of the joints, where AA5083 alloy was placed, a
typical decrease in hardness in HAZ was not found. FSW joints produced from annealed alloys,
do not exhibit the drop in hardness in HAZ. In the direction of the weld nugget, higher hardness
was observed due to the modest hot-working hardening and eventually grain refinement in the
nugget zone. The measured hardness values were discussed in terms of the influence of the tool
rotational speed. It was revealed that in the stir zone, the increase in hardness was observed with
the increase in the tool rotational speed. These observations are consistent with research on
AA6082 and AAB060/AA6082, where the grain size and final hardness of the stir zone
depended on the heat input during the FSW process. When the tool rotational speed increased,
a higher heat input could be observed.

4.4. Tensile strength of joints

The tensile strength of the joints of AA6082 was measured, with respect to the geometry of the
tool applied [P3]. The highest value of UTS was found for AA6082 base material equal to
371 + 21 MPa. In the case of the welds, the values of 269 + 18 MPa and 207 + 32 MPa were
noted for the joints produced with the tool with the hexagonal pin with grooves and the tapered
cylindrical pin, respectively. It corresponds to the joint efficiency of 72.5 + 4.9 % and
55.8 + 8.6 %, respectively. In both cases, the location of the failure was detected in the HAZ on
the advancing side of the welds. Also, the lowest hardness was found in the HAZ on AS of the
welds for both cases, as was described in section 4.3. In the HAZ, due to sufficient heat input,
the precipitations dissolute and overaging occurs, where enlargement and roughening of pre-
existing particles can be observed, and no recrystallization process occurs, which is especially
crucial for the precipitation hardened alloys like AA6082. It was for this reason that the lowest
hardness was observed in this zone, and it was the area of fracture in the static tensile test. The
SEM observations on the fracture surfaces of the welded samples produced with both tools
revealed that the material cracked simultaneously in multiple parallel planes, and the individual
cracks were connected by perpendicular interplanar cracks. Also, the cracking proceeded in a
ductile nature. In the case of the base material, the dominant mechanism was ductile cracking
with several brittle precipitations present, around which local voids were formed. The fracture
surface of the base material consisted of long and flat areas corresponded to the elongated grains

revealed by microstructural observations, due to the rolling process of the base metal.
4.5. Electrochemical properties of the joints

Potentiodynamic studies were performed on AA6082 to determine the influence of the tool

rotational speed, tool traverse speed, and tool tilt angle on the electrochemical properties of
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similar joints of AA6082 [P4]. The highest density corrosion current (the lowest corrosion
resistance) was observed for AA6082 base metal (42.564 pA-cm?). It was revealed that all the
welded samples exhibited higher corrosion resistance. In the study, it was found that samples
produced with a non-tilted tool showed less corrosion resistance compared to samples produced
with a tilt angle of 2 °. It was also observed that with an increase in the tool rotational speed and
a decrease in the tool traverse speed, the corrosion current density decreased (the corrosion
resistance increased). Changes in the electrochemical properties of FSW welds are due not only
to a change in the microstructure but also to a different state of precipitation and residual stresses
values. The lowest corrosion current density (16.029 pA-cm2) was found for the weld produced
with the inclined tool when the tool rotational speed was equal to 1250 RPM and the tool
traverse speed was equal to 200 mm/min. Among the produced welds, the highest corrosion
current density (23.907 pA-cm?) and the lowest corrosion resistance were observed for the
sample produced with the non-inclined tool, when the tool traverse speed was equal to 250
mm/min and the tool rotational speed was equal to 1000 RPM. Scanning electron microscopy
studies also confirmed these observations.

In the case of dissimilar AA6060/AA6082 joints, potentiodynamic and electrochemical
impedance spectroscopy testing was performed to discuss the corrosion resistance [P6]. Three
different NaCl concentrations were used. The corrosion current density of the welded samples
was similar and lower in comparison to both parent materials. The corrosion current density of
the sample produced with the tool traverse speed of 160 mm/min was equal to 8.162 pA-cm™
and for 200 mm/min 8.006 pA-cm™ for the NaCl concentration of 0.2 %. For the concentrations
of 0.7 % and 1.2 % slightly lower values of corrosion current density were also observed for the
weld made at a higher linear speed. In all cases, both parent metals showed higher values of
corrosion current density, with lower resistance demonstrated by alloy AA6082. The
electrochemical impedance spectroscopy tests allowed to characterize to electrochemical
properties of the oxide layer on an aluminum alloy sample, as well as on a metallic sample itself.
It was noted that the resistances of the native aluminum oxide layer were markedly higher in the
case of welded samples, compared to both base alloys AA6082 and AA6060. This may have
been due to the passive layer at the interfaces being more homogeneous, thus providing a greater
barrier to Al ions passing into the NaCl solution. This is connected to the fine-grain
microstructure of the stir zone of the welds. Finer grain microstructure has a more reactive
surface. The formation of the oxide layer progresses faster. SEM observations of the samples
revealed that the area covered by the corrosion process was larger for AA6082 and AA6060
alloys than for friction stir welded samples. It was noted that corrosion in friction stir welds
mostly appeared on the edges of the curves resulting from a mix of rotational and traverse

movements of the tool. This was caused by the triaxial state of stress at these locations in the
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passive layer. This reduced the resistance of the passive layer to delamination during stress

corrosion processes.

In [P7] electrochemical properties of dissimilar AA5083/AA6060 joints were discussed with
respect to the tool traverse speed influence. It was revealed the AA5083 parent material
exhibited the highest corrosion resistance (icor = 4.506 + 0.278 uA-cm?). The parent metal
AAB060, on the contrary, exhibited the lowest corrosion resistance (icor = 9.047 + 0.768
nA-cm?). It should be particularly emphasized that in general, the aluminum alloys of series
5000 are characterized by better corrosion resistance than the alloys in series 6000, due to the
alloying elements. The corrosion current densities were equal to 8.075 + 0.182, 7.592 + 0.442,
and 6.935 = 0.199 pA-cm2 for the welds produced with the tool rotational speed of 800 RMP,
1000 RPM, and 1200 RPM, respectively. These observations were proven by scanning electron
microscopy observations. By providing higher rotational speed, higher heat input was also
provided, and better corrosion properties of the weld were noted. These observations are
consistent with the observations on AA6082 similar welds, discussed in [P4].

4.6. Residual stresses analysis

For AA6082 similar friction stir welded joints, the simulations of thermal residual stresses were
performed to determine the influence of the tool geometry on the process performance [P3].
Since the residual thermal stresses were the result of thermal expansion and contraction of the
material, by comparing the thermal distribution simulations and the residual stress simulation
results, it could be seen that due to the presence of a region with a maximum temperature in the
middle line of welding, the stress in this region was higher and it was of tensile nature. In the
far areas and around the edge of the workpiece, the stress was compressive. The residual stress
in the case of the cylindrical pin was at least 13 % lower than in the hexagonal pin case. The
reason for this was higher average temperature due to higher shear stress around the hexagonal
pin, than for the use of the simple pin. This caused a higher maximum temperature in the center

line of the and therefore the thermal residual stress increased.

In [P5], the residual stresses in AA6082 were analyzed with respect to the process parameters
such as tool traverse speed, tool rotational speed, and tool tilt angle. A hexagonal pin with
grooves was used in the tool. The procedure to calculate residual strains was Williamson-Hall
analysis, which is described in detail in [P5]. To calculate the residual stresses based on the
microstrain values Young’s modulus values are needed. Indentation tests were performed to
calculate Young’s modulus values for the welds and the base metal. The results of performed
calculations are consistent with the simulation results. In the stir zone, the character of residual

stresses is tensile.
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The same procedure to calculate residual stresses was applied for the dissimilar
AAB060/AAB982 welds in [P6]. It was noted that the residual stresses of the tensile nature were
observed for both parent materials. For both of the welds, the residual compressive stresses were
noted. The compressive character of residual stresses could be the result of a strong compression
reaction by the tool shoulder. Also, based on macrostructure observations, the curvature of the
top surface of the welds was observed due to the tool shoulder plunge into the aluminum
components. It should be noted that in the case of studies on dissimilar welding, different
process parameters were applied compared to the AA6082 similar welding. The tilt angle was
equal to 0 °, the tool rotational speed was equal to 1250 RPM and the traverse speed values were
equal to 160 mm/min and 200 mm/min. During the FSW process, large strains of the metal
matrix could be observed. The material in the stir zone was both tensiled and compressed by
friction and, at the same time, is exposed to the thermal stresses because of the heat input. By
applying different process parameters, the stirring processes are different and also, the heat input
is not constant. In the above studies, it was noted that the process parameters significantly affect
the generation of stresses in the material.

4.7 Dislocation density and mobility calculations

In [P5] the analysis of process parameters (such as tool rotational and traverse speed, and tool
tilt angle) was discussed with respect to dislocation density and mobility in AA6082 friction stir
welded joints. The modified Williamson-Hall analysis was applied with this approach. The most
significant finding with regard to the dislocation analysis is that a change in dislocation type
was observed in the FSW joints. The AA6082 native material was characterized by a
predominance of screw-type dislocations, while all welds were of the edge type. In addition, it
was found that if more heat is applied during the process - in the form of tilting the tool,
increasing the rotational speed, or decreasing the traverse speed - the density of dislocations
decreases and their mobility increases. During the welding, the precipitations dissolute. By
applying more heat, the dissolution of precipitates is enhanced. The inhibition of the dislocation

movement is weakened. This means that such material may have lower strength.

Another approach was applied to calculate the dislocation density of dissimilar
AAB060/AAB082 joints. In [P6] the calculations were based on indentation tests. It allowed to
calculate the geometrically necessary dislocation density and statistically stored dislocation
density. Higher dislocation densities were observed in FSW welds, in the nugget zone,
compared to native materials. The influence of the tool rotational speed was not significant in

this case.

The same procedure as described in [P6] was applied to calculate dislocation density and
mobility in AA5083/AA6060 dissimilar welds. In [P7] the effect of the tool rotational speed

49


http://mostwiedzy.pl

A\ MOST

was discussed. Moreover, the analysis covered all the zones of welded joints — stir zones,
thermo-mechanically affected zones, heat-affected zones, as well as both base metals. The
dislocation densities in the stir zones of welds produced with different rotational speeds were
lower than the dislocation density of the base metal AA6060 while higher than that of the base
AA5083 alloy. One of the most important observations was that the zone with the lowest
dislocation density and highest mobility was the heat-affected zone on the AA6060 alloy side.
The lowest hardness was also observed in this zone. This is in accordance with the theory that
an increase in dislocation density and a decrease in dislocation mobility affects the increase in
metal strength.

4.8. Description of major research observations

Studies performed on the AA6082, AAG6060/AA6082, and AA5083/AA6060 friction stir
welded joints allowed to specify the most relevant conclusions:

e The use of a self-designed tool with a hexagonal pin with grooves allows to produce
sound similar AA6082 and dissimilar AA6060/AA6082 and AA5083/AA6060 joints
without serious defects.

e In all the produced welds the characteristic for friction stir welding zones are found —
stir zone, thermo-mechanically affected zone, heat-affected zone, and base metal.

e The asymmetry of the hardness profiles of AA6082 and AA5083/AA6060 joints
indicates the existence of AS and RS.

e Welding with the tool with a hexagonal pin with grooves provides a maximum
temperature at least 5 % higher than when welding with the use of the tapered cylindrical
pin with no grooves based on the performed computer simulations.

o In the produced similar welds of AA6082, greater grain refinement is observed in the
SZ as a result of applying the hexagonal pin with grooves, compared to the cylindrical
pin with no grooves. This is a result of total heat input.

e Using the non-inclined tool results in a larger average grain size in the weld nugget zone
of AA6082 than when using an inclined tool. The average grain size decreases with an
increase in the tool rotational speed and a decrease in the tool traverse speed to the
increased heat input. Also, with the higher heat input the radius of the nugget zone also
increases. These observations are consistent with the studies on dissimilar
AAS5083/AAB060 joints.

e Reduction of precipitation fraction can be observed in a nugget zone of AA6082 similar

friction stir welded joint.
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Hardness measurements on AA6082 joints revealed that the weld produced with a
hexagonal pin with grooves has a higher hardness in the SZ compared to the weld
produced with the cylindrical pin. This is consistent with the Hall-Petch relationship.
Performed tensile tests on AA6082 joints revealed that the location of the lowest
strength is the HAZ on the advancing side. This location is also characterized by the
lowest hardness.

The friction stir welding process improves the corrosion properties of the similar and
dissimilar welds of aluminum alloys of the 6000 series. When welding dissimilar alloys
of 5000 and 6000 series, the corrosion properties of the welds are improved with respect
to 6000 series alloy.

A linear correlation is found for the relationship between residual stress and corrosion
resistance of AA6060/AA6082 joints.

The friction stir welding process results in an increase in the fraction of edge-type
dislocations. They are also characterized by higher mobility.

The lowest dislocation density with the highest mobility is found in the HAZ of
AA5083/AA6060. Also, the HAZ is characterized by the lowest strength.

A linear decreasing relationship is observed in AA6082 welds between the ratio of
dislocation density and mobility, and the introduced heat input — by applying higher tool

rotational speed, lower tool traverse speed of using an inclined tool.
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5. SUMMARY

The conducted research demonstrated that process parameters such as tool geometry, tool
traverse and rotational speed, and tool tilt angle significantly affect the properties of the

produced similar and dissimilar joints of selected aluminum alloys.

The two author's tool geometries proposed in the dissertation produced defect-free welds. The
welds produced with the tool with a hexagonal pin with grooves exhibited better properties. It
was observed that the process parameters directly affect the stress state of the joints. During the
FSW process, the type of dislocations, their density, and mobility change, which directly affects
the strength of the material. The FSW process parameters were also found to have a significant
effect on the microstructure of the joints, the size of the different zones characteristic of a friction
stir welded joint, hardness, electrochemical, and strength properties. Also, experiments were
performed that allowed to determine not only the corrosion resistance of the metallic joint
material, but also of the oxide layer.

In accordance with the above conclusions and the description of the main achievements of this
dissertation, it can be concluded that the research thesis has been proven. The parameters of the
friction stir welding process - the geometry of the tool, tool rotational and traverse speed ad tool
tilt angle affect the generation of residual stresses, change the dislocation characteristics of the
joint, and have a direct influence on the mechanical and electrochemical properties of similar
and dissimilar joints of selected aluminum alloys. It is possible to shape the physicochemical
and mechanical properties of similar and dissimilar joints of selected aluminum alloys by
appropriate selection of the parameters of the FSW process. The correlation between the FSW

process parameters and the properties of the joints of selected aluminum alloys was found.

Both the scientific and functional objectives of this dissertation have been fulfilled. The effects
of friction stir welding process parameters on the residual stresses, dislocation densities, and
mobility, and the resulting mechanical and electrochemical properties of joints from selected
aluminum alloys were determined. The joints of selected aluminum alloys without defects,

which are characterized by high mechanical and electrochemical properties were produced.

The research performed allowed confirmation of the thesis posed but at the same time left new
and intriguing questions. Further research work is planned on aluminum alloys of other series.
In addition, the issues of dissimilar joints of different materials, whose mechanical and
physicochemical properties are completely different, seem to be of interest. Also of interest are
all kinds of modifications of the friction stir welding method, such as pulse friction stir welding,

bobbin tool friction stir welding, or friction stir spot welding.
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The experimental studies were conducted at the Gdansk University of Technology (Poland) in
collaboration with scientists from the Warsaw University of Technology (Poland), the

University of Salento (Italy), and the Isfahan University of Technology (Iran).
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Abstract: Friction Stir Welding (FSW) is a modern method that allows joining metals and their
alloys, composites and polymers. The growing interest in this method and the increasing
number of published articles affect the dynamic development of this method. The tool geometry
is modified to ensure proper plasticizing and mixing of the material to be welded. The process
parameters are selected in a way that minimizes the formation of defects typical for this method,
such as kissing bonds, piping defects, tunnel defects.

This paper introduces the basic concepts relevant to the study and use of the Friction Stir
Welding method. The overview discusses the welding tool design, the influence of process
parameters on the joint mechanical properties and the characteristics of the possible weld
defects. The characteristic microstructure of welds fabricated by the FSW method was also
presented.

Key words: FSW; friction stir welding; tool geometry; welding parameters; joint
microstructure; joint defects

1. Introduction

Friction Stir Welding (FSW) is a novel method of joining materials invented by Wayne Thomas
at The Welding Institute of the United Kingdom and patented in 1991 [1]. Initially, it was
applied only to aluminium and its alloys but now it is a widely used method to join other
materials, such as steel and ferrous alloys [2—4], titanium and its alloys [5—13], magnesium and
its alloys [14—19], copper [20-25], polymers [26-31] and composites [32—37]. Friction Stir
Welding is defined as a solid-state welding process, which means that the objects can be joined
without reaching a melting point. It allows avoiding many of the difficulties that arise from a
changing state, such as changes in gas solubility and changes in volumetric, that are often
problems in fusion welding processes [38].

The basic concept of Friction Stir Welding is simple. During the process, the kinetic energy of
a non-consumable rotating tool with a specially designed pin and shoulder is transformed into
thermal energy generated by the friction of the tool moving along the edge of a contact line.
The friction between the tool and the components provides the heat and softening of the
material. The plastic deformation of the workpiece is accomplished by the rotating movement
of the tool. After the tool is put into frictional heating and softening the material of the
components, the tool is traversed into the joint line. The plasticized material is welded and
extruded around the probe backward. Before cooling down the parts of the components are
stirred and upset by the shoulder. Fig. 1 shows a butt joint for an illustration, but other types of
joints can also be fabricated.

Friction Stir Welding method is considered to be the most significant metal joining
development in the last three decades. Due to its versatility, environment friendliness and
energy efficiency it is considered to be in a category of green technologies [39]. Comparing to
other conventional welding methods, the FSW method consumes less energy, uses no gas or
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Fig. 1. Nomenclature of a tool for FSW process

flux and does not involve any filler material [40,41]. Furthermore, FSW can be applied to
various types of joints [42]. Typically, this method is used to produce butt welds, lap welds and
corner welds [43,44]. Applicability in all welding positions, excellent mechanical properties of
the joints and ability for welding materials whose weldability by conventional techniques is
low, make this method noteworthy for many industry branches. The FSW method is
successfully applied in the aerospace industry (fuel tanks, fuselages, wings, cryogenic tanks)
[45-47] as well as in the railway industry (wagons, underground carriages, container bodies)
[48]. FSW has also found its applications in the land transportation (wheel rims, tail lifts and
mobile cranes) [49], marine and shipbuilding industries (deck panels, hulls, offshore
accommodation, masts, booms) [50] and construction industry (frames, pipelines, bridges,
reactors) [51,52].

The above advantages of FSW over the conventional welding techniques have an impact on
rapid development in the FSW field. There are hundreds of patent applications filed relating to
this method and a number of publications grows exponentially [14,53]. In this paper, the current
state of understanding and development of the FSW method is reviewed.

2. Geometry of a tool

A shape of a mixing tool is one of the most basic welding parameters, but it is also considered
as one of the most important factors during the process. The material movement around the pin
depends on the geometrical features of the tool [54]. The special design of the tool has been a
matter of concern since the FSW method was considered as a big step in metal joining
techniques. It resulted in improvement in throughput, weld quality and joint strength. A possible
thickness of workpieces, type of materials to be welded and possible welding positions are
conditioned by the tool geometry [43]. The main parts of the tool are a pin and a shoulder.
Schematic geometry of the tool and its nomenclature is shown in Fig. 2.

The pin is a part that is directly plunged between parts of the workpiece to be welded. The
friction between the pin and the welded components primarily produces the heat and the
softening of the material [43,55]. The tool should be plunged into the workpiece till the shoulder
touches the surface of the components and all the pin length is plunged between the pieces of
the material to be welded [56]. A shoulder diameter to pin diameter ratio is critical from the
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Fig. 2. Nomenclature of a tool for FSW process

heating aspects, while a tool design governs process loads, properties and uniformity of
microstructure [39]. A shoulder diameter (D) to pin diameter (d) ratio has a significant role in
providing heat at the time of material stirring. In their investigations of friction stir welding of
aluminum alloys Dehghani et al. [57], Khodir and Shibayanagi [58], Cavaliere et al. [S9], Leitao
et al. [60] and Peel et al. [61] found that the thermal input has bigger impact on weld properties
than the mechanical deformation by the tool. D/d ratio has an impact on the size of the stir zone
and it plays an important role in the quality of welds. Consequently, the D/d ratio has to be
chosen carefully to guarantee desired results. The effect of shoulder diameter to pin diameter
ratio on tensile strength of friction stir welded 6063 aluminum alloy was studied by Khan et al
[62]. The results of the studies demonstrated that a D/d ratio of 2.8 gives the minimum tensile
strength and the D/d ratio of 2.6 results in the maximum tensile strength. In another paper,
Saravan et al. investigated the effect of D/d ratio on mechanical properties of dissimilar friction
stir welded AA2024-T6 and AA7075-T6 aluminum alloy joints [63]. The ratio was varied from
2 to 4, to create five different welds. It was observed that the weld fabricated by a tool with a
D/d ratio of 3 results in the best mechanical properties when compared to other welds. Vijayvel
et al. [64] used stir cast LM25 aluminum-based Metal Matrix Composite (MMCs) with 5%
SiCp to fabricate friction stir welded joints using five different tools with D/d ratio in a range
from 2 to 4. The analysis demonstrated that the D/d ratio of 3 yielded higher hardness and
tensile properties.
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Due to increased experience and understanding of material flow improvement, the geometry of
tools has been developed significantly. The aim of creating new complex features to the
geometry of tools is to reduce process loads and modify the mechanism of material flow.

A shoulder of the tool is designed to heat the workpiece surface by friction. The shoulder also
produces downward forging actions. It is necessary for welding consolidation and constraining
heated material beneath the bottom surface of the shoulder. Two types of a shoulder outer
surface shape can be distinguished — cylindrical and conical outer surface. A conical surface is
used occasionally. The shape of the shoulder outer surface does not have a significant influence
on the joint quality since the shoulder plunge depth is relatively small (from 1 to 5% of the
gauge thickness) [39]. There are also three types of shoulder end surface shape — flat, concave
and convex. The simplest design of the shoulder end surface is the flat shape, but this solution
is not effective for trapping the material under the bottom shoulder, which results in the
production of excessive material flash. The most popular for restricting extrusion of material
from the sides of the shoulder is a concave shoulder [65,66]. The end surface of the shoulder
can be featured with scrolls, ridges, knurling, grooves and concentric circles. It can also stay
featureless. All of these features can be applied to any shoulder ends. The most popular feature
used in FSW tools is the end surface with scrolls [67]. The aim of designing features is to
increase material friction, shear and deformation. It results in better mixing of workpiece
material and increases weld quality. Fig. 3. summarizes shoulder shapes and shoulder surface
features.

Shoulder outer surface Shoulder end surface
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4 '
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Fig. 3. Shoulder shapes and its surface features

A pin is an element of the FSW tool that is designed to provide frictional and deformational
heating and mix soften the material of the workpiece in order to receive the joint. The depth of
deformation is mainly governed by the pin. Fig. 4 shows the pin shapes and their features.

The end surface of the pin can be flat or domed [68]. The flat pin might cause high forge force
during plunging, while with the domed pin this problem can be minimalized. The researches
prove that the best results are achieved when a ratio of a dome radius to the probe diameter is
equal to 0,75 [69]. The outer surface shape can be cylindrical or tapered. Generally, cylindrical
pins are widely used for plates with thickness up to 12 mm [70]. The outer surface of a pin
might have features as threads, flats or flutes. Threaded pins are used for alloys with low
abrasion, while threadless pins can be successfully used for highly abrasive materials [68]. In
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his researches, Patel et al. [49] used three types of FSW tools to weld plates of magnesium
alloys AZ91 with a thickness of 6 mm: threaded straight cylinder pin, tapper cylindrical pin and
straight cylindrical pin. The ratio of shoulder diameter to pin diameter was equal to 3. After
performing all experiments it was observed that all the joints that were created by tapper
cylindrical pin had defects like voids, cracks and unwelded zones.

The best results were performed by welds created with the threated straight cylindrical pin. In
those welds, no defects were observed and the welds performed high tensile strength. Kadian
et al. [71] investigated the effect of tool pin profile on the material flow characteristics. The
aluminum AA6061 plates were prepared to be welded. Seven different types of pins were used:
tapered, tapered with threads, tapered with grooves, cylindrical, square, trigonal curved and
trigonal. The investigation of the material flow characteristics shows that cylindrical and
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Fig. 4. Pin shapes and their main features

tapered pin profiles provide higher homogeneity in deforming regions. Featureless tools
defected the material in the welding zones. Moreover, the grooved tool geometry provided
higher material movement but unable the material to move near the pin due to the increase of
material viscosity.

The tool geometry is one of the most basic process parameters, but it is also considered as the
most important one. The tool provides frictional heating of the material, softening and mixing
in the welding zone. There are plenty of shapes of the shoulder and the pin. They can also be
modified with features like threads, scrolls, grooves. A proper selection of the geometry of the
tool effects in mechanical properties of the joint and enable to minimize the risk of defects in
the joint.

3. Welding parameters
The Friction Stir Welding method is mostly characterized by two parameters: tool rotational

rate (») and tool traverse speed (v) along the line of edges to be welded [72]. The rotation
movement of a tool can be in a clockwise or counterclockwise direction. Stirring and mixing of
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the material around the pin is a result of the rotation of the tool. The linear movement of the
tool moves the stirred material from the front to the back of the pin and it finishes the welding
process [73]. Choosing the proper tool traverse speed and tool rotational rate is a fundamental
problem in the design in the FSW process. Fujii at al. [6] welded commercially pure titanium
plates with 2 mm in thickness by the FSW method at a tool traverse speed from 50 to 300
mm/min. The grain size and hardness of the samples welded at a different welding speed were
measured. The highest welding speed equal to 300 mm/min resulted in the highest hardness of
190 HV and the smallest grain size equal to 3.5 um. In general, all the welds had a grain size
smaller than the base metal. The welding process resulted in a significant decrease in the grain
size due to the occurrence of dynamic recrystallization. The grain refinement increased the
hardness in the stir zone. The tensile strength of the stir zone at different welding speed was
measured. The tensile strength of the base material was equal to 420 MPa. For the samples
processed at the welding speed lower than 200 mm/min, the tensile strength was lower than for
the base metal. However, the tensile strength increased with increasing the welding speed due
to the microstructure refinement. When the welding speed increased to 200 mm/min, the tensile
strength of the weld exceeded that of the base material and was equal to 450 MPa. When the
welding speed increased to 300 mm/min, the tensile strength of the joint decreased despite the
significant refinement of the microstructure, due to the formation of the weld defects in the stir
zone, which was caused by the insufficient plastic flow during the welding process. Kumar et
al. [32] investigated the influence of tool rotational speed and tool traverse speed during friction
stir welding of polymer matrix composite (PMC). Sheets of glass-filled Nylon 6 with a
thickness of 5 mm were welded at a tool traverse speed from 0,2 to 0,4 mm/s in steps of 0,1
mm/s and at a tool rotational speed from 400 to 600 rpm in steps of 100 rpm. The ultimate
tensile strength and elongation were measured as a function of the tool rotational speed. The
ultimate tensile strength of glass-filled Nylon 6 increased to a maximum value at 600 rpm. It
was observed that lower tool rotational speed led to defects like wormholes, cracks and tunnel
defects in the retreating side due to less heat generation. In comparison to the base material, all
of the welded plates showed lower elongation, which is attributed to the concentration of high
plastic strain within the thermo-mechanically affected zone. The deformations were
concentrated at the zone between the base material and the weld nugget. The elongation of the
samples increased with the increase of the tool rotational speed. The effect of tool traverse speed
on the ultimate tensile strength and elongation was investigated. The ultimate tensile strength
and elongation decreased with the decreasing tool traverse speed from 0,2 to 0,4 mm/s.
Moreover, at the tool traverse speed value lower than 0,2 mm/s the tensile strength was lower
and the weld zone was not uniform. This may be caused by overheating of the weld zone. Yoo
et al. [74] used the FSW method to join Al-Li alloy. The mechanical properties and
macrostructure of the joint were investigated. To compare the results, the rotational speed and
the traverse speed of the tool were selected as process parameters. After welding, the material
was inspected by non-destructive tests using the x-ray to find defects. The range of the rotational
speed was 300-800 rpm and 120-420 mm/min for the traverse speed. The results show that with
an increasing tool traverse speed, the possibility of a defect formation was higher. For the tool
rotational speed of 300 rpm the tool traverse speed of 240 mm/min resulted in the formation of
defects. At the same tool rotational speed and lower tool traverse speed, no defects were
observed. For the tool rotational speed in the range from 400 to 800 rpm. The tool traverse
speed of 360 mm/min made the defects occurred. Higher tool traverse speed also resulted in the
formation of defects. Tensile tests were conducted to verify the strength and elongation of the
joints using defect-free specimens. The highest strength values were observed when the tool
rotational speed is in a range of 400 to 600 rpm while the tool traverse speed is in a range of
230-300 mm/min. The maximum ultimate strength of the joint was equal to 73,9% of base
metal, while the lowest value was equal to 63,3% when the tool rotational speed was high and
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the tool traverse speed was low. Elongation results performed more wide distribution — from
44.2% to 100,1% of the base metal. The lowest elongation was observed at the highest tool
rotational speed equal to 800 rpm. The highest values of relative elongation were observed at
the tool rotational speed in a range of 400 rpm. Fujii et al. [75] successfully applied the FSW
method to weld three types of carbon steels with different carbon contents (IF steel, S12C and
S35C). The ultimate strength was measured as a function of the welding traverse speed, which
was in a range from 50 to 450 mm/min. For both kinds of carbon steel, the strength of the
friction stir welded joints increased in comparison to the base material. The welding conditions
significantly affected the mechanical properties of the carbon steel samples. The ultimate
strength of S12C steel joints increased with the increase of traverse speed. The ultimate strength
of S35C steel firstly increased to around 800 MPa at the welding speed of 200 mm/min. When
the welding speed increased above that value, the ultimate strength decreased significantly. The
mechanical properties of IF steel joints are not significantly changed by the welding conditions
and the initial grain size. Peel et al. [61] used the FSW method to weld AA5083 plates of 3 mm
thickness. All the butt welds were welded under identical conditions and at the same tool
rotational speed. The tool traverse speed was varied and was equal to 100, 150 and 200 mm/min.
The ultimate tensile strength decreased and was equal to 304, 216 and 186 MPa, respectively,
while the ultimate tensile strength of the parent material was equal to 457 MPa. With higher
tool traverse speed, the defects on the weld line occurred. Moreover, the microstructure analysis
proved that the reducing traverse speed increases heat input and this causes the nugget zone to
become wider, more homogeneous and flatter. In the study of Sayer et al. [76] AA6063 plates
were welded by friction stir welding. Three values of tool rotational speed (900, 1600 and 2800
rpm) and three values of tool traverse speed (100, 200 and 400 mm/min) were selected. The
tensile properties of the welds were lower than those of the parental material. In terms of tensile
properties, an optimum welding speed of 100 mm/min and rotational speed of 2800 rpm were
stated. The ultimate tensile strength under these parameters was equal to 70% of the base
material strength. The yield strength of the specimens was measured and for all combinations
of the tool traverse speed and the tool rotational speed was equal to about 40% of the base
material value. The variation of the welding parameters did not significantly affect the yield
strength. Moreover, the lower tool rotational speed was applied, the higher possibility of the
weld defects occurred. Peel et al. [77] investigated the effect of changing the rotational and
traverse tool speed on the mechanical properties of the dissimilar material welds. AA5083 and
AA6082 were used for both advancing and retreating sides. The tool rotational speed varied
from 280 to 840 rpm in steps of 280 rpm and the traverse speed varied from 100 to 300 mm/min
in steps of 100 mm/min. The ultimate tensile strength and elongations to failure were measured.
For the joints welded at the traverse speed of 100 mm/min and with AA5083 in the advancing
side, the ultimate tensile strength decreased from 204 MPa to 199 MPa when the rotational
speed increased from 280 to 840 rpm. When the traverse speed increased to 200 and 300
mm/min, the opposite dependence can be observed. In all cases, the tool rotational speed did
not have a significant influence on the ultimate tensile strength. For the welds with AA6082 in
the advancing side, similar conclusions can be drawn. However, for those specimens, more
defects were observed. For both cases, when different material was in the advancing side, the
ultimate tensile strength increased with the increase of the tool rotational speed. Elongation to
failure for both cases was also investigated. The best results were observed with the highest
traverse speed of the tool equal to 300 mm/min for both materials in the advancing side.

In the study of Raweni et al. [44] Taguchi method was applied to propose the optimized set of
the FSW parameters to weld AAS083 plates. The mathematical formulas enabled to predict the
characteristics of the welds prepared under different conditions. The results show that the
traverse speed has the highest effect on the fracture toughness and the crack propagation energy
is the highest when the tool traverse speed is the highest. The optimum parameters for the total
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input energy and the energy for crack initiation were equal to 600 rpm for the rotational speed
and 125 mm/min for the tool traverse speed. Feng et al. [78] investigated the microhardness of
the FSW 7075A1-T651 alloy welds made using different tool traverse speed values. At a
constant tool rotational speed of 800 rpm, as the tool traverse speed increased from 100 to 400
mm/min, the hardness values increased and the width of the lowest hardness zone decreased.
The same investigations were made for the constant tool traverse speed and the increasing tool
rotational speed from 800 to 1200 rpm. The width of the low hardness zone had almost no
change and the hardness values did not change significantly either. However, the location of
the low hardness zone changed and moved outward. The same relationship for FSW 6061Al-
T651 alloy was proved by Feng et al. [79]. In the research conducted by Zhang et al. [80]
2024A1-T351 plates were successfully welded by the FSW method at the varying tool rotational
rate from 400 to 1200 rpm in steps of 400 rpm and at the tool traverse speed equal to 100, 200
and 400 mm/min. The ultimate tensile strength increased from 408 to 451 MPa, respectively
with an increase of the tool traverse speed, for the joints made with a tool rotational speed of
800 rpm. The elongation at those parameters increased with an increase of the tool traverse
speed. No significant influence on ultimate tensile strength and elongation was observed with
a change of the tool rotational speed from 400 to 1200 rpm. The same results were observed by
Feng et al. [81] on 7075A1-T651 FSW joints and Liu et al. [82] at 6061A1-T651 FSW joints.
Balasubramanian [83] investigated macrostructure of FSW joints using five different aluminum
alloys — AA1050, AA6061, AA2024, AA7039, AAT7075. All the fabricated welds were
analyzed at low magnification by an optical microscope. Different values of the tool traverse
speed at the constant tool rotational speed of 1200 rpm were used. Of the five tool traverse
speed values used, the welds fabricated with the traverse speed of 135 mm/min for AA1050
alloy resulted in defect-free joints. The welding speed of 75 mm/min for AA2024, 100 mm/min
for AA6061, 45 mm/min for AA7039 and 22 mm/min for AA7075 alloys resulted in a
formation of defect-free joints. The same investigations were conducted for the varying tool
rotational speed. The constant tool traverse speed of 75 mm/min was kept. Joints fabricated
with a rotational speed equal to 900 rpm for AA1050, 1100 rpm for AA6061, 1200 rpm for
AA2024, 1300 rpm for AA7039 and 1500 rpm for AA7075 alloys resulted in the formation of
defect-free joints. For other combinations of parameters defects like pin holes, tunnel defects,
piping defects, kissing bonds and cracks occurred. Sevel et al. [51] investigated the impact of
the tool traverse speed and the tool rotational speed to a formation of defects on friction stir
welded AZ31B magnesium alloy lap joints. The lowest tool rotational speed of 500 rpm resulted
in a formation of tunnel defects for all the selected tool traverse speed values. Of the selected
process parameters, the joint fabricated under the combination of the highest tool rotational
speed equal to 1000 rpm and the tool traverse speed of 0,5 mm/min was found to be defect-
free.

Another parameter, widely considered in the context of the influence on the weld properties is
the tilt angle of the tool during the FSW process. It can be observed that the temperature in the
nugget, the heat-affected zone and the thermo-mechanically affected zone increases with the
increase of the tilt angle [84]. This phenomenon is caused by both the increase in friction heat
due to a bigger contact area between the workpiece and the pin and the increase of plastic work
deformation energy. A large tilt angle also promoted high hydrostatic pressure in the weld zone,
which significantly enhances nugget integrity [85]. However, high hydrostatic pressure and
high temperature in the welding zone may favor severe tool wear. Generally, the welding force
increased as decreasing the tool inclination angle [59]. Usually, a tilt angle in the range from 1
to 3° is used [15,47,57,72,76,86-92]. Hamid et al. [93] investigated the effect of the tilt angle
on microstructure and mechanical properties of dissimilar aluminum alloy sheets between
AA6061 and AAS5083 sheets. For the experiments, the tilt angles from 0 to 4°, in steps of 1°
were used. The welding speed of 86 mm/min and the tool rotational speed of 910 rpm were set.
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The micrographic overviews of the welds revealed that the tilt angle of 3° resulted in the joint
with no defects, while lower tilt angles resulted in the formation of tunnel defects on the bottom
part on the weld nugget which resulted in the decrement of strength. The hardness of all the
prepared welds was investigated. The observations showed that the hardness of the weld nugget
zone was slightly higher than the hardness of the base material. Moreover, the hardness of the
heat-affected zone and the thermo-mechanically affected zone was lower than the hardness of
the weld nugget. The hardness of the weld prepared with the tilt angle of 3° was higher than the
joints produced with different tilt angles. Vijayaraghavan et al. [94] prepared welds between
plates of dissimilar aluminum alloys using different tilt angles in the range from 1 to 3°. A plate
of AA7075 alloy on the advancing side and AA6082 on the retreating side were prepared. The
influence of the tilt angle on tensile strength was investigated. The experiments proved that the
higher tilt angle is used, the lower tensile strength of the weld is performed. The impact strength
of the joints also decreased with the increase of the tilt angle. Kumar et al. [32] investigated
the influence of the tilt angle on the mechanical properties of glass-filled Nylon 6 composite.
The effect of different tilt angles in the range from 0 to 2°, on the ultimate tensile strength and
the elongation, were investigated. The ultimate tensile strength and the elongation increased to
a maximum value as the tool tilt angle increases from 0 to 2°. This phenomenon may be mostly
attributed to creating extra pressure and heat generation for the proper mixing of weld material
by the edge of the shoulder. The obtained results of ultimate tensile strength were also correlated
to the results of Sadeghian et al. [95].

The above examples lead to the conclusion that the ultimate tensile strength of the welded
materials increases to the highest value and then has a tendency to decrease with the increase
of the tool traverse speed. Moreover, the elongation increases with an increase in the tool
traverse speed. The ultimate tensile strength increase with an increase of the tool rotational
speed for polymer matrix composites, but the opposite tendency can be observed for joining
dissimilar aluminum alloys. The elongation of polymer matrix composite welds increases with
the increase of the tool rotational speed but decreases with the increase of the tool rotational
speed for Al-Li alloys.

4. Weld microstructure

The solid-state nature of the friction stir welding process results in a very characteristic
microstructure. Some of the distinguished regions are common to all welding techniques,
including the ones, in which the material melts. Some zones are characteristics only to the FSW
technique, in which the material does not reach the melting point. A typical cross-section of the
FSW weld is shown in Fig.5.
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width of tool shoulder

Fig.5. Schematic cross-section of a typical FSW weld including four distinct zones: A — base
material, B — heat-affected zone, C — thermo-mechanically affected zone, D — stirred zone
(nugget)

The formation of the stir zone called nugget is the result of recrystallization in the thermo-
mechanically affected zone. In aluminum alloys, the nugget is generally composed of fine grain
size material. Further, it is considered to be experienced plastic deformations form the
interaction with the welding tool pin. In some cases, the nugget may mimic the shape of the pin
profile. According to Rhodes et al. [96] and Liu et al. [97] in the interior of the recrystallized
grains, there is usually a low density of dislocation. However, some investigators proved that
the recrystallized grains of the weld nugget zone contain high density of sub-boundaries [98],
dislocations [99] and subgrains [100]. The interface between the nugget zone and the parent
material is relatively sharp on the advancing side of the tool and diffuse on the retreating side
[101]. Depending on the process parameters, various types of nugget zone shapes are observed.
In general, the nugget shape may be classified into two types. The first one is the basin-shaped
nugget that widens near the upper surface. Elliptical nuggets may be also observed. Sato et al.
[98] notified the existence of the basin-shaped nugget created by the FSW process of 6063Al-
T5 plates. It was suggested that the upper surface of a weld is experienced by extreme
deformation and heating due to contact with a cylindrical-tool shoulder, which results in the
generation of the basin-shaped nugget zone. Mahoney et al. [102] noticed the existence of the
elliptical nugget zone of 7075A1-T651 welded plates. Martin et al. [103] investigated an effect
of the process parameters on the properties and microstructure of A356 cast aluminum alloy
friction stir welded joints. It was observed that the lower tool rotational speed of 300-500 rpm
resulted in forming basin-shaped nuggets. Elliptical nuggets were observed when the tool
rotational speed was higher than 700 rpm. This indicates that not only tool geometry, but also
changing process parameters affect the nugget shape. Reynolds et al. [104] investigated the
influence of the pin size on the nugget size. For all experiments, the nugget zone size was
slightly bigger than the pin diameter, except at the bottom of the weld, where the pin was tapered
to a hemispherical termination. Further, as the pin diameter increases, the nugget acquires a
more rounded shape.

The existence of a unique transition zone between the base material and the nugget zone is
characteristic for the FSW process. The thermo-mechanically affected zone (TMAZ)
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experiences both deformation and temperature during the process. In the TMAZ the parent
metal elongated grains are highly deformed in an upward flowing pattern around the nugget
zone. The material in the TMAZ undergoes plastic deformation however, the recrystallization
does not occur due to insufficient deformation strain. Due to high-temperature exposure during
the FSW process, the dissolution of some precipitates is observed in the TMAZ. Furthermore,
it is revealed that the grains in TMAZ might contain a high density of sub-boundaries [98]. In
aluminum alloys, the TMAZ represents a significant area [43]. The TMAZ usually has lower
microhardness and the corrosion susceptibility is increased.

The heat-affected zone is located beyond the TMAZ and experiences a thermal cycle. In the
HAZ does not occur any plastic deformation. The HAZ experiences a temperature rise above
250°C for a heat-treatable aluminum alloy [105]. Although the HAZ retains the same grain
structure as the parent material, the thermal exposure above 250°C causes a significant effect
on the precipitate structure. The HAZ is sufficiently heated during the process so it alters the
properties of that material without any plastic deformation. The alteration of properties in the
HAZ includes changes in ductility, toughness, corrosion susceptibility and strength, but does
not change the grain size or chemical makeup.

Li et al. [106], Ma et al. [107], Kwon et al. [108-110] and Sato et. al [42] investigated the
influence of the process parameters on the microstructure of friction stir welded aluminum
alloys. It was reported that the size of the recrystallized grains can be reduced by decreasing
tool rotational rate with a constant tool traverse speed or by decreasing the ratio of the tool
rotational speed to the tool traverse speed. A higher tool rotational speed at a constant tool
traverse speed or a higher ratio of the tool rotational speed to the tool traverse speed results in
an increase of a degree of deformation and an increase of a peak temperature of the thermal
cycle. The increase in the peak temperature during the FSW process results in a generation of
coarse recrystallized grains, which leads to a remarkable grains growth. Kwon et al. [80-82]
noted that with the increase of the tool rotational speed from 560 to 1840 rpm, the average grain
size increases from ~0,5 um to 4 pm for 1050Al alloy with a constant tool traverse speed of
155 mm/min. Sato et al. [42] noted that increasing the tool rotational rate from 800 to 2450 rpm
, the size of recrystallized grain increases from 5,9 to 17,8 pm for 6063 Al alloy welded at the
tool traverse speed of 360 mm/min. Ma et al. [107] reported that with a decrease of the ratio of
the tool rotational speed to the tool traverse speed from 400 rpm/102 mm/min to 350 rpm/152
mm/min, the size of the recrystallized grain size decrease from 7,5 to 3,8 um for friction stir
welded 7075A1-T7651 alloy.

A tendency to increase of the grain size in the weld zone can be observed with the decreasing
of the distance to the top of the weld zone. The grain size decreases with the increasing distance
of both sides of the weld-zone centreline. This phenomenon correspond roughly to a
temperature variation in the weld zone [102,106,111]. Mishra et al. [112] investigated a
variation in the grain size as a function of the distance from the top of the 7050Al weld. The
average size of the grain ranges from 3,2 um at the bottom of the weld to 5,3 pm at the top. Pao
et al. [113] reported that for friction stir welded 2519Al plates the average grain size ranges
from 12 pm to 2 pm in the top and bottom region of the weld nugget, respectively.

5. Weld defects

The friction stir welding method allows producing welds free from solidification-related defects
since the material does not reach a melting point [20]. Therefore, all the defects related to the
presence of brittle interdendritic and eutectic phase are eliminated [114]. Compared with
conventional welding techniques, the possibility of the occurrence of defects during the FSW
process decreases by 10% [115]. Although the material is only plasticized during the process,
it is susceptible to create defects such as tunnel defects, pin holes, piping defects, kissing bonds,
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zigzag lines and cracks. In general, the reason for creating the defects is improper material flow
and insufficient consolidation of the material in the weld nugget zone [116].

One of the most important process parameters is the tool geometry. The heat is mostly generated
at the interface between the workpiece and the tool shoulder. Heterogeneity in heat generation
leads to the formation of defects in the form of excess flash due to the overheating of the surface
[117,118]. Palanivel et al. [119] examined the influence of the tool geometry on the formation
of defects in the welds of dissimilar aluminum alloys AA5083-H111 and AA6351-T6. Five
different tool pin profiles were used: straight square, straight hexagon, straight octagon, tapered
square and tapered octagon. All the welds fabricated using straight hexagon, straight square and
straight octagon pins were defect-free. The welds fabricated using tapered pins demonstrated
the presence of the tunnel defects in the welds. Elangovan et al. [120] investigated the effect of
the tool pin design on the tendency to defect formation of friction stir welded AA2219
aluminum alloys. Straight cylindrical, tapered cylindrical, threaded cylindrical, triangular and
square pin profiles were used. The square shape pin fabricated the least defect content in the
welds. Furthermore, a square tool performed high eccentricity, which means the ratio of the
dynamic volume swept by the tool to the static volume of the tool was the highest.

In general, the tendency to crack propagation increases with the increase of the welding speed,
but also the alloy-dependence can be observed [121]. Moreover, at high tool traverse speed and
at low tool rotational speed, inadequate heat input may cause insufficient plastic flow, which
results in a formation of defects like tunnel holes or groove-like defects. High tool rotational
speed may be a reason to emerge plastic flow defects, causing internal defects [118]. At high
tool traverse speed and high tool rotational speed, the abnormal stirring may occur defects
caused by the different temperatures between the upper part at the surface of the weld and the
bottom of the weld. The shape of the weld formed with abnormal stirring is different from the
shape of the proper weld — the top part on the advancing side suggests the discontinuous flow
of the material [118]. Rouhi et al. [122] suggested that due to the excessive frictional heat at a
high tool rotational speed, material adhere to the pin, which results in creation of wormhole
defects. Yoo et al. [74] investigated the influence of the tool traverse speed and the tool
rotational speed on the tendency to create defects during the FSW process of Al-Li alloys. The
tool traverse speed higher than 300 mm/min resulted in the formation of defects for all
investigated tool rotational speed (from 300 to 800 rpm). Furthermore, at the tool rotational
speed of 300 rpm, the defects appear at 240 mm/min.

One of the most specific to the FSW method defects is the hooking defect, observed in the
TMAZ, mostly considered to a friction stir lap welded magnesium alloys. The limited
informations on the friction stir lap welded aluminum alloys indicate that the hooking defects
and unwelded lap oxide layers reduce the effective thickness of the top workpiece and can
orientate the unwelded lap as a pre-crack to a more preferred crack propagation direction, which
significantly reduces the fatigue properties [118,123-126]. Naik et al. [127] characterized
friction stir lap welded AZ32B-H24 magnesium alloy welds in terms of the presence of the
hooking defects. It was observed that the tool rotational rate has the most significant influence
on the formation of hooking defects — with the decrease of the tool rotational speed from 1500
rpm to 1000 rpm, the height of the hook was reduced from 1,4 to 0,14 mm. The increase of the
tool traverse speed from 10 to 20 mm/s resulted in the nonsignificant reduction of the height of
the hook from 1,4 to 1,3 mm. A relatively “cold” weld leads to the almost complete elimination
of hooking defects. Yet other investigations suggest that the low tool rotational speed induces
the formation of other types of defects. Mironov et al. [128] fabricated friction stir welded joints
of AZ31 magnesium alloy. At a tool rotational speed lower than 1000 rpm tunnel-type defects
were observed at the weld root, due to the relatively unstable character of the material flow at
low process temperatures. It is noteworthy, that at the low tool rotational speed, consequently,
at the low temperature fabricated welds, the stir zone closely resemble the shape of the pin,
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while at higher temperatures, the stir zone has an elliptical shape, which is an effect of a change
in the material flow in higher temperature.

Investigations on applying the FSW method to polymers prove that the poor thermal
conductivity of this group of materials creates a nonuniform distribution of temperature that
restricts heat from advancing side to retreating side. Hence the defects are mainly located the
retreating side [129,130]. At extreme low tool rotational speed wormholes, tunnel defects and
cracks are observed in the retreating side. Too high tool rotational speed may cause the burn of
the material [95,131]. Mendes et al. [130] examined the main factors affecting acrylonitrile
butadiene styrene (ABD) during the friction stir welding method performed by a robotic system.
The increase in the rotational speed resulted in a decrease in the size and quantity of defects.
Furthermore, the welds fabricated with lower axial force present external and internal defects
like gaps on the surface on the retreating side of the weld, cavities and pores on the border of
stiffing zone and thermo-mechanical affected zone of the retreating side of the welds.
Moreover, the deformations on the surface occur mostly on the advancing side due to higher
heating and softening of the material on the advancing side than the retreating side [132].
Although the tool shape and welding parameters like the tool traverse speed and the tool
rotational speed affect materials flow patterns no specific character has been related to the
formations of pores and other defects [46].

6. Summary

This article briefly summarized the basic concept of the friction stir welding and the influence
of the process parameters on the joints properties. Despite the short history of the process, it is
applied in many diverse industries such as aerospace industry, railway industry, marine and
shipbuilding industry, land transportation, construction industry and more. The most important
principle that distinguishes the FSW process from traditional welding techniques is only
plasticizing the material without reaching a melting point. This feature allows materials that are
difficult to weld by conventional methods to be joined by the FSW technique. Due to the
relatively high thermal conductivity of aluminium and its alloys, FSW welding has brought
enormous progress in the field of joining this material. This method allows also to join hard
materials such as steel and other engineering alloys, as well as composites and polymers.
Significant progress has been made in the understanding of the influence of the tool geometry
on the mechanical properties of the joints and the possibility to create weld defects. Due to
increased experience, tool geometry has been developed significantly. New features of the
geometry allow to reduce process loads and control the material flow during the process.
During the FSW process, a variety of microstructural changes are identified in various zones.
In the nugget zone, full recrystallization can be observed and it leads to the refinement of the
grain size. In the thermo-mechanically affected zone, typical for the FSW method, the material
undergoes plastic deformations, but the recrystallization cannot be observed. The changes in
mechanical properties can also be observed in the heat-affected zone, although it retains the
same grain size as the parent material.

Next to the tool geometry, the most important process parameters are the tool traverse speed
and the tool rotational speed. The proper choice of these parameters has been a fundamental
problem in the process design. Numerous experimental and computer models led to the
conclusion that with the increase of the tool traverse speed, the ultimate tensile strength of the
welds initially increases to the highest value and then decreases. In all presented examples, the
elongation increases with an increase in the tool traverse speed. The ambiguous conclusions are
observed in the influence of the tool rotational speed on the ultimate tensile strength and
elongation. The material dependence exacts the proper selection of the appropriate parameters
for the material. Based on the literature review, a tilt angle in the range from 1 to 3° is usually
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used. With the increase of a tilt angle, the temperature in the nugget, the heat-affected zone and
the thermo-mechanically affected zone increases.

Although all the defects related to the solidification of the welded material are eliminated, there
are several possible defects that occur only at the FSW method. Tunnel defects, pin holes,
piping defects, kissing bonds, zigzag lines and cracks are ones of the most popular occurring
defects. The tool geometry has an important influence on the possibility of creating defects.
During the FSW process, the heat needed to plasticize the material is generated at the interface
between the workpiece and the tool shoulder.

Despite many studies conducted on the mechanical properties of FSW welded joints, there are
no universal conclusions regarding the impact of process parameters on the properties of joints.
Researches show that, depending on the material characteristics, process parameters can affect
the mechanical properties of joints differently.

Future research should focus on improving the welding tool geometry, examining the impact
of process parameters on joint properties and standardizing the trends of these relationships for
different materials.

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.
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Abstract: The modern and eco-friendly friction stir welding (FSW) method allows the combination of
even such materials that are considered to be non-weldable. The development of FSW technology in
recent years has allowed a rapid increase in the understanding of the mechanism of this process and
made it possible to perform the first welding trials of modern polymeric and composite materials,
the joining of which was previously a challenge. The following review work focuses on presenting
the current state of the art on applying this method to particular groups of materials. The paper has
been divided into subchapters focusing on the most frequently used construction materials, with
particular emphasis on their properties, applications, and usage of the FSW method for these materials.
Mechanisms of joint creation are discussed, and the microstructure of joints and the influence of
material characteristics on the welding process are described. The biggest problems observed during
FSW of these materials and potential causes of their occurrence are quoted. The influence of particular
parameters on the properties of manufactured joints for each group of materials is discussed on the
basis of a wide literature review.

Keywords: friction stir welding; FSW; solid type welding; mechanical properties; weld strength

1. Introduction

Friction stir welding (FSW) is a method invented at the Welding Institute of the United Kingdom
and patented by Wayne Thomas in 1991 [1]. It is considered to be one of the most prospective material
joining developments in the last 30 years. Primarily, this method was dedicated to joining aluminum
and its alloys, but today it is widely used for titanium and its alloys, magnesium and its alloys, steel
and ferrous alloys, and copper, but also polymers and composites. The FSW process is defined as a
solid-state method. Materials to be joined do not melt during the process. Since the melting point is
not reached, typical problems of fusion welding techniques are eliminated. These problems are usually
related to a change of state, such as changes of volume and solubility of gases, and these effects are not
observed during friction stir welding process [2—4].

During the process, a specially designed tool is put into linear movement along a joint line,
rotating at the same time. The kinetic energy of the tool is transformed into thermal energy, generated
by the friction on the interface between the tool and the components. The heated material is plasticized
by a tool and extruded around the pin in a backward direction of a tool moving along the edge
of a contact line. The FSW method is usually used to produce butt welds, but it also allows the
fabrication of joints of other types, such as corner welds, T-welds, lap welds, and fillet welds [5-8]. A
schematic illustration of a friction stir welded butt joint is shown in Figure 1. Nowadays, the FSW
method is widely used in many industrial areas, such as aerospace (wings, fuel and cryogenic tanks,
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fuselages) [9-12], railways (underground carriages, wagons, container bodies) [13-15], marine and
shipbuilding (deck panels, hulls, booms, masts, offshore accommodation) [14,16], construction industry
(frames, bridges, pipelines) [17,18] and land transportation (wheel rims, mobile cranes, tail lifts) [19].
The FSW technology is also applied in sectors such as machinery equipment, electronics, metalworking,
and the R&D sector [20].

AXIAL FORCE

ADVANCING
SIDE

TRAVERSE
SPEED

RETREATING
SIDE

SHOULDER

PIN
Figure 1. Schematic illustration of a friction stir welding process.

In the cross-section of the friction stir welded joint, a specific microstructure is observed. Due to
the solid-state nature of the process, the zones that are not found in welds produced by conventional
welding methods can be distinguished. Based on thermomechanical actions of the FSW tool, four
distinct zones can be observed: weld nugget (stir zone, SZ), thermo-mechanically affected zone (TMAZ),
heat affected zone (HAZ), and base material (unaffected zone, BM). The presence of the stir zone is a
result of the recrystallization in the middle part of the thermo-mechanically affected zone. The nugget
is formed by fine grain sized metal. The material of the SZ experiences plastic deformation due to the
interactions with the tool. Rhodes et al. [21] and Liu et al. [22] claimed that in the recrystallized grains,
a low density of dislocations is observed. However, other studies proved that the recrystallized grains
of the SZ contain high density of sub-boundaries [23], dislocations [24] and subgrains [25]. Between
the SZ and the HAZ, a unique transition zone, called the thermo-mechanically affected zone, can be
observed. TMAZ is exposed to both temperature and deformations during the process. Because of
insufficient deformations, strain recrystallization is not observed. Exposure to high temperatures
during welding might cause the dissolution of precipitates in TMAZ. Beyond TMAZ, the heat-affected
zone is observed. In that region, there are no plastic deformations, but it is still subjected to a thermal
cycle. The alteration of properties in HAZ, compared to the base material, includes changes in ductility,
toughness, corrosion susceptibility, and strength. The changes in grain size or chemical makeup are
not observed [26]. The typical cross-section of the FSW joint and the microstructures of different zones
are shown in Figure 2.
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y Weld centerline

Advancing side

Figure 2. (a) Typical weld macrostructure of 6061-T6 Al alloy in FSW, (b) microstructure of the joint-stir
zone (DXZ, dynamic recrystallized zone), TMAZ, HAZ, and BM taken at yellow square marks shown
in (a) [27].

The FSW technology is classified as a green technology. As a melting point is not reached during
the process, less energy is used in comparison to fusion welding techniques. Moreover, CO; emission
to the atmosphere can be significantly reduced [28]. It is relatively easy to control the process and
setting optimal parameters allows for a subsequent reduction of necessary non-destructive testing. The
pollutions generated by sprays for visual and magnetic inspection and exposure to radiation in the case
of X-ray tests are reduced. Additionally, if the optimal parameters are set, post-weld heat treatment
is not required [28,29]. It results in the reduction of CO,, energy consumption, and other pollutions
emitted to the atmosphere. The FSW process uses a non-consumable tool; the use of shielding gas is
not necessary.

One of the most important process parameters is the geometry of the tool. The tool consists
of a specially designed pin and shoulder. The movement of the plasticized material depends on its
geometrical features [30]. Its geometry also conditions the workpiece thickness, possible materials to
be welded, and type of the joints [7]. The pin is an element of the tool that is directly plunged between
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the surfaces of the workpieces. It is plunged into the material until the shoulder reaches the contact
with the surface of the components [31]. The tool design governs the process loads and microstructure
of the weld, when from the heating aspects, the most important parameter is a ratio of a shoulder
diameter to a pin diameter [32]. The FSW method is mostly characterized by two parameters related
to its kinematics—rotational speed (w) and traverse speed (v) along the joint line [33]. Selecting the
optimum tool traverse and rotational speed is a crucial concern in the design of the FSW process.

The FSW technique allows the joining of many types of materials, even hard materials such
as steel and engineering alloys. Recent studies have also been investigating the joining of metals
to polymers through the FSW technique [34-36]. According to the analysis of Magalhaes et al. [20],
most of the research and patents on FSW welding have concerned aluminum and its alloys, followed
by ferrous alloys, magnesium, titanium, and their alloys. There are also studies regarding the
welding of composites, copper, and polymers. The published papers analyze not only the FSW
industrialization [37-40], but also the process mechanism, welding parameters, weld properties, and
material microstructure. This paper presents the latest results of research on various materials welded
using the FSW method and the influence of technological parameters of the process on the mechanical
properties of welds and their microstructure, with particular reference to butt joints.

2. Methodology

The purpose of the overview is to establish the influence of the process parameters on the
mechanical properties of the joints of different groups of materials. The method underpinning
this paper is a systematic literature review. The number of papers published on FSW technology
grows quickly, and the studies have become very diverse, making important the understanding and
assessment of its impact on research and development level. In order to achieve this objective, an
analysis of the literature published since 1991 to the current date was performed. The bibliographical
references analysed were selected mostly from Scopus and ScienceDirect databases, using keywords
such as “FSW”, “friction stir welding”, “solid state welding”, and “solid type welding”. Several
hundred papers from the top journals publishing on FSW were analysed. Almost 70% of the articles
presented in the review have been published in the last ten years; therefore, the paper is an analysis of
the latest developments in the field of FSW process. A meticulous literature review on the applied
FSW welding parameters allowed the presentation of the properties of the produced welds, if such
information was presented in the quoted articles.

3. Aluminum and Its Alloys

Aluminum and its alloys are materials widely processed by FSW. Due to the difficulty of welding
aluminum using traditional methods, FSW offers an excellent solution for joining these materials,
ensuring reliability, ease of control of process parameters, and minimized risk of defects contributing
to a reduction in the mechanical properties of the welds. During the FSW process of aluminum and
its alloys, the temperature usually stays below 500 °C [41—43]. The experimental validation of the
temperature on the tool surface is difficult to identify due to large deformations at the interface between
the material and the tool, but Colegrove et al. [44] suggested that it can be near the solidus temperature.

Aluminum alloys can be divided into precipitation-hardened and solid solution-hardened
alloys [32]. Although the precipitation-hardened aluminum alloys are easily welded by FSW, the
heat-affected zone might be severely softened, essentially characterized by the dissolution or coarsening
of the existent primary precipitates of the original thermal cycle [23]. It is reported that the hardness
profile depends mostly on the precipitate distribution, and the grain size is of minor importance [23,45].
The most relevant to the hardness profile of the FSW joints of precipitation-hardened alloys is frictional
heating during the process. The thermal hysteresis has an influence on distribution, size, and volume
fraction of the strengthening precipitates [45].

The analysis of the state of the art has highlighted that there is no general dependence of
mechanical properties of welds as a function of particular process parameters. In the studies of
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Krasnowski et al. [46], it was reported that the ultimate tensile strength (UTS) of the AA6082-T6 joints
initially decreases as a function of the tool traverse speed and then increases, reaching the maximum
value of the UTS for the relatively highest tool traverse speed at the constant rotational speed for three
different tool geometries. Opposite results has been observed by Rao et al. [47] during the FSW of
IS:65032 aluminum alloy at the tool rotational speed of 1300 rpm and triangular pin shape, but the
square pin shape for the same tool rotational speed confirmed the relationship observed before by
Krasnowski et al. [46]. The above examples clearly indicate that the shape of the tool plays a key
role in the FSW process, and changing only this parameter may cause the opposite effect of other
process parameters on the properties of welds. Considering the influence of the tool rotational speed
on the UTS of FSW joints, it is worth quoting studies on AA6061 alloy by Emamian et al. [48]. In
these studies, it was observed that for linear speed v = 40 mm/min, the initial increase in the tool
rotational speed causes an increase in UTS, but when it reaches its maximum, the UTS decreases
with the increase in the speed. In the same study, for the tool traverse speed of 100 mm/min, UTS
initially decreases with the increase in the tool rotational speed, but when it reaches its minimum,
UTS increases with the increase in the tool rotational speed. Rajendran et al. [49] investigated the
influence of the tilt angle on the hardness of the nugget zone of AA2014-T6 FSW lap joints. The tilt
angle of 2° resulted in the maximum value of the hardness. In the studies on Al 5754 alloy, conducted
by Barlas et al. [50], it was reported that the tilt angle equal to 2° provides better mechanical properties
of the joints compared to the zero tilt angle. The investigations of Peel at al. [51] showed that the
ratio of the shoulder diameter to the pin diameter (D/d) equal to 3.6 resulted in the highest ultimate
tensile strength and yield strength of the AA5083 FSW joints, while the studies of Khan et al. [52]
proved that in the range from 2.6 to 3.2 of the D/d ratio, the lowest value resulted in the best UTS and
elongation of the AA6063-T6 joints. The reason for the different results may be the shape of the tool.
The above studies used pins with different geometry—Peel et al. [51] used a threaded pin, while a
smooth cylindrical pin was used by Khan et al. [52]. What is more, it is worth noting that the alloys
with different chemical compositions were used in the studies, especially in the magnesium content,
which could also affect the results obtained.

In the literature, there are few reports about FSW welding of metallic foams. However, the FSW
technique is not an ideal solution to join the foams due to their compressibility. The pressure necessary
to create frictional forces between the tool and the material is not sufficient after inserting the tool
between the components to be joined, or the resulting forces destroy the porous structure of the material.
A more popular solution is to implement the FSW method to produce sandwich structures, where
a porous structure is placed between two sheets of solid material. In the research of Peng et al. [53],
FSW was adopted to prepare aluminum foam sandwich. For this purpose, aluminum foam and solid
aluminum AA6061-T6 plates. The aluminum foam panel was inserted between two solid plates and
welded on both sides. It was concluded that the FSW technology offers better mechanical properties of
the foam sandwiches compared to traditional adhesion and brazing. Busic et al. [54] investigated the
influence of tool traverse speed and tilt angle on the mechanical properties of FSW of aluminum foam
sandwich panels. Butt welds were produced by double side welding applying insertion of extruded
aluminum profile. The studies proved that both tool traverse speed and tilt angle have significant
influence on the UTS and flexural strength of the welds. In general, the current state of the art is poor
in this type of research. The joining of foams still needs more studies, especially when permanent
metallurgical bonding has to be obtained.

It is widely reported that the process parameters play a crucial role in the mechanical properties
of the welds. However, the above examples prove there are no generally defined relationships. Table 1
summarizes analyzed studies on friction stir welding of different aluminum alloys. Table 1 presents the
selected parameters that provided the highest mechanical properties of the welds, and in parentheses,
the properties of the parent material are given for each example.
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4. Magnesium and Its Alloys

Among commonly used structural materials, magnesium has the lowest density. Because of
its hexagonal close-packed (hcp) structure at room temperature, the formability of magnesium is
very constrained; however, it increases significantly at temperatures of 230-310 °C [60]. Most of the
commercially used magnesium alloys are ternary alloys containing aluminum, zinc, silicon, and rare
earth metals [61]. In Mg-Al series, the most common alloys are AZ (Mg-Al-Zn) and AS (Ag-Al-Si) [62,63].
The successful method to join magnesium alloys is arc welding, but some difficulties might occur in
joining, especially the cast grades alloys [60]. During fusion welding of aluminum alloys, the shielding
gases are necessary due to oxidation at welding temperatures. The most significant problems occurring
during fusion welding of magnesium alloys are the porosity of the welds [32], distortions due to
high thermal conductivity and thermal expansion of magnesium alloys [10], evaporation, and solute
atoms segregation, which leads to softening of the joint area. In addition to the application of the FSW
technique mentioned above, friction stir welded magnesium alloys find their applications in industrial
equipment of nuclear energy, due to their low neutron absorption, excellent thermal conductivity, and
good resistance to carbon dioxide [64].

There are plenty of studies on the microstructure of the FSW magnesium joints. Xin et al. [65]
reported that the primary texture does not significantly affect the final microstructure and texture of
the nugget zone. However, texture distribution in the thermo-mechanically affected zone influences
the mechanical properties of the joints [66]. In the studies of Yang et al. [67], it was reported that
the shoulder size does not have an impact of texture modification in the nugget zone of friction stir
welded Mg-3Al-1Zn alloy, but it weakens the (0002) texture in the thermo-mechanically affected zone.
Commin et al. [68] observed that during FSW of AZ31 hot-rolled base material, the structure is not
significantly changed when the shoulder diameter is equal to 13 mm, but the shoulder diameter of
10 mm resulted in the strong texture modification. In their studies, it was also reported that the highest
tensile residual stress was observed in the thermo-mechanically affected zone. It was observed that
a larger diameter of the shoulder reduced the residual stress due to the higher heat delivered to the
welded material.

The analysis of the research conducted so far does not allow the drawing of general conclusions
concerning the optimization of process parameters. On the basis of studies carried out by Lim et al. [69],
it was concluded that the tensile properties of AZ31B-H24 welds are not significantly affected by
FSW process parameters, whereas Lee et al. [70] reported that with an increase of the tool rotational
speed, the strength of the joints of the same alloy increased. Wang et al. [11] and Kumar et al. [71]
reported that for AZ31 butt welds, the UTS, yield strength, elongation, and hardness primarily increase
with an increase of the tool traverse speed and after reaching the maximum value, decrease with a
further increase of the welding speed. In the studies of Han et al. [72], the ultimate tensile strength
of Mg-Gd alloy increases with an increase of the tool traverse speed. The opposite dependence was
presented by Sahu et al. [73] for AM20 butt welds. It should be noted that both tests were performed at
a different tool rotational speed, so the amount of heat generated was different. Moreover, both tests
were different in the geometry of the tools used. In the study of Sahu et al. [73], the influence of D/d
ratio on the mechanical properties was also investigated. In the range from 2 to 4, the highest D/d ratio
provided the highest UTS. Sevvel et al. [74] and Pareek et al. [/5] investigated the influence of the tool
rotational and traverse speed on the mechanical properties on AZ31 magnesium alloy. The results of
the tests do not allow the drawing of a general conclusion. Sevvel et al. [74] proposed the lowest tool
traverse speed and the highest rotational speed to obtain the highest ultimate tensile strength and the
highest yield strength of the welds, while in the studies of Pareek et al. [75], the highest tool traverse
speed and the highest rotational speed resulted in the best mechanical properties of the welds. Sevvel
et al. proposed the tool rotational speed equal to 1000 rpm, while in the studies of Pareek et al., it was
set as 2000 rpm. In this case, a higher tool traverse speed could provide enough heat to the weld, which
could be insufficient if the speed was lower, as in the studies of Sevvel et al. Studies on the hardness
of friction stir welded magnesium alloys show contradictory conclusions. Esparza et al. [76] and
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Park et al. [77] reported that the welds exhibit almost the same hardness in the various zones. On the
contrary, Xie et al. [78] and Zhang et al. [79] noted that the nugget of the welds has significantly higher
hardness than the other zones. It can be explained by breaking up large intermetallic compounds
Al Ca in Mg-Al-Ca alloy studied by Zhang et al. [79] and Mg-Zn-Y phases in Mg-Zn-Y-Zr studied
by Xie et al. [78] and their dispersion in the stir zone, which resulted in the increase of the hardness.
As mentioned earlier, aluminum alloys are divided in two types: precipitation-hardened and solid
solution-hardened alloys. Thus, in ternary magnesium alloys containing aluminum as the main
alloying element, the hardness of magnesium alloy varies according to the percentage of aluminum
present in the structure.

Table 2 presents the properties of FSW joints of magnesium and its alloys and the mechanical
properties of the parent material if presented by the authors.
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5. Steel and Ferrous Alloys

The FSW method was initially dedicated to aluminum and its alloys, but with the development of
this technology, other materials are successfully joined. Steel and ferrous alloys are still a challenge
due to their high hardness. The biggest problem when welding steel and ferrous alloys is choosing the
right tool for this process. The tool material must have high resistance to frictional wear, resistance
to cracking, high strength, and resistance to chemical degradation at high temperatures achieved
during the process [90,91]. Finding the proper material is a major engineering challenge. There are
also studies on various ceramic options [92]. Nevertheless, composite tools made of polycrystalline
boron nitride/tungsten rhenium (pcBN/W-Re) are also commonly used in the FSW of steel [93].

The friction stir welding method offers a reduction of the metallurgical changes in the heat-affected
zone due to lower heat input compared to fusion welding techniques. The FSW method is a good
alternative for joining difficult to fusion weld steel grades. Furthermore, during fusion welding, the
normal source of hydrogen might lead to hydrogen cracking, while this problem is eliminated during
FSW [32]. Early studies on FSW of steels proved that the peak temperature during the process of
1000-1200 °C is much lower than that observed during conventional welding [10,94,95]. Hence, the
region of the heat-affected zone with pearlitic steels, which becomes fully austenitic, is supposed to be
narrower. Moreover, the size of the grains of austenite is expected to be finer than in the case of arc
welding. The unfavorable transformations, such as untampered martensite, can be avoided in the FSW
method [10].

The thermo-mechanical nature of the FSW process induces phase transformations controlled
by the selection of appropriate process parameters, such as tool rotational speed and tool traverse
speed. Changes in the microstructure of carbon steel depending on the process temperature were
presented in the paper of Fujii et al. [96]. In the study of Cui et al. [97], different microstructures of
high-carbon steel were observed by controlling both the tool rotational speed and the tool traverse
speed. Saeid et al. [93] obtained defect-free welds of duplex stainless steel by the FSW method in
relatively low temperatures, which led to the avoidance of phase transformation and the ratio between
phases was not changed. In the research of Ghosh et al. [99], the dependency of temperature and
rate of deformation on microstructure for high-strength M190 steel was examined. Miura et al. [100]
reported that the FSW method on Cr-Mo steel results in the increase of the volume fraction of retained
austenite, and the joints perform high ultimate tensile strength and elongation. A similar observation
for ferritic stainless steel was noted by Fujii et al. [101]. However, there is no general explanation for
this mechanism.

The influence of welding parameters of steel on the mechanical properties of welds is not fully
determined. In the research of Mahoney etal. [102], the HSLA-65 alloy was welded and the mechanical
properties of the welds in dependence on the rotational speed and traverse speed of the tool were
examined. The results showed that the tensile strength of the welds increases with both rotational
and linear speed, while the elongation of the welds decreases. The studies of Miura et al. [103] show
an inverse relationship: for iron alloys with nickel and carbon, the ultimate tensile strength of the
welds and their yield strength decreases with an increase in tool speed. It should be noted that these
incompatibilities result from differences in the range of selected parameters. Mahoney et al. applied a
tool traverse speed up to 152.4 mm/min, while Miura et al. applied one with maximum 400 mm/min.
However, similarly to the studies on HSLA-65 steel alloy of Mahoney et al. [102], the elongation of the
welds decreases as the rotational speed increases. In the research of Fujii et al. [104], three carbon steels
with different carbon contents were subjected to the FSW method. Their tensile strength was tested
depending on the established traverse speed. The results showed that for IF (interstitial-free) steels,
this parameter does not significantly affect the UTS, while for 512C and S35C steels, this effect was
more visible but not uniform. For S12C, UTS increased with the tool traverse speed, while for S35C,
the tensile strength first increased and then decreased with an increase of the tool traverse speed. For
both steels, higher UTS than the value for the parent material was achieved. The same dependence as
for S35C steel was observed by Reynolds et al. [90] for DH36 steel. Tensile strength and yield strength
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first increased and then decreased as both traverse and rotational speed of the tool increased. The
mechanical properties of the welds were higher than those of the parent material. In the research of
Meshram et al. [105] on ASIS 316 steel, the highest tool rotational speed and the lowest traverse speed
of the tool influenced the mechanical properties of the joints. The UTS and hardness exceeded the ones
of the base metal. The studies of Maltin et al. [106] on DH36 steel showed that the highest both tool
traverse and rotational speed resulted in the highest UTS and yield stress, exceeding the values for the
parent material.

Some researchers claimed that FSW of steel is an attractive alternative in comparison to the fusion
welding, and the feasibility of the method was proved by many studies, although more scientific
research in this field is needed, especially with improving tools’ geometry and the proper selection of
the tool materials [94]. In contrast, Bhadeshia and DebRoy [107] suggested that the FSW technology
is not expected to be widely applied, because fusion welding techniques already allow producing
reliable, cost-effective joints.

Table 3 presents the results of selected studies on friction stir welded steels. The process parameters
that provided the best mechanical properties of the welds were presented, and the properties of the
parent material were given in brackets.
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6. Titanium and Its Alloys

Titanium and its alloys are characterized by very good mechanical properties such as high
strength, high corrosion resistance, and a very good strength-to-weight ratio, but their processing at
temperatures higher than 550 °C is difficult due to their low resistance to oxidation. In addition, in
single-phase titanium alloys, a tendency to grain growth is observed, which results in a decrease in
the mechanical properties of the material [115]. When using the FSW method for soft alloys such
as aluminum or magnesium, the problem of tool wear and its material selection is not a challenge,
but in the case of titanium joining, these problems may arise. The most commonly used tools during
the FSW process are those with a developed pin geometry, such as threads, flats, or flutes. When
friction stir welding titanium and its alloys, conventional tools can be significantly damaged. It is
therefore necessary to modify the geometry in such a way that the material is properly mixed while
minimising the problem of wear. These solutions consist of uncomplicated tools with a columnar or
conical pin, and the mixing of the material is assisted by appropriate shoulder surface modification,
such as scrolls, ridges, knurling, grooves, or concentric circles. Usually, the ratio of shoulder diameter
(D) to pin diameter (d) is chosen to be equal to 3 to provide the best mechanical properties of the
joint [116,117]. In the case of FSW of titanium and its alloys, a heat generated by the shoulder cannot
flow to the join root, and a relatively small pin is not able to properly stir the plasticized material.
Therefore, usually tools with smaller shoulder diameter and larger pin are used, and the D/d ratio is
smaller, which can be observed in the examples summarized in Table 4. Another important aspect of
the tool design process is the selection of the right material. The significant strength of titanium and
its alloys at hot working temperatures makes it necessary to select a material for the tool that will be
resistant to high forces during the process and be inert for reactive titanium at temperatures reaching
0.8 of its melting point. The most popular materials for FSW of titanium and its alloys are W-, Re-,
Mo-based alloys, and TiC [118-123]. Titanium and its alloys have a relatively low thermal conductivity
and a high melting point, so a temperature gradient between the advancing and retreating side of the
components may appear when friction stir welding. Applying the FSW method to titanium alloys
might be challenging due to the thickness of the components and the tool geometry limitation, mostly
for alpha and near-alpha alloys. In case of such alloys, the lower thermal conductivity of alpha phase,
its higher low stress, and higher heat capacity of titanium makes it difficult to select the proper tool
material for titanium alloy with high B trans temperature. B or  + 5 alloys are susceptible to the
temperature of § transus during friction welding in dependence on welding parameters and thermal
distribution during the process. Examples of tools used during the process of FSW of titanium and its
alloys are tungsten carbide (WC) and titanium carbide (TiC) tools produced by sintering. Specially
designed water cooling systems are also successfully used to better dissipate heat from the tool [124].

The mechanical properties of welds are directly influenced by the evolved micro- and
macrostructure of the joints. The macrostructure observed in titanium alloys is clearly different
from the banded elliptical macrostructure observed in aluminum and its alloys [32] and a parabolic
shape of the weld nugget was observed in the research of Gangwar et al. [125] on titanium alloys.
Fonda et al. [126], in their research on aluminum alloys, observed that the banding may be attributed
to the fluctuations in the second phase particles density or the crystallographic texture changes, while
in the titanium alloys, the absence of hard second phases or inclusions suggests the formation of
banding formation in the nugget due to texture difference [127]. Gangwar et al. [127] in the review
suggested that the elongation of the FSW titanium components is lower than the base metal due to
microstructural gradients observed in the gauge length of the transverse tensile specimen, and the
strains are mostly carried by the narrow areas of the thermo-mechanically affected zone. However, the
examples presented in Table 4 show the opposite conclusions. In the studies of Kulkarni et al. [125] on
Ti-54M plates, the increase in specimen elongation was observed with the increase in the tool traverse
speed in the FSW process. On the contrary, in the studies of the same authors on Ti-6242 plates of the
same thickness and the same process parameters, the decrease of the elongation with the increase of
the tool traverse speed was observed. This confirms the assumption that the chemical composition of
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the material is very important for FSW welding. These studies also confirm the suggestion that & and
near « alloys, among them Ti-6242, are more challenging. Similarly, the studies of Su et al. [129] on
Ti-6Al-4V a decrease in elongation with an increase in the tool traverse speed was observed, while
Mashinini et al. [130] studies on the same alloy showed the opposite relation. This effect is caused by
differences in other applied parameters, including tool geometry, tool rotational speed, and tilt angle.
In the same studies of Su et al. [129] and Mashinini et al. [130], opposite correlations between UTS
and the tool traverse speed were also presented. In the studies of Fuijii et al. [131] on pure titanium
plates, the UTS firstly increases with the increase of the tool traverse speed and then decreases with the
further increase of the tool traverse speed. The opposite relation was observed by Kulkarni et al. [128]
in the studies on Ti-6Al-4V titanium alloy. Kulkarni et al. [128] presented a tendency of increasing
UTS as a function of the tool rotational speed, while Zhang et al. [120] reported an opposite relation.
An in-depth review of the literature did not allow the explanation of the reason for contradictory
conclusions in the cited examples, but it should be noted that in all cited studies, tools with different
geometry and made of different material were used, and this could have been the reason for obtaining
different results.

Table 4 presents the results of friction stir welding on titanium and its alloys and the mechanical
properties of the parent material, if presented by the authors.
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7. Copper and Its Alloys

Copper and its alloys are widely used in many engineering applications due to their properties
such as good electrical and thermal conductivity, relatively good mechanical strength, high corrosion
resistance, and high formability. The most popular copper alloying elements are zinc, aluminum,
nickel, and tin [136]. After steel and ferrous alloys and aluminum and its alloys, copper and its alloys
are the most commonly used materials in industries, especially in the marine, aerospace, electronics,
and military sectors. However, pure copper strength is not high enough for load bearing components,
but it increases by alloying. The most popular copper alloys are solid solution hardened (single-phase).
Copper is characterised by low galvanic reactivity, so the risk of reaction or corrosion is low. It is
also characterized by high plasticity and resistance to oxidation. The most important applications
for copper and its alloys include heat sinks, electrodes for resistance welding, and rotating target
neutron sources. The FSW method was also successfully used for joining components for nuclear
waste canisters [137,138]. It is also used in processes of soldering and brazing [139].

Joining copper and its alloys using traditional welding methods is difficult due to the high thermal
conductivity and high melting point, which makes it necessary to generate a large amount of heat,
thus increasing the cost of the process, and the resulting welds may exhibit porosity, distortion, and
solidification cracks. Conventional fusion welding techniques require very fast heat delivery due to
10-100 times higher heat conductivity than that of steels [10,32]. Copper and its alloys are ranked
as hard-to-weld materials [140]. The most significant problems occurring during the conventional
welding of Cu and its alloys are high distortion, irregularities of the weld surface, decrease of strength
at the weld surface connected with the formation of ZnO (for high Zn-content alloys), insufficient
penetration because of the high thermal conductivity of Cu, and colour change because of the oxidation
process. The FSW method is an excellent solution, because the melting temperature is not reached
during the process.

Due to the high thermal conductivity of copper and its alloys, the required heat input should be
higher than for FSW of other materials. This means that the process is usually conducted at lower tool
traverse speed and/or higher tool rotational speed. It is required mostly for FSW of pure copper, which
has higher thermal conductivity than its alloys. As for all friction stir welded metal joints, four specific
zones can be observed in the cross-section-stir zone (SZ), thermo-mechanically affected zone (TMAZ),
heat-affected zone (HAZ), and base metal (BM). For the FSW joints of copper alloys, the HAZ. is not
highly distinguishable [141,142]. The recrystallization process occurs relatively easily in copper and its
alloys, especially single-phase, so the SZ extends almost the TMAZ and the boundaries between those
two zones are hard to determine.

In the research of Machniewicz et al. [143], 5 mm pure copper plates were friction stir welded
in both the longitudinal direction and perpendicular to the rolling direction. For both examples,
the ultimate tensile strength decreased with an increase in the tool traverse speed. Moreover, the
microhardness of the welds was measured. The microhardness profile presented a “W"” shape, which
is characteristic for most friction stir welded joints [144-149]. In the profile of such welds of any metal,
a sharp decrease in hardness can be observed in the heat-affected zone, and then the hardness slightly
increases in the direction of the weld nugget. This phenomenon is related to the difference in grain size
in various zones—in the weld zone, the microstructure is more fine-grained than in the heat-affected
zone, and therefore higher hardness is observed there. In the studies of Khodavardizadeh et al. [146],
Xue et al. [145], and Surekha et al. [150] on pure copper plates, the ultimate tensile strength of the
welds as a function of the tool traverse speed was also determined. The results of those studies are not
consistent with those of Machniewicz et al. [143], and the UTS of the welds increased with an increase
of the tool traverse speed. In the studies of Khodavardizadeh et al. [146] and Surekha et al. [150], it
was observed that the elongation of welded samples increases with an increase of the tool traverse
speed, while Xue et al. [145] noted the opposite relationship for the same material. The above quoted
studies were carried out with different process parameters and the values of applied tool rotational
speed were more than twice as high for tests of Xue et al. [145] as for Surekha et al. [150]. In the studies
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of Liu et al. [151] on pure copper plates, the ultimate tensile strength as a function of the tool rotational
speed was measured. It was observed that the UTS firstly increased and then slowly decreased with the
increase of the tool rotational speed. The same relation was observed while measuring the elongation.
The maximum UTS was equal to the value for the base material. In the studies of Xue et al. [145] and
Khodavardizadeh et al. [147], the UTS of the welds decreases with an increase of the tool rotational
speed, while in the studies of Sahlot et al. [152], Xie et al. [153], and Cartigueyen et al. [154] on the pure
copper plates, the opposite relationship was observed. Cartigueyen et al. [154], Xie et al. [153], and
Xue et al. [145] reported that the elongation of the copper FSW joints increased with the increase of the
tool rotational speed, while the opposite relationship was observed by Khodavardizadeh et al. [147].
In this study, it was also noted that the hardness of the copper weld nuggets increases with the increase
of the tool traverse speed, while Surekha et al. [150] observed almost no changes of the hardness,
and the measured values were similar to the one of the base material. Khodavardizadeh et al. [146]
noted that the hardness of the copper weld nuggets decreases with an increase of the tool rotational
speed, while Xie et al. [153] and Cartgueyen et al. [154] noted an opposite relationship. In another
study of Cartigueyen et al. [155] on 6 mm thick copper plates, the influence of the pin geometry was
investigated. The threaded cylindrical pin provided better mechanical properties of the friction stir
welded joints than square, triflute, and hexagonal pins. Different tool geometries were used in all
the quoted research or these geometries are not presented in the papers. It should be noted that tool
geometry is a key process factor, and it is necessary to define it in published studies.

Table 5 shows an overview of the studies on copper and its alloys conducted so far. Each example
contains a set of parameters (if given) that provided the best mechanical properties of the welds and
the values of these properties including the properties of the parent material (values in brackets).
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8. Polymers

Polymeric materials are generally characterised by different properties than metallic materials.
Although the FSW method was initially dedicated to metal bonding, with the increasing use of
polymers in various industries, it has been successfully used to join also this group of materials.
The research on the friction stir welding of polymeric materials conducted so far focuses mainly on
joining of polyethylene (PE) [164-169], high-density polyethylene (HDPE) [166,170-172], polyamide
Nylon 6 [173-175], acrylonitrile butadiene styrene (ABS) [176-179], polyvinyl chloride (PVC) [171],
polypropylene (PP) [180,181], and polyethylene terephthalate glycol (PETG) [152].

Using conventional tools for friction stir welding of polymers is the easiest but not the most
effective approach, which will be concluded later. Panneerselvam et al. [153] successfully buttjoined
10 mm polypropylene plates using the FSW method, but for some pin geometries, the insufficient
material soften; the tool damage or the blowhole defects were observed in the joint line. Design
of experiments analysis (DOE) was used for modelling and analysing the influence of the process
parameters [184]. The analysis of the obtained results allowed the authors to conclude that insufficient
heat on the retreating side did not allow for proper mixing of the material in this zone and increased
the probability of weld defects. The same conclusions were presented by Simoes et al. [185]. The
morphology of the polymethyl methacrylate joints welded by the FSW method was analysed, and
it was claimed that the advancing side of the welds performs almost the same transparency as the
base material, while in the retreating side, the insufficient stirring and voids were observed. The
studies conducted so far allow the conclusion that low heat conductivity of polymeric materials is not
favourable for an efficient FSW process. Sufficient softening and plasticization of the material that is
not in direct contact with the tool is difficult to achieve. In the literature, approaches can be found
related to the application of an additional heating system that would compensate for heat deficiencies
related to low thermal conductivity and friction coefficient of polymer materials. Squeo et al. [186]
friction stir welded 3 mm polyethylene sheets using a pin previously heated with a hot air gun. This
solution was not considered reliable due to the rapid cooling of the tool. Another approach was to
use a hot plate between the CNC table and the components. The plate was heated up to 150 °C and
ensured high quality of joints, while the biggest disadvantage of this method was low repeatability
during the process. Arbegast [187] proposed a model of the FSW joint that describes the conditions
of the process and a mechanism of creating weld defects. The theory also confirms that volumetric
defects are likely to be observed on the retreating side of the weld.

The FSW method using a conventional tool to perform the welding process usually does not bring
the expected results, and the properties of the welds are relatively low. In order to minimize the risk of
weld defects and increase the efficiency of the process, a modification of the FSW method—stationary
shoulder friction stir welding (SSFSW)—is used. The mechanism of the SSFSW process consists of
a rotating pin that runs in a non-rotating shoulder element sliding on the material surface during
welding. The stationary shoulder, usually called a shoe, minimizes the risk of the plasticized weld
material being expelled from the weld seam [181]. The literature review on the SSFSW method can
lead to the conclusion that this modification should be used for joining polymers in order to obtain
non-defects and high mechanical properties welds [165,176,182,188]. Rezgui et al. [1858] applied the
SSFSW method with a wooden stationary shoulder to weld 15 mm thick HDPE. The temperature
detected during the process was in a range from 120 to 180 °C, which means that the material reached
its melting point, and the process did not have a solid-state nature. Other studies also confirm that
friction stir welding of polymers is not a solid-state process, unlike the FSW of metals [185,189]. In
order to obtain better results from the SSFSW method, a tool called “hot shoe” was developed and
patented by Nelson et al. [190]. The aluminum static shoulder with the polytetrafluoroethylene (PTFE)
coating with a heater component inside of the shoe allows the attainment of the tensile strength of 75%
of the base material of ABS. The concept of SSFSW with a hot shoe as a shoulder was also successfully
used in the studies of Bagheri et al. [176], Banjare et al. [191], and Laieghi et al. [192].
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Sahu et al. [180] successfully welded 6 mm polypropylene sheets using three pin
geometries—cylindrical, square, and conical. Only cylindrical and square pins enabled the production
of defect-free welds. The influence of the tool traverse speed and the tool rotational speed on the
ultimate tensile strength was determined. It was observed that the UTS of the welds firstly increased
with an increase in the tool rotational speed and then slowly decreased. The same dependence was
observed for the tensile strength function of welds on the tool traverse speed. The same conclusions
for both tool traverse and tool rotational speed were confirmed by Pirizadeh et al. [178] on the friction
stir welded 5 mm thick ABS plates and Arici et al. [165] on double pass friction stir welded Nylon
6 plates, where the influence of the tool traverse speed on the UTS of the welds was measured. In
the studies, it was concluded that the tilt angle of the tool equal to 1° results in better mechanical
properties of the welds than the tilt angle of 0°. The studies of Youssif et al. [175] on 13 mm thick
Nylon 6 plates proved that the UTS of the welds decreases with an increase of the tool traverse speed.
The same dependence was observed for the UTS as a function of the tool rotational speed. The same
conclusions were presented in the studies of Zafar et al. [174] on 16 mm Nylon 6 plates. In the studies
of Bagheri et al. [176] on 5 mm thick ABS plates, the UTS always increased with the increase of the
tool rotational speed for all of the values of applied tool traverse speed. The maximum value of UTS
reached almost 90% of the value for the base material.

Table 6 summarizes the best process parameters applied during the friction stir welding of
polymeric materials and presents the mechanical properties of welds and parent material if given by
the authors.
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9. Composites

Polymer matrix composites (PMCs) and metal matrix composites (MMCs), especially aluminum
matrix composites (AMCs), replace metals and their alloys and polymers in many industries, as
the mechanical properties of such materials can be controlled by the proper selections of the filler
properties. High temperature during conventional welding methods of metal matrix composites can
lead to degradation of the microstructure of the composite, which leads to deterioration of mechanical
properties of the joint. As an example, the process of formation of a brittle Al4C; phase during
conventional welding of a SiC-reinforced aluminum matrix composite can be presented [60]. Phase
changes might be avoided by using shorter thermal cycles or lower heat input. During the FSW process,
the temperature of the components to be joined is also increased, but it is relatively lower than that
during conventional welding processes, and this problem is reduced. The problems that might occur
during the FSW of composites include, beyond in the case of MMCs, the possibility of forming the
brittle phases, which results in deterioration of strength, the formation of clusters of reinforcement
particles, or change of particles’ configuration due to the plastic deformation and applied forces and
temperature [194,195].

In the FSW process of composites, in addition to the standard process parameters such as the
rotational and traverse speed of the tool and the tilt angle of the tool, the shape of the tool itself also
has a significant impact on the properties of the joints. Vijay and Murugan [196] used three pin shapes
to friction stir weld Al/TiB;/10 composite—square, hexagonal, and octagon. Using the untampered
square pin resulted in obtaining the maximum tensile strength of the joint equal to 99.47% of the
base material. The authors explained that by obtaining the highest ratio of static volume to dynamic
volume of the plasticized material equal to 1.56 for the square pin, the best mechanical properties of
the joints were achieved, while for hexagonal and octagon pins, the values were equal to 1.21 and 1.11,
respectively. The same phenomenon was confirmed by Hassan et al. [197] in the study on aluminum
matrix composite containing Mg, SiC, and graphite particles. The square head pin provided better
mechanical properties of the joints than hexagonal and octagonal pins. Mahmoud et al. [198] used
four different pin shapes—<circular with and without threads, triangular, and square—to fabricate
composite surface layers with SiC particles dispersed in A1050-H24 aluminum plates. It was reported
that the square pin enabled the formation of the most homogeneous microstructure of the nugget zone.

Another aspect often discussed in the case of FSW of composites is the change of shape and size
of the particle size of the composite reinforcement. The first reports in this area indicated the identical
number of particles before and after the process, which implies that there is no particle breakage during
the process [199-201]. However, other tests conducted prove that the breakdown of the reinforcing
particles takes place in the nugget zone during the FSW process [202-206]. Baxter and Reynolds [202]
reported that for the composite with 7079 aluminum matrix and SiC reinforcement, the number of SiC
particles the number of particles doubled without changing their volume percentage, which means
that the particle breakage takes place during the process. In the studies of Acharya et al. [207], the
particle size of the SiC reinforcement in AA6092 in friction stir welded material zones was measured.
In the nugget zone, thermo-mechanically affected zone, and the base materials the size of the particles
was equal to 4.03,4.99, and 7.92 pm, respectively. Feng et al. [204,205], in the studies on A12009-15vol%
SiC composite, reported that the particle breakage takes place in the stir zone, and the particles are
uniformly distributed. Moreover, it is generally observed that the matrix phase experienced a grain
refinement due to the dynamic recrystallization resulting from the frictional heating [204-206].

Kumar et al. [208], in the studies on glass-filled Nylon 6 friction stir welded 5 mm thick plates, used
different tool traverse and tool rotational speed, and the values of the tilt angle were equal to 0, 1, and
2°. Itwas observed that the highest ultimate tensile strength and the elongation were obtained for the
joints with the highest tilt angle. The UTS of the joints increased with an increase of the tool rotational
speed and decreased as a function of the tool traverse speed. In the studies of Bhushan et al. [209]
on the AA6082/SiC/10p 6 mm thick plates, the lowest tilt angle of 1° and the highest tool rotational
speed resulted in the highest UTS and elongation. Jafrey et al. [210] reported that for 5 mm thick
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plates of PP/C30B/EA nanocomposite, the highest tool traverse speed resulted in the highest UTS of the
joints. Liu et al. [211] and Wang et al. [212], in their studies on AC4A/SiC/30p and 2009A1-T4/5iC/17p,
respectively, also reported that the elongation and the UTS of the joints increase when the tool traverse
speed increases. Mozammil et al. [213], in the studies on Al-4.5% Cu/TiB/2.5 p plates with thickness
of 6 mm, noted that the highest tool traverse speed of 26 mm/min and the highest tool rotational
speed of 931 rpm resulted in the highest UTS for all the joints fabricated with three tool shoulder
geometries—full flat, 1 mm flat shoulder and 7° concave, and 2 mm flat and 7° concave. Among them,
the tool with 1 mm flat shoulder and 7° concave provided the best mechanical properties of the joints.
Vijayavel et al. [117] investigated the influence of the D/d ratio on the mechanical properties of the
FSW welds of LM25AA-5% SiC. Among the values from 2 to 4 in steps of 0.5, the D/d ratio equal to
3 resulted in the highest UTS, hardness, and elongation of the welds. The UTS value of such a joint
reached 123% of that for the base material.

Table 7 summarizes the process parameters and weld properties for composites, considering in
brackets the properties of the parent material if given by the authors.

111


http://mostwiedzy.pl

pua pawop

e yatm wid [eanpuro
lezel - (geg - lgoer  (0TH) FlE z - Ppapeanp giN pue 0051 001 e 9L-dG L 1DV Y
JAP[NOYS AEDUOY
ssajaamyeay a8pa e[
izl spappoN (10D ¥e - (e owe  (L9) b - <z urd feawuo)y 008 001 9 1¥6002/dD15% 10851
P 0 ) @Ds (o0 ) - md oL
lozzl 1P ON (0859 sot)es  (ooz) gzt (8£T) 90T € [eoupund> papeany, 0011 st 9 DS%OT-1909Y V
[612] SpIoA [ews - - - (weese Ey ¢g  uidEaruos pasadey, 00F g1 8 IVITITOIS ST
adepns (ret)
- - - - -di I
812] oy o spagop yserg crsse z € 006 s € FL-dSTDISHIITVY
l212] SPAIP ON €7 ¥ - (gog) T (189) €FF B 8T urd yeoupund) 0001 [ € 6000V V/dDIs7; 10021
lz1zl spPajap oN rlse - Fe ke (¥15) 10§ = gz ud earuod papeany], 0001 008 € rLIveozdDIs 1080
., SPeAI) papuey-yau -
11zl 2153050 €60 - - lenort € €T v wid revangon 0002 051 s dDISUIONE + VIOV
[o1zs0z]  sapprolewon  (942) 9FS (zst)ort  (09€) 06T  (STF) LFE 4 ¢ ud eoupurj sadey, 0051 0zt 9 de 210182600V Y
wd
lsizl - FO¥FL (S81) 041 - (#5F) 99¢ 4 €€ Pamans papuey-3ja] 0zit oF € FL-dEzOSHTITVY
eupundy
112l siajp olew oy - (zo1) o1 - - z - wdayosdasenbg o0zt 0 9 amors el
speany) ou
a5 . . . wpeowmd paapunds ;
le1z] 05021 9,09 65161 4 6T “areDu0a £ pue 1€6 9T 9 dgZ/zamons TV
13PNOYS Jey w7
speanp) ou
) . . . . peowd paapunds ;
[£1z] STRRL €945 TIR6T 4 6T “aresu0a £ pue €6 9T 9 A Z/za RS TV
JAPNOYS Jey Wi |
(Jerageu
yuaaed speany ou ypsm uwd
le12] - 62991 9869 - moqe z 6T~  [eoupudo ‘aoepns 1€6 9z 9 dez/zaumons v
Jut ou) AIpnoys ey [Ind
6£061
[AH] [edIN]
(%] ledwl [.] 218uy oney [urw /] wn
5109 auoy g ay) 1Suan adeyg joo wids] m [ o]
aduasajey Jed uoneBuojg mOﬂmMo_m—m-a“ 4 v-upm SN ML pla g k] pnd A ssaun{any [EEaEN
aje|
sampadozg plam SIajWEIL,| SSa00a ] d
“sputof auy jo sanaadoad [eotueypawr pue siajaurered ssadord—sajrsodwod jo pMS. *4 ATqEL
9F JO 8T OF6F ‘€T ‘0TOT SpULajvpy

|d-Azpaimisow wouy pspeojumoa AZAIIM LSOW

112

—

o


http://mostwiedzy.pl

113

— : s I3
ls02] appapg S5 - - = z € i und [onpatio 009 a S 9 UOLAN PaIY-SSeLD
lo1z] - - - - o) - I . - 81 S o o
008°€T ou yym ud apduen, VAH0ED/dd
(012l - - _ _ (q0'eg) _ . SpeEan) ou ~ g1 G apsodwodoueu
: 0091 pim und [EpUAd Va/20£0/dd
[01z] - - - - (80<) - [ spearp . - g apsodworousu
o gl ouym wdaaenbg va/a0£0/dd
[o11] - DTe (99) 501~ - (g51) Tel - € wd sadey urey g 0001 o zL A5 %GV VSTNT
lsozl - - - - 65E I T TupuA) 0081 001 9 do10s/zR09VY
AN
sajaq [ Eowﬁm au ._“w.._.a.hm FaWl - [lei8uy o oney adeys oo, juds) o AW pung
duasajey uoneduory Jo mﬂ.mﬂ-nm PRI sLn L pla g A ssau{any [eLaEy
aje|
sapadosg pram SIDJAWEAE,] SSA00 | d
U0 °L S[qEL
9F J0 6T OF6F ‘€T ‘0T0T Sy

|d"Azpaimisow wouy papeojumod AZAIIM LSOW AM\\\A‘\


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
Z -
e

Materials 2020, 13, 4940 30 of 46

10. Dissimilar Materials

Joining of dissimilar materials is essential in applications that require different material properties
in the same component, i.e., joining different aluminum alloys to other metals allows reducing
weight [223]. However, FSW of different metals is very challenging due to the huge differences
in mechanical and metallurgical properties of dissimilar materials [224,225]. Welding of dissimilar
materials in the context of FSW may also refer to joining the same material family but different alloys
or grades, or the same material but with different thickness of components. Recently, the FSW method
has been successfully and progressively applied to weld dissimilar alloys because of its technical
benefits and cost-effectiveness. Comprehensive analysis of material flow during the FSW process of
dissimilar materials, studies on mechanical properties of joints, and selection of process parameters
are necessary before applying the method in constructional applications [226,227]. One of the key
parameters, besides the geometry of the tool and its rotational and traverse speed, is the offset of the
tool toward one side. It should be noted that it is difficult to predict the amount of heat generated,
material flow, and mechanical properties of dissimilar joints using theoretical analysis [225].

The FSW method allows for avoiding problems that occur during fusion welding. For instance,
arc welding, laser beams, and electron beams might cause the formation of coarse grains or brittle
intermetallic compounds in the dissimilar aluminum/magnesium joints [229,230]. The proper selection
of welding parameters using the FSW method is extremely difficult in the case of aluminum-magnesium
welding due to the possibility of liquid formation resulting from the relatively low eutectic temperature
(437 and 450 °C) in the binary Al-Mg phase diagram [231]. This phenomenon may, as in the case of fusion
welding techniques, result in the formation of intermetallic compounds. Abdollahzadeh et al. [232]
improved the microstructural characteristics by using a zinc interlayer in the magnesium and aluminum
butt joints. Intermetallic formation of Al-Mg was avoided. The most common phases in the stirred zone
were both Mg-Zn and Mg-Al-Zn intermetallic compounds, as well as Al solid solution and residual Zn.
It is also difficult to obtain aluminum to copper welds using FSW. The brittle intermetallic compounds
such as AlCu, Al;Cu, and AlgCuy are easy to create in such joints [224,233,234]. Zhang et al. [235]
proposed the underwater process environment to minimize this problem.

Movement of the material around the pin during FSW of dissimilar materials affects the creation of
the bond formation and material interlocking mechanism. It improves the mechanical properties of the
weld and increases its strength. This phenomenon was reported for Al-Mg [236], Al-Cu [237], Mg-steel,
and Al-steel [238] welds. The phenomenon of material interlocking depends on the characteristic of the
complex material flow and depends mostly on the geometry of tool and the positioning of components
to be welded. The mechanical interlocking occurs only in a stir zone, and it is an effect of the rotational
movement of the tool. The phenomenon of interlocking is also observed in explosive welding where
a periodic structure can be distinguished, but this organised structure is not observed in the case of
friction stir welding [239].

As established by Fu et al. [240], the heat generated during the FSW process mostly derives from
the friction (Eg), the viscous dissipation (Ey), and the plastic deformations at the interface between
tool and components (Ey). Zettler et al. [241], in the studies on dissimilar FSW of AZ31 and AA6040
alloys, reported that at the boundary between magnesium alloy and the tool, the frictional coefficient
is lower than that on the aluminum alloy and the tool boundary. It was recommended to give tool
offset toward aluminum to provide greater contact between the tool and the aluminum to increase the
contributions of Ef and E,, during the friction stir welding process. This phenomenon can be explained
by referring to the crystal structures of these materials. In the case of aluminum with its face-centred
cubic structure (FCC) and twelve slip systems, better deformability is observed in comparison to the
hexagonal close-packed structure (HCP) with three slip systems of magnesium. It promotes higher
heat input through Ey and Ey during the FSW of aluminum than of magnesium [223,240]. These
types of phenomena have a significant impact during the FSW of dissimilar materials; therefore, an
important process parameter in such cases is also the tool offset.
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In the studies of Jamshidi et al. [31] two aluminum alloys were used to fabricate friction stir welded
dissimilar joints—AA6061-T6 and AA5086-O. For the case with AA6061-T6 plate on the advancing side
and AA5086-O plate on the retreating side, better UTS and yield strength of the join were observed,
but the values of the reverse configuration were only slightly worse. Moreover, for both cases, it was
observed that the highest tool traverse speed of 150 mm/min and the lowest tool rotational speed of 840
rpm resulted in the best mechanical properties of the joints. Kasai et al. [242] fabricated three dissimilar
material joints—on the advancing side, low carbon steel plates were used, while on the retreating
side, pure magnesium, AZ31, and AZ61 plates, respectively, were used. The highest UTS was noted
for the joint with low carbon and AZ61, and it was observed that the UTS of steel/magnesium joints
increases with the increase of Al content in the magnesium alloy. The reason for this phenomenon is
simple—for all the used magnesium components, the UTS of the base material also increases with
the increase in aluminum content in the material. In the studies of Zettler et al. [241], the dissimilar
joints of Al6040-T61 and AZ31 were fabricated using the FSW method. The UTS of the joint of the
configuration with aluminum alloy on the retreating side was about 50% higher than for the joint
with reverse configuration. Peel et al. [243] used AA5083 and AA6082 aluminum alloys to fabricate
dissimilar joints. It was observed that for both material configurations, the highest UTS was achieved
when the tool traverse speed and the tool rotational speed were the highest and equal to 300 mm/min
and 840 rpm, respectively. Furthermore, the joints with AA5083 plate on the advancing side exhibit
higher UTS than for the reverse configuration, and for all the joints, no defects were observed. Similar
studies were conducted by Khodir et al. [244]. The dissimilar welds of AA2024-T3 and AA7075-T6
were fabricated with both plates configurations. The welds with AA2024-T3 plate on the advancing
side exhibit better mechanical properties, such as the UTS, the yield strength, and the elongation.
Avinash et al. [245], in studies on AA2024-T3 on the advancing side and AA7075-T6 on the retreating
side joints, reported that applying the lowest tool traverse speed of 80 mm/min and the highest tool
rotational speed of 1400 rpm resulted in the highest UTS of the joint. Palanivel et al. [246] investigated
the influence of the tool geometry on the UTS of dissimilar AA6351-T6 on the advancing side and
AA5083-H111 on retreating side joints. Five different pins were used: Straight square, straight octagon,
straight hexagon, tapered octagon, and tapered square. Among them, the straight square pin enabled
the production of defect-free joints with the highest UTS, while all the welds fabricated with tapered
octagon and tapered square pins exhibit tunnel defects along the joint line. Malarvizhi et al. [247]
studied the influence of the D/d ratio of the tool on dissimilar AZ31B-O/AA6061-T6 joints. For the
tapered smooth pin, the D/d ratios from 2 to 4 in steps of 0.5 were investigated. It was reported that the
value equal to 3.5 resulted in the highest UTS, yield strength, and elongation of the produced joints.

Table 8 summarizes the studied results of research on welds from dissimilar materials. Table 8
includes the materials used for advancing and retreating side of the welds, process parameters, welds
properties, and the properties of base materials if given by the authors.

115


http://mostwiedzy.pl

(€14T0T% Y (€1+20TvY  (ELFT0EVY
10J €6 pue 10§ £ZE 30§ 9TF pue urd popeang
[¥#2l 9I-CLLVY PUR9I-CAULVY  9L-GLOLYY € TEoupumAS 00Tt ot € EI-FI0TVY IL-CLOLVY
05 £21) 05 86¥) 107 €6C) o
06 0082 18€
e R d asenb. (E1-bT0TVV) &
[ciz] oaspwazeq 192 uid asenbg 00F1 0 o) 60 ELFTOTVY ALCLOLVY
(80€ .
| - speayy
. sPajap .F:_._mEm«é,_ ou ypim uid azenbs
[ox2] oN - ot %ﬁ 0 € Eens ‘avepns 53 09 9 [TIHE80EVY 9L-1EE9V Y
e o 19pOYS P11
ud
i . [eotpur]A> paprany
[e72] 29T a 4 € AN 078 00z € £80GVY OV
JO a0EINS [EMUO)
(O-o805VY 104 Acéwmm«.« adeyIns lapnoys
[l - - TOLI0NY S%M - €6 v pus speaty 018 o<t g O9R0GYY  9L-1909VY
A0 | UM U al e
PO GEL Ly o £ yim urd parade
(91-1909V¥
AM.N. mww%mﬁmﬁ u.;uw 10§51 20ejmS JapMoys
(1€l S orssuevy €€  9AWU0D puv sprangy 078 oet c 91-1909VV 09806V
. 104 €67) ¢ tprm ind paradey,
% 12T
ud
i . e [eatpui A papeang . . .
[ex2] [T 1#7 z € 13pIoys g [ 00€ € THOVY CROSVY
JO 32BJINS [EYUO])
- - SpeEadp omj
[s32] 901 % 081 € yesund powpunio oL s 1909V TSV
(91-6202VY wd
[or1] EWN M.mw«a«ﬂ.:“ € [rospund yoows oozt Fas ¢ OLGHMVY  9LFI0TVV
pue Japinoys el
104 91F) 95¢
(91-6202% Y (9I-C£0VY  (9L-GL0LVY
. . 0y £] pue ) 105 gF  10) g6C pue R . urd papeang . . .
bl ELTTEVY PUBELTZOTYY  ELIT0TYY N [eoupur A oozt wr € SIEHOVYC S ELREYY
107 '67) 6°FL 10§ LZE)OTDGT 30§ 9TF) £TF
[AH] 2uoz
[%] [eaml ] oney [up furur] apig apig
[SRETEY an ] ¥, ad 00 wdi] m [umu]
Prp— P4 wopesuo  STR wdans PR FaWISIN yguymy g s ool I A sowppyL oy Jomvonsy  Supueapy
satpadosg pram SI3IUWRIL] S53001] TedaE
‘spurol aup jo sanadord pesrueipaw pue s1ajowrered ssadord—s[eLIDyeW IR[IUISSTP JO MS '8 2[qeL
9F joze OF6F ‘€T ‘0TOT SpULajvpy

d"Azpaimasow wouy papeojumoa AZAIIM LSOW

116

- —

VY


http://mostwiedzy.pl

(91-1909¥ ¥ (91-1909% ¥
. pitihs (91-1909VV 10) v

L¥T] = ue - wid yoows paade; %2
il Papa  pue 0-dIgZV 082 u._EQm.hm%mmNmN. Pu® 0-41EZV g€ w p 'L 00F (V4 9 9L-1909VV 0-41€Z2V

0§ €1) 01 10§ 917) T61

(1ezv (igzv

2 a3 10§ 81 10j GET
PURA PUBLY 1909 PUE [V 1909

1036 TD T 10§ C6T) 8LL

— Sy (a1£2v 10§ 007 Wezy
[ical P ped: - pURHTCOSY il
- ON  PuP H-ZQEV sor e or  PUCHTSISY
10081) ¢ 10§ F7) L1

(152 20

$ET-8TC puv -

[1¥2l - = s - _ﬁéoﬁ‘ ST 9T pasade; poprasy),
soz-c1) 221
(19.1-0HO9NY

(12l - - : ~ e T W i EE»::N 00FL @ T 191-0h9VY 162v
867-822) 681

(19zv 205
08T puv s spranp
u0qEs MO ouyjtm peanputid)

05 91€) 02T~

(1€2v 205
1ol i . B _ 09T pue [l ¢ . speanyy
or 0qIed MO[ ou s [eoupur )
10§ 91€) 91~

(3 amd 05

0L1 puv 23S speang
u0qIE> MO ou M [eapurAD
0§ 91€) 0L~

—— (9816VV 205
logal 2 . - SLTPueTas € 9 uud papeary g cge 9% € 9BIVY 199 P ZGIS
oN
103 026) 92

SPAAp  (PASHIEI0) (1330S F0E 103 (j91s  (1993s H0g 10§
[6t2] opew  [IIPURZAS (8L PURLEIS  HOEIOJ LBTPUR 69 PURLEIS
ON 0JTF) 8T  I0JOZV) OFT  LEVSI0J GOE) 06T 10) 9FF) F6F

:".—.am H__...N Tyl [raWl s1n &l P adeys joor [wdi] ™
yo s iipavey wiuans pRPRR auyinL  p/avi PIYL el neanay

(1ezv
- H0j0E1 puURlY
1909 403 G€7) 041

urd eonputids pue

19P[NOYS IABIUO) 000t or € 1€ZV 1909VV

§T S

€ € - 0001 00T € a1ezv H-ZE0sVY

oort 00T [ 1ezZv 19L-0P09VYV

123

[zl uoqres o]

0ss 001 T 19zv

s

008 001 z W2V g ey

117

s

0001 001 4 L G

[zl

[93)s ssajue)s

6T = 009 0s € Spuasne O£ 88

o

(%] [ ] [ apIS PpI§
duazajay SPRA vopesuory A J kL Supueapy

sorpadosg plam SIjowEIe ] $59303] [euajey

‘Ju0) '8 3qEL

9FJoge 0F6F ‘€1 ‘080T st vy

|d-Azpaimisow wouy pepeojumoa AZAIIM LSOW /\\ﬂ\\


http://mostwiedzy.pl

[z62] pascl - - - o1t - £~ wd feoupund 009 oot < 0901V namg ©
—
- . R (0c01vY 0 B B B
[9sz] ou16) 99¥'88 00F1 €9 9 080TV npamg —
(raddoa (saddoo a0y -
[gszl 10§ €T “THIE LTT "THOE 0] T - ud sadey, 00t SIE € npamg
. : TS THOE
105 16) TT'8 £8) SUELT
(orgigzv
I 10§ €T _O.m.:.mNt uid [eorspuns> T 17 [2xs
= Put 00155 i s popearun 05 w ¢ ke It 00FSS
10366 £ J GoF) 8L
. (0011vY
! (OOTTWY 1T {0011V g0t uid papeany
[eszl - ; SL1AIEZY - 9¢ EoauA 08 0z € 00LTVY q1ezv
‘qrezv Ll 6 eV e 0L e eaupu >
[AH] 2uoz
[%] [eaml ] oney [up furur] apig apig
d di [uru]
ovaspey 0 wopesvom | WS pIwans pn FawlSIn - sguyin  pig e SRS sl A sanpyLaey Sy Supuapy
satpadosg pram SIJIWERIE] S53001,] TeuMEN
JHOD ' 21qEL
9F Jjove OF6F ‘€T ‘0TOT SpULajvpy

- —

1dAzpaasow wouy papeojumoa AZAIIM LSOW S


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
Z -
e

Materials 2020, 13, 4940 350f 46

11. Conclusions and Future Challenges

Over the past two decades, FSW technology has developed significantly, and it is widely used to
combine not only aluminum and other light metals but also titanium, steel, composites, and polymers.
The above literature review has extensively discussed the current state of knowledge and addressed the
most common problems arising in the process of welding different groups of materials. The analysis
of material characteristics and the correct selection of parameters for a particular material is crucial for
effective welding.

Despite numerous studies on the selection of suitable process parameters such as tool traverse
speed and tool rotational speed, tool geometry, tilt angle, and tool offset, there is still a need for process
optimization. It should not be forgotten that in addition to the main process parameters, consideration
should be given to factors such as plunged depth, axial force, and tool material. In addition, the material
flow mechanism needs to be standardized, especially when welding dissimilar materials with different
mechanical properties. Optimization of process parameters should be based on the characteristics of
the materials being processed. Appropriate tool geometry and its material selection should also be
preceded by a material analysis. In the case of aluminum or copper welding, the problem of material
wear is not as important as in the case of titanium or steel. For these materials, specially designed
materials are used, most often composite materials, which allow minimizing the process of material
wear. Titanium welding requires a tool with an uncomplicated geometry, while for light alloys, a
more developed tool geometry is required. SSFSW technology is becoming increasingly important
for polymer welding, while traditional FSW technique might be problematic with a conventional
tool, it usually does not bring the expected results, and the properties of the welds are relatively low.
Despite extensive knowledge of the welding of aluminum and its alloys, the problem of the welding of
dissimilar materials still remains. The most recent reports indicate the use of an interlayer or water
environment to minimize the risk of unwanted intermetallic compounds.

The environmental friendliness and cost-effectiveness of this method make its use increasingly
widespread in many industries, but further work is needed to optimise this process to unify the
conclusions about the impact of individual parameters on the properties of the resulting welds. It is
also necessary to work on further improving the geometry of the tool and the proper selection of its
material in order to minimize the wear process. For the development of friction stir welding technique,
it is important to control tool wear state in the real time of the process in order to ensure the highest
possible process repeatability. The tool life can be effectively predicted by implementing the numerical
simulation of the interaction between the component’s material and the tool. The material flow is
the crucial phenomenon during FSW, and it still requires more understanding. There is a need for
concerted research efforts towards the computer simulations of the process, which will help develop
understanding of the mechanism of material flow and heat generation. Due to the wide application
of FSW technology in the marine industry, special attention should be paid to the electrochemical
properties of the produced welds. The current state of the art is poor in this type of research. Future
studies should focus on the influence of particular process parameters not only on the mechanical
properties of welds intended for the marine industry, but also on their corrosion properties.
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Abstract: The Friction Stir Welding (FSW) process was simulated for joining AA6082 aluminum alloy using two
different tool geometries — with a tapered cylindrical pin (simple pin) and with a hexagonal pin with grooves
(complex pin). The analysis of the simulations performed was discussed in terms of temperature evolution
during the process, total heat input, residual stresses and material flow. Simulations revealed that a 5%
higher temperature, equal to maximum 406 °C, was provided when using the complex pin than with the
simple pin. Higher temperature and higher shear stresses during the welding with the complex pin caused
the introduction of higher residual stresses in the weld. Experimental results on the produced welds allowed
observation of the microstructure of the joints, hardness tests in cross sections and tensile strength tests.
Due to the higher temperature during the process with the complex pin and the more efficient
recrystallization process, grain refinement in the SZ was more pronounced. The average grain size in the stir
zone for the weld produced with the complex pin was equal to 10.770 + 1.386 um, and in the case of the
simple pin 14.321 + 1.319 um. The presented hardness profiles showed that the weld produced with a
complex pin had higher hardness in the stir zone, which is consistent with the Hall-Petch relationship. The
obtained UTS values corresponded to the joint efficiency of 72.5 + 4.9 % and 55.8 + 8.6 % for the weld
produced with the complex pin and the simple pin, respectively.

Keywords: Friction Stir Welding; Aluminum Alloys; Computational Fluid Dynamics; Mechanical Properties;
Microstructure; COMSOL.

1. Introduction

Friction Stir Welding (FSW) is a method gaining increasing interest, especially for joining light metals such as
aluminum and its alloys. Patented in 1991, the method is based on joining materials by plasticizing and mixing
them in the weld zone by using a non-consumable tool (Ref 1). The tool consists of two integral parts - a pin
and a shoulder. During the process, the tool performs both rotational and traverse motions. The tool shoulder
is in constant contact with the surface of the components in contact with each other. The friction generated
by the movement of the tool is transformed into heat, which leads to the plasticization of the material (Ref
2). At the same time, the pin performing rotational motion mixes the material, and the tool moves in a
traverse motion along the weld line (Ref 3). The most important process parameters include the tool’s tilt
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angle, traverse and rotational speed, as well as the geometry of the tool (Ref 4). Properly selected process
parameters, by ensuring optimum temperature and proper mixing of the weld material, allow to obtain
sound joints characterized by low residual stresses, high mechanical and electrochemical properties (Ref 5,6).

Among the greatest advantages of the FSW method is the ability to join materials presenting low weldability
(Ref 7). Such materials include aluminum alloys from all groups, including the 6xxx group . Due to their
properties such as low density, relatively high strength and corrosion resistance, as well as its low price, it is
a good competitor to steel for, for example, train car structures (Ref 8). However, problems in joining
aluminum require the development of a method of successive joining of this alloy (Ref 9). An excellent
solution is the FSW method. The main problems arising from the welding of aluminum alloys by conventional
methods are their extreme susceptibility to solidification cracking and porosity associated with the change
of state (Ref 10,11). Therefore, using a solid-state joining process such as FSW eliminates this problem.

Due to the complexity of the mixing process during the welding, the limitations of the equipment, and
possible uncertainties due to the experimental procedures, advanced investigations of the thermal process
by the real experiments are still challenging. In addition, conducting actual experiments involves a
considerable financial effort, and therefore present trends are shifting toward computer simulations. On the
contrary, numerical modeling of FSW is a demanding process actually, mainly due to material assumptions
and boundary conditions.

One of the most widely adopted approaches of the numerical simulations of the FSW is computational fluid
dynamics (CFD). Seidel and Reynolds (Ref 12) presented a two-dimensional model coupled with a thermal
model. This model was created by assuming laminar, viscous and non-Newtonian flow around the pin. They
showed that the transport of material mainly occurs in retreat side. Bendzsak et al. (Ref 13), in practical
research, obtained the viscosity of aluminum alloy as a function of strain rate and temperature. Ulysse (Ref
14) obtained the influence of speed parameters on temperature and forces during FSW by constructing a
three-dimensional viscoplastic model. Colegrove et al. (Ref 15,16) studied the temperature distribution and
material flow during welding of aluminum alloys by developing 3D numerical simulations with the CFD
approach by the use different tool geometries — smooth and threaded tool. Nandan et al. (Ref 17-19)
analyzed the heat transfer, plastic flow and the effect of material flow rates during FSW for aluminum alloy,
stainless steel and mild steel. In these researches they considered the non-Newtonian viscosity as a function
of temperature and strain rate. Kim et al. (Ref 20), using the finite volume method (FVM), investigated the
temperature distribution and material flow during friction stir welding of 5083 aluminum alloy. They showed
that the CFD method is more effective than other proposed methods such as ALE, although it cannot
investigate the phenomenon of material hardening (Ref 21). Hasan et al. (Ref 22) applied a CFD model to
predict tool wear during the FSW of AlSI 304 austenitic stainless steel. The influence of tool geometry in the
FSW process has been widely analyzed by conducting computer simulations, especially CFD method, by Ji et
al. (Ref 23), Zhang et al. (Ref 24), Hirasawa et al. (Ref 25) and Yu et al. (Ref 26). However, the current state of
the art is deficient in analyzing the effect of tool geometry on the properties of AA6082 aluminum alloy welds.

The following work analyzes the effect of tool geometry on the properties of AA6082 joints produced by the
FSW process. Based on computer simulations performed, the contributions of temperature, total heat input,
residual stresses and material flow were discussed. In addition, the effects of these factors on the
microstructure, hardness and tensile strength of the resulting welds were determined through performed
experiments.

2. Experimental procedure
2.1 FSW procedure

The material used in this study was AA6082 aluminum alloy, solution heat-treated and artificially aged to
T651 condition. The rolled sheets of 3 mm in thickness were used to perform Friction Stir Welding process.
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To determine the chemical composition of the chosen material the X-ray energy dispersive spectrometer
(EDS) (Edax Inc., Mahwah, NJ, USA) was applied. The results are given in Table 1.

Table 1. Chemical composition of AA6082.

Chemical composition [wt.%)]

n Mg Cr Ti Fe Si Cu Mn Al

AA6082 0.20 1.03 025 0.10 0.50 0.0 0.10 0.42 Balance

The welding process was conducted on a conventional milling machine (FU251, Friedrich Engels Kazanluk,
Bulgaria). To establish the influence of the tool geometry on the properties of resulting welds, two different
tools were chosen. The shoulder geometry was in both cases identical. The two tools differed in the shape
and dimensions of the pins. The exact geometries of the tools with the tapered cylindrical pin and the
hexagonal pin with grooves are presented in Fig. (1). The material of the pins was 73MoV52 tool steel and
the shoulder was made of X210Cr12 tool steel. The hardness values of the pin and the shoulder were equal
to 58 and 61 HRC, respectively (Wilson Mechanical Instrument Co. Inc., USA). The employed tool traverse
speed was 250 mm/min, the tool rotational speed was 1000 rpm and the tool tilt angle was 2°. The proposed

welding parameters were based on previous experience with the friction stir welding of AAG082 alloy (Ref
27).

918 913

w6

2.5

Fig. 1 Schematic illustration of the geometry of the tool used for FSW of AA6082

2.2 Modelling

In this research, in order to simulate the heat generated in the tool/ workpiece interface, the steady state
solution was used. In this model, the tool was placed in the center of the part and the temperature
distribution model was considered based on the steady state heat transfer equation, considering the
translational motion, according to Eq. (1) (Ref 18,28).

pC,U(VT) = V(kVT) + Q ¢y
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Where, p is the density, C,, is the heat capacity, k is the heat transfer coefficient and Q is the heat generated.
In this particular model, the material heat transfer properties was considered for aluminum 6082.

In order to predict the heat generated under the tool, the tangential velocity of each point of the tool on the
workpiece was obtained from Eq. (2) according to Fig. (2 a),

Vg = (wr — UySing) )

where, r is the distance of each point from the tool to its center, U is the linear speed of the tool on the part
and w is the rotational speed. Various parameters such as the difference of plastic deformation and shear
force in advancing and retreating sides (AS and RS) affect the temperature asymmetry. In fact, considering
the effect of AS and RS has an important role in the proper prediction of the model. Therefore, Y, according
to what was mentioned in the previous articles, is considered equal to 20 (Ref 29).

a)
Vo = (wr — UySing)

b)

Fig. 2 Schematic of tangential velocity model during FSW process (a), schematic of a circular pin (b) and a hexagonal pin (c) sections

The heat generated in the tool shoulder during the FSW process was obtained from Eq. (3) (Ref 17,29,30):

Q =y.f.F(wr — UySing) 3)
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where, y is a constant number and is considered equal to 1. Also, parameter f represents the heat ratio that
enters the workpiece, because some heat is wasted by the thermal conduction of the tool. This ratio was
obtained according to Eq. (4) by dividing the thermal parameters of the workpiece to the total thermal

parameters.
J(kpCp)., 4)

J (kpCp),, + [ (kpCp)

In this model, the heat generated was divided into two general parts: heat produced by friction and heat
produced by plastic deformation, and this issue was considered in the models. Therefore, F, which is the total
heat generated between the workpiece and the tool, was considered according to Eq. (5):

F=(1-8)m+S@Em+ 1 —-8)uby) )

where, the effect of sliding and sticking friction, as well as the effect of heat generated by plastic deformation
during welding, has been determined. Here, Py is the pressure resulting from the vertical force, t is the
maximum shear yield stress, S is the slip parameter, according to Eq. (6), and & is the adhesion parameter,
which is suggested 0.65 for aluminum alloys (Ref 30) and pis the friction coefficient, according to Eq. (7) (Ref
29).

rw — @U.sin(6) (6)
S =1-exp(—5, R0y
1 = poexp(—=S(rw — @U.sin(6)) (7)

Eq. (8) shows the heat generated in the cylindrical parts of the pin and Eq. (9) shows the heat generated in
the hexagonal parts, according to the Fig. (2 b and c). These equations are obtained from Waheed et al.’s
work (Ref 31).

(8)
Qpin_(.‘ ircle= f

0

2w Ry
Qpin_Hexagou= f f upr(wr - Utl) sin(B)) drd6
0 0

T

6 (Ru
- f J’ upr(wr — U sin(@)) drd6

2m R¢
f upr(wr — U sin(0)) drdo
0
C))

Computational fluid dynamics (CFD) was applied to model the material flow during FSW process. To this
purpose, the continuity equation for single-phase material was used according to Eq. (10) (Ref 32,33):

VvU=20 (10)

where, U is the material flow velocity. Also, the momentum equation according to the Navier-Stokes equation
for single phase material in steady state solution was used as Eq. (11):

pU.VU = —Vp + uv2U (11)

where, p is the density, u is the non-Newtonian viscosity, and p is the fluid pressure. The energy equation is
also the steady state heat transfer equation that was used in the thermal simulation previously and is used

5
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as a coupled simulation with this model. Dynamic viscosity, which is a function of temperature and strain
rate, was obtained from Eq. (12):

_a(T,€) (12)
T3¢

Where, u indicates viscosity, o is the yield strength of the material, which itself follows the Eq. (13) and Z is
the Zenner-Holman parameter, according to the Eq. (14):

= 271/2 (13)
a(T,é):%ln (Z—(26)> + 1+ Z(T 6) ] l

Z(T,¢) = éexp(;—T (14)

Strain and strain rate were also obtained from CFD solution according to the Eq. (15) and (16) (Ref 19).

10U, au, (15)
fy =7 %y dy
. 16
E= (3 xyExy )1/2 (16)

In order to predict the residual thermal stress, a thermo-mechanical model was used. The strain was
calculated according to Equation (9). However, the second part of this equation is applied because no other
strain is assumed in this model except thermal strains. The thermal strain was calculated according to
Equation (10) (Ref 34).

e (17)
el = aAT (18)

All stages of model construction, meshing and solving were accomplished by COMSOL Multiphysics version
5.3 software.

2.3 Materials characterization

After the welding process, the samples were cut in order to perform microstructure investigation, tensile and
hardness tests. In order to perform the microstructure observations on the cross-sections, the specimens
were cut in the size of 300x10 mm. The samples were wet ground to the final gradation of #4000 and polished
with a 1um diamond suspension. A double-stage etching was performed using Weck’s etchant. Firstly, the
metallographic samples were etched in a 2(wt)% NaOH solution for 60 s. Then, the samples were immersed
for 10 siin a solution of 4 g KMnO4, 1 g NaOH and 100 mL of distilled water. The microstructural observations
were performed using an optical microscope (BX51, OLYMPUS, Japan), in accordance to the ASTM E3
standard - Standard Guide for Preparation of Metallographic Specimens. The average grain size was
calculated with the use of the linear intercept method, according to ASTM E112-13 standard - Standard Test
Methods for Determining Average Grain Size.

The microhardness distributions measurements were performed on the cross-sections of the produced joints
at the distance of 1.5 mm from the weld face. A Vickers microhardness tester (Future-Tech FM-800, Tokyo,
Japan) with the load of 1 N was used.

137


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

The tensile properties of the produced welds were performed with a universal testing machine (Zwick/Roell
100, Germany). Three samples were tested in order to calculate their standard deviation. The geometry of
the tensile sample is presented in Fig. (3). The fracture surfaces of the samples after the tensile tests were
investigated by a high-resolution scanning electron microscope (SEM) (Phenom XL, Thermo Fisher Scientific,
Netherlands) with a backscattered electron detector (BSE).

160

125 = 20
— R6,/\

Fig. 3 Geometry of a tensile sample

3. Results and discussion

Figure (4 a and b) shows the three-dimensional and two-dimensional contour plot of the simulated
temperature distribution during the FSW process with the hexagonal pin with grooves (complex pin). It can
be seen that in the AS region, the temperature is higher than in the RS region. The thermal results are in good
agreement with the model obtained from previous researches. The simulation results show that this model
could be used to predict temperature profiles for other simulations. In addition, it can be seen that there is
a clear asymmetry in the welding section, which indicates the existence of AS and RS regions.

It can be seen that the maximum temperature is below the tool. This is because the material in the top
surface of the workpiece move parallel to the shoulder of the tool and therefore has a higher shear rate and
more heat is generated. This result is in consistent with the results obtained in previous researches (Ref
18,29,32,35,36). On the other hand, the heat-affected zone (HAZ) is larger on the AS side. It can also be seen
that the temperature around the pin and under the shoulder is higher, which indicates the heat-generating
areas.

By observing Fig. (4 aand b), it can be seen that the temperature gradient is clearly higher in front of the tool
than behind the tool. This phenomenon is mainly caused by the different heat transfer properties of the cool
zone and the heated zone. Therefore, it is easy to conclude that the heat is transferred at a higher rate to the
front and at a lower rate to the back of the tool.
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a)

Fig. 4 3D (a) and 2D (b) plot of temperature distribution during FSW for a hexagonal pin and 3D (c) and 2D (d) plot of temperature
distribution during FSW for a circular pin

Figure (4 c and d) shows the results of the thermal simulation of the FSW process of aluminum alloy 6082,
with the tapered cylindrical pin (simple pin) and with the same welding conditions as before, in a 2D section
and a 3D plot. By comparing the results of the simple pin and the previous state (complex pin), it can be seen
that the maximum temperature produced by the complex pin is at least 5% higher. The reason for this is the
presence of more shear stresses in the corners of the pin and the presence of more heat producing surfaces
in this pin model.

By observing the three-dimensional plot of the heat generated by the pin, according to Fig. (5 a), it can be
seen that the heat generated (W/m?) around the hexagonal region is higher than in the cylindrical region.
The reason for this is in the geometric form and the compliance of the heat generated according to the
equations mentioned in the previous section. In fact, the presence of many corners in the geometry of the
hexagonal pin leads to higher shear stress and, therefore, higher heat generation. Additionally, the area of
this zone is also effective on the heat generation in this solution. By comparing the results obtained from the
heat generated around the simple pin, in comparison with the complex pin, according to Fig. (5 b), it can be
seen that the heat generated by the complex pin is at least 20% higher than the simple pin, which is due to
the presence of sharp corners of the complex pin. Therefore, this causes more heat generation due to shear
stress in the specimen.
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Fig. 5 Simulated heat generated plot on a complex pin (a) and a simple pin (b), and residual thermals stresses in the cross section of
the specimen during FSW with a complex pin (c) and a simple pin (d)

By using the results of temperature distribution and by performing the simulation in the transient state
solution, based on the obtained results from steady state solution, the thermal residual stress distribution in
the parts was obtained. Fig. (5 c) shows the distribution of residual thermal stress in the cross section of the
weld produced with the complex pin. It should be noted that the obtained graph is in good agreement with
previous researches (Ref 28,30,37,38). Since the residual thermal stresses are the result of thermal expansion
and contraction of the material, by comparing the thermal results and the residual stress simulation results,
it can be seen that due to the presence of a region with a maximum temperature in the middle line of welding,
the stress in this region is higher and of course it is tensile. In the far areas and around the edge of the
workpiece, the stress is compressive.

By comparing the thermal residual stress obtained from the FSW process with the complex pin in comparison
with the simple pin, as shown in Fig. (5 d), it can be seen that the residual stress in the case of the simple pin
is at least 13% lower than the complex case. The reason for this, as mentioned earlier, is the higher average
temperature around the complex pin, due to higher shear stress than the simple pin. This causes the higher
maximum temperature in the center line of the weld in the complex pin compared to the simple pin, and
therefore the thermal residual stress increases.

Figure (6 a and b) shows the CFD simulation results, material flow velocity, of the FSW process. It can be seen
that the maximum velocity of material flow is in the area below the surface of the tool shoulder. The reason
for this is the higher temperature under the surface of the tool and the application of more shear stress from
the tool in this area. High shear stress and temperature by softening the material and reducing the dynamic
viscosity lead to the flow of the material in the direction of tool rotation. Especially in aluminum alloy, which
properties are highly dependent on temperature and strain rate.
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Fig. 6 3D (a) and 2D (b) plot of material flow velocity for a complex pin and 2D contour plot in the cross sections around the circular
(c) and hexagonal (d) zone of the pin

Figure (6 c and d) shows the velocity of material flow and stream lines around the pin in two circular and
hexagonal regions, both in the case of the hexagonal pin. As can be seen, the maximum velocity of the
material flow around the hexagonal region is at least 40% higher than the circular one. The reason for this is
the higher heat generated around the hexagonal area and also due to the higher shear stresses around the
tool in this area, therefore, the dynamic viscosity of the material decreases and as a result, the flow rate
increases.

It can be seen that there are flow separations around the hexagonal pin, which took on the hexagonal zone.
The reason for these separations is the presence of deformation zones in the pin. These regions are less
visible around the circular pin, however, around the circular pin in the RS region there are signs of flow
separation, which, due to their polygonal shape, are caused by the flow created by the hexagonal pin at the
top and bottom of this area.

By observing the stream lines, it can be seen that the lines around the edges parallel to the shoulder of the
tool have more accumulation, this is actually the thermo-mechanically affected zone (TMAZ). In fact, the
thermo-mechanical work is more due to the high temperature and strain rate in these areas. On the other
hand, around the hexagonal pin, the stream lines have more density than in the circular area, which is
because of the existence of shear stresses around the hexagonal pin.

By comparing the results of the material flow during the FSW process in the simple pin compared to the
complex pin, according to Figure (7 a and b), it can be seen that the velocity of the material around the pin
and under the shoulder of the tool is almost equal. In case of complex pin, according to Fig. (6 b), the flow
velocity under the tool is much higher than around the pin. The reason for this is that the flow of the material
is wrapped around the pin at different levels of the tool, but in a simple pin, due to the slope, the material
finds a simpler flow around the pin, so it has a higher velocity.

10
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Fig. 7 3D (a) and 2D (b) plot of material flow velocity for a simple pin and 2D contour plot in the cross sections around the simple pin

(c)

This issue can also be clearly seen in Fig. (7 c), as it can be seen that around the simple pin, in a section, the
velocity of the material flow is very high, but in the distant areas, this speed is low. In comparison with Figure
(5 c and d), which is related to the complex pin, it can be seen that, whether in the circular region or the
hexagonal, the fluidity of the material around the pin is low and it is more in the distant regions. In fact, the
presence of a slope in a simple pin causes more flow and the material has a higher flow around the pin. But
the presence of different levels for material flow in the complex pin leads to the trapping of the material in
one area and the flow around the pin is reduced. Therefore, due to the high shear rate generated by the
shoulder of the tool, the velocity of the material increases in the distant areas.

Obviously, the thermomechanical behavior of the material during FSW strongly influences the final
microstructural properties and mechanical performances of the welds.

Visual inspections were performed to determine the quality of the produced welds. Fig. (8) presents the
images of the weld seam surfaces. In the produced welds, no serious defects like grooves or lacks of bonding
were observed. Also, no material outflow was found. In the case of the sample produced with a tapered
cylindrical pin (Fig. 8 a) some cavitation loses can be observed. It might be caused by insufficient plasticization
of the material due to the lower heatinputin the case of the simple pin. The performed computer simulations
revealed that by applying the hexagonal pin with grooves, the amount of heat generated during the process
is around 20% higher, when compared to the process with the use of tapered cylindrical pin (see Fig. (5 a and
b)). This is due to the presence of sharp corners of the complex pin and it causes more heat generation due
to shear stress in the specimen. It is claimed that the key factors determining the quality of the weld are
adequate heat input and proper stirring of the plasticized material. Therefore, for the weld produced with
the hexagonal pin, higher heat input and better plasticization and mixing of the material resulted in the
formation of a non-defective weld seam.
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Fig. 8 Friction stir welded samples produced with the tapered cylindrical pin (a) and the hexagonal pin with grooves (b)

In order to define the influence of the tool geometry on the grain structure of the joints, the macro- and
microstructural observations were performed. Fig. (9) presents the macrostructure of the resulting welds
and Fig. (10) illustrates the microstructure of the welds in different zones.

Fig. 9 Macrostructure of the welds produced with the tapered cylindrical pin (a) and the hexagonal pin with grooves (b)
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Fig. 10 Microstructure of the base material AAG082 (a) and welds produced with the tapered cylindrical pin in the HAZ (b), TMAZ (d)
and SZ (f) and the hexagonal pin with grooves in the HAZ (c), TMAZ (e) and SZ (g)

Based on the micro- and macrostructure observations it can be concluded that the geometry of the tool
strongly influences the macrostructure of the weld. High temperatures, large deformations, strains, strain
rate and the total heat input are the factors strongly dependent on the process parameters, including the
tool geometry. In the case of the weld produced with the tapered cylindrical pin, the width of the stir zone
(SZ) is larger. The width of the SZ measured in the center line of the cross-section was equal to 8.25 mm for
the tapered cylindrical pin, and 6.80 mm in the case of the hexagonal pin with grooves. Despite the
temperature being about 5% higher when using a complex pin compared to a straight pin and the greater
total heat input, the mixing process differed between the two cases. CFD simulation results showed that
mixing the plasticized material through the complex pin leads to the trapping of the material in some areas
and the flow around the pin is reduced. With a simple pin, due to the slope, the material finds a simpler flow
around the pin, so it has a higher velocity, which results in the wider stir zone area. However, higher
temperature during the process with the complex pin and the larger total heat input resulted in a wider heat-
affected zone (HAZ) comparing the weld produced with the simple pin. It should also be noted that the zone
directly under the shoulder is of similar width in both cases, reflecting the geometry of the tool. Simulation
results indicated that the material mixing velocity is the highest in this region. This is attributed to higher
temperature below the tool surface and higher shear stress applied from the tool. High shear stress and
temperature by softening the material and reducing dynamic viscosity lead to the increased flow of the
material in the direction of tool rotation. Therefore, the micro- and macrostructure of the upper weld zone
is primarily related to the impact of the tool shoulder during the process, rather than the pin itself.

Discussing the obtained pictures it can be noted that no internal defects typical of the FSW process were
found. The asymmetries of the weld cross-sections can be clearly observed, indicating the advancing and
retreating sides of the welds. The differences mainly relate to the size of the different zones, which is
particularly evident in the HAZ. On the AS side, it is larger, which agrees with the results of the simulations
performed (Fig. 4 b and d). Typically for a FSW joint, the weld nugget zone consists of a fine-grained structure
formed by the recrystallization process in the stir zone (SZ), thermo-mechanically affected zone (TMAZ) and
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heat-affected zone (HAZ). In the case of a complex tool, finer grains can be observed in the SZ. Computer
simulations demonstrated that during the FSW process using a hexagonal pin with grooves, the maximum
temperature in the stirring zone is at least 5% higher compared to a tapered cylindrical pin. Due to the higher
heat input, the recrystallization process occurred more efficiently, resulting in a finer-grained microstructure.
The average grain size in the SZ of the weld produced with the simple pin was equal to 14.321 + 1.319 pum,
and for the weld produced with the complex pin 10.770 + 1.386 um. According to the Hall-Petch relationship,
smaller grain size affect the increase of the hardness of the material (Ref 39,40). Higher heat input during the
FSW process results in greater grain refinement due to more efficient recrystallization, which enhances the
strength of the SZ.

The microhardness profiles of the joints produced with the hexagonal pin with grooves and the tapered
cylindrical pin tool are presented in Fig. (11).
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Fig. 11 Microhardness profiled of the FSW joints produced with different tools at the distance of 1.5 mm from the weld face

The microhardness of the base metal AA6082 was established as 96 + 3.9 HV. It should be noted that the
reduction of the microhardness in the entire joint’s cross-section can be observed. The highest reduction of
the microhardness in both cases can be observed in the heat-affected zones. The lowest values of
approximately 62 and 67 HV can be observed on the advancing side of the welds produced with the simple
and complex pin, respectively. More significant decrease in hardness in the heat-affected zone on the
advancing side is consistent with the results of the simulations performed, where greater heat input was
observed on the advancing side for the process involving both tools (Fig. (4 a and b)). As the temperature in
the HAZ increases, the process of dissolution of precipitates is intensified, leading to the decrease in strength
in this zone. The heat input in the welding process is a crucial factor, as it causes the overaging of the
strengthening phase and grain growth. For precipitation-strengthening alloys, such as AA6082, dissolution or
coarsening of precipitates lead to drastic reduction in the hardness. For instance, Mg,Si phases tend to
coarsen and dissolve in the aluminum matrix when the temperature exceeds 250 °C (Ref 41). Based on the
conducted simulations, by analyzing temperature distribution during the process (Fig. (4 b and d)) it is evident
that such temperatures were achieved in HAZ during welding. It should be also noted that the HAZ of
HAZ/TMAZ interface is often the location of the failure during tensile tests (Ref 42—44). The results of the
simulations clearly indicated the asymmetry of the process and the existence of advancing and retreating
sides. Also, the microhardness profile confirms this theory, where different hardness values are observed in
different zones on both sides of the weld, as well as their different sizes. The results of simulations indicated
that the larger size of the HAZ is observed of the advancing side (Fig. (4 b and d)), which is also noticeable on
the microhardness profiles, especially in the case of the weld produced with the complex pin. Also in this
case, the location of the HAZ is closer to the weld center, which indicates a smaller size of the stir zone. These
observations are in a good agreement with the macrostructural observations (Fig. (9)). In the case of the weld
produced with a simple tool, the nugget zone is larger, which was also proved by macroscopic imaging (Fig.
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(9)), but the maximum hardness observed is lower than that in the nugget zone of a weld produced with a
complex tool. In the nugget zone of the weld produced with the complex tool, the geometry of the hexagonal
pin lead to higher shear stress, and therefore, higher heat generation. The conducted simulations revealed
that the maximum temperature in the stir zone of the weld produced with complex pin is 5% higher than in
the case of the simple pin. It leads to more effective recrystallization process. Microscopic observations
allowed to observe lower grain size in the nugget zone of the weld produced with the complex pin. The
reduction of the grain size leads to the increase of the hardness, according to the Hall-Petch relationship (Ref
39,40,45). Also, this geometry of the tool promotes better plasticizing and mixing of the material in the
nugget zone, leading to more uniform microstructure and reducing the risk of defects resulting from
improper mixing of the material.

The produced joints, as well as the base metal were tensile tested on the universal testing machine. Fig. (12)
presents the failure locations of the welded samples after tensile tests. Fig. (13) illustrates stress-strain curves
for the investigated welds and the base material AA6082 (a) and their average ultimate tensile strength (UTS)
values (b).

Fig. 12 Fracture locations of the welds produced with the tapered cylindrical pin (a) and the hexagonal pin with grooves (b)
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Fig. 13 Stress-strain curves for the produced FSW joints and the base material AA6082 (a) and their average UTS values (b)

The highest value of UTS was found for AA6082 base material equal to 371 + 21 MPa. In case of the welds,
the values of 269 + 18 MPa and 207 + 32 MPa were noted for the joints produced with hexagonal pin with
grooves and tapered cylindrical pin, respectively. It corresponds to the joint efficiency of 72.5 + 4.9 % and
55.8 + 8.6 %, respectively. In both of the cases, the location of the failure was detected in the HAZ on
advancing side of the welds (Fig. (12)). These observations are consistent with the simulation studies and
hardness observations. The lowest hardness was found in the HAZ on AS of the welds for both cases. Also,
the larger HAZ was found on the AZ comparing to the HAZ on the RS of the welds. This is due to the increased
heat input on the advancing side of the HAZ, as indicated by computer simulations, for both tool geometries.
However, it should be noted that the results of computer simulations indicate that the highest thermal
stresses of tensile nature, induced by the welding process, occur in the nugget zone. They are caused by the
highest heat input in the mixing zone. However, recrystallization occurs in this zone, resulting in a reduction
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in grain size and re-precipitation. In the HAZ, due to sufficient heat input, the precipitations dissolute or
overaging occurs, where enlargement and roughening of pre-existing particles can be observed, and no
recrystallization process occurs (Ref 46). For precipitation hardened alloys like AA6082, the presence of the
precipitations is crucial to provide desired mechanical properties. Consequently, in the case of a precipitation
hardened alloy such as AA6082, in addition to thermal stresses, the presence of fine precipitates uniformly
dispersed in the matrix material, as is the case in the nugget zone, also plays a key role in ensuring adequate
mechanical properties. These observations are in a good agreement with the studies of Pabandi et al. (Ref
47) where two precipitation hardened alloys of AA6061 and AA2024 were friction stir welded. Regardless of
the positioning of the alloys on AS or RS, the failure location after tensile tests were noted in HAZ. The failure
location in the HAZ was also noted by Fathi et al. (Ref 48) for AA6061, Liu et al. (Ref 49) for AA2219, Patel et
al. (Ref 50) for AA6063 and Rajendran et al. (Ref 51) for AA2014.

The fractography pictures of the FSW joints and the base material are presented in Fig. (14). As presented
before, the fracture of the tested FSW tensile samples located in the HAZ region close to the original joint
line on the advancing side. In the case of both welded samples, the fracture surface is quite homogenous. No
significant surface irregularities can be observed, due to the fact that both samples ruptured out in the heat-
affected zone, where no mixing occurred. It is notable that in the case of welds, the material cracked
simultaneously in multiple parallel planes, and the individual cracks are connected together by perpendicular
interplanar cracks. Fig. (14 b and c) clearly present that the cracking proceeded in a ductile nature. The
surface of the cracks consisted mainly of a large number of shallow and uniform dimples indicating mainly
ductile behavior of the material. In the case of the base material (Fig. 14 a), the dominant mechanism was
ductile cracking with several brittle precipitations present, around which local voids were formed. The
fracture surface of the base material consisting of long and flat areas corresponds to the elongated grains
revealed by microstructural observations (Fig. 10 a).

Fig. 14 Fracture surface of the base material AA6082 (a) and the FSW joints produced with the tapered cylindrical pin (b) and
hexagonal pin with grooves (c) subjected to tensile tests

4. Conclusions

The present work focuses on simulation of Friction Stir Welding of AA6082 by applying different tool
geometries. This study also presents experimental results that provide microstructural observations and
determination of the mechanical properties of the resulting welds. On the base of the experimental and
simulation analysis the following conclusions can be determined:

1. Computer simulations revealed that when welding with the tool with a hexagonal pin with grooves
the maximum temperature is at least 5% higher than when welding with use of a tapered cylindrical
pin with no grooves. The reason for this is the presence of more shear stresses in the corners of the
pin and the presence of more heat producing surfaces in the hexagonal pin model. During the
welding simulations a maximum temperature of 406 °C was noted for the welding with the complex
pin.
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The residual stresses introduced when using a simple pin are at least 13% lower than in the case of
the complex pin. The reason for this is the higher average temperature around the complex pin due
to highershear stresses than in the simple pin. A higher maximum temperature at the weld centerline
consequently increased the thermal residual stresses.

Material flow during the welding process was simulated and discussed. In the case of the complex
pin, the maximum velocity of the material flow around the hexagonal region was at least 40% higher
than the circular one, due to the higher heat generated around the hexagonal area, higher shear
stresses, lower dynamic viscosity and as a result, higher flow rate. The presence of a slope in the
simple pin affected the greater flow of the plasticized material.

In the produced welds, greater grain fineness was observed in the SZ as a result of applying the
complex pin. In the case of the welds produced with the complex pin, the average grain size in the
SZ was equal to 10.770 + 1.386 pm, and in the case of the simple pin 14.321 + 1.319 pm.

Hardness measurements revealed that the weld produced with the complex pin had a higher
hardness in the SZ compared to the weld produced with the simple pin, which was consistent with
the Hall-Petch relationship. The asymmetry of the hardness profile also indicates the existence of AS
and RS.

Performed tensile tests revealed that the location of the lowest strength was the HAZ on the
advancing side. This location was also characterized with the lowest hardness. The UTS of 269 + 18
MPa and 207 + 32 MPa were noted for the joints produced with hexagonal pin with grooves and
tapered cylindrical pin, respectively. It corresponded to the joint efficiency of 72.5 + 4.9 % and 55.8
+ 8.6 %, respectively.
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Abstract: The friction stir welding method is increasingly attracting interest in the railway sector due
to its environmental friendliness, low cost, and ease of producing high-quality joints. Using aluminum
alloys reduces the weight of structures, increasing their payload and reducing fuel consumption and
running costs. The following paper presents studies on the microstructure, strength, and corrosion
resistance of AA6082 aluminum alloy sheets joined via friction stir welding. The sheets were joined
by employing two different traverse speeds (200 and 250 mm /min), two different rotational speeds
(1000 and 1250 rpm), and two different tool tilt angles (0° and 2°). It was observed that the use of
the inclined tool provides finer microstructure in the nugget zone, higher value of microhardness,
and better corrosion resistance, compared to the tilt angle equal to 0°. By increasing the value of
revolutionary pitch, finer grains are observed in the nugget zone and the measured hardness is
higher. It was also observed that the change in process parameters strongly influences the radius of
the nugget zone and the potentiodynamic properties of the friction stir-welded material. The joints
produced with the tool tilt angle equal to 2°, the tool traverse speed of 200 mm/min, and its rotational
speed of 1250 rpm revealed the highest hardness in the nugget zone (about 92% of the base material).
Moreover, the finest grain size in the nugget with the average value of 9.8 & 1.5 um was found.
~2 was noted for the sample with the
highest strength, which also provides its good corrosion resistance.

The lowest corrosion current density equal to 16.029 pA cm

Keywords: friction stir welding; aluminum alloy; mechanical properties; corrosion; potentiody-
namic behavior

1. Introduction

Friction stir welding (FSW) is a solid-state joining technique developed three decades
ago at The Welding Institute of the United Kingdom [1]. During the process, a specially
designed non-consumable tool, consisting of a pin and a shoulder rotates and moves along
the weld line, while inserted between the contact line of two sheets to be joined. The friction
generated by the contact of the rotating shoulder with the component surface generates
intense heating always well below the melting point of the joined materials [2]. As the
solid-state nature of the process is retained, the maximum temperature can approach up to
0.95 of the melting temperature Ty;, depending on the process parameters, tool geometry,
and material to be friction stir welded [3,4]. The plasticized material undergoes severe
plastic deformations and its flow around the pin produces complex patterns from the
advancing side, where the rotational direction and the welding direction are the same,
to the retreating side, where the directions are opposite. Generally, FSW does not produce
symmetric deformation with respect to the center line of the advancing tool. When a
clockwise direction rotation is employed the less resistant area is the one on the advancing
side of the tool [5].
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Aluminum alloys, belonging to the 6xxx series, are among the most employed materi-
als for transportation, aerospace, and marine industries. They are characterized by silicon
and magnesium elements added to induce intense second phases precipitation during
thermo-mechanical treatments [6-8]. Owing to their stiffness, aluminum alloys can reduce
the weight of structures by up to three times compared to steel structures. This aspect
is crucial in transportation applications [9,10]. Using aluminum in train carriage bodies
reduces the weight and energy amount that is needed to accelerate and deaccelerate them.
Owing to this feature, the payload of vehicles can be increased, which leads to reduced fuel
consumption and lower machine running costs [11]. According to The Welding Institute of
the United Kingdom, there is an increasing number of railway sector companies applying
the FSW method in the vehicle constructions. Many international companies leading the
rail industry use the FSW method to create many series of trains and vehicles serving
subway lines around the world [12].

6082 aluminum alloy has the highest strength of 6000 series in plate form [13-15].
It shows excellent machinability, good welding performances, and high corrosion resis-
tance [16]. AA6082 alloy is widely used in the high-speed train industry, such as profiles
and carriage components [17,18]. Conventional welding methods might lead to the for-
mation of defects due to the change of state, such as poor solidification and porosity in
the nugget zone. FSW allows to improve the weld quality and is widely used in joining
AA6082 alloy [19-22]. Fewer scientific evidence are present in the literature on the effect
of processing parameters on the electrochemical behavior of friction stir-welded AA6082
sheets. Gharavi et al. [23] investigated the electrochemical properties of AA6061-T6 alloy
butt welds. It was revealed that the friction stir welds produced with the tool traverse
speed of 60 mm/min, tool rotational speed equal to 1000 rpm, and tool tilt angle of 3”
showed lower electrochemical properties in 3.5 (wt)% NaCl solution compared to the base
material. The intergranular corrosion type was dominant, with a small number of pits
observed on the weld surface. On the other hand, Padovani et al. [24] noted that the
pitting corrosion occurs on the friction stir welds and the base materials of AA2024 T351
and AA7449-T7951, but the weld region exhibited higher susceptibility to corrosion losses
compared to the base material after the exposure to 0.1 M NaCl solution. In the studies
of Ales et al. [25] the AA2024-T4 butt weld was produced with a tool traverse speed of
100 mm/min, tool rotational speed of 1000 rpm, and tool tilt angle 2°. It was noted that the
most serious corrosion losses occurred in the weld nugget zone while exposed to 3.5 (wt)%
NaCl solution. In the studies, also the finest microstructure of the nugget zone was found,
and a significant drop of the hardness in the thermo-mechanically affected zone was noted.
No influence of the process parameters on the properties of the joints was investigated.

As general behavior, tool shoulder and pin geometries and types have a large influence
on the microstructural and mechanical properties of FSWed joints [26]. In [27], Rambabu
et al. developed a mathematical model for a friction stir-welded AA2219 aluminum alloy
sample immersed in 3.5 (wt)% NaCl solution. The influence of process parameters on the
electrochemical properties of the samples was investigated. It was revealed that the shape
of the pin has also a crucial effect on the friction stir-welded structure and the corrosion
properties. The best quality was attained with a hexagonal pin shape. For a hexagonal
pin shape, the highest hardness was noted for AA6082-T6 friction stir welds, produced
with different welding speed values by Patil et al. [28]. This is generally due to the fact
that, by employing such a hexagonal shape, it is demonstrated that the material mixing
is optimized during welding. This is mainly due to the phenomenon of reprecipitation
because of the increased heating due to the complex geometry [29].

The purpose of this study was to analyze the effect of friction stir welding parameters
such as tool traverse speed, tool rotational speed and its tilt angle on microstructure,
hardness and electrochemical properties of AA6082 friction stir welds by employing a
special designed hexagonal pin tool.
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2. Materials and Methods

Base material AA6082 aluminum alloy, solution heat-treated and artificially aged
to T651 condition, was used for the above studies. The chemical composition of the
chosen alloy was determined by the X-ray energy-dispersive spectrometer (EDS) (Edax Inc.,
Mahwah, NJ, USA) and is shown in Table 1.

Table 1. Chemical composition of AA6082.

Chemical Composition [wt%]
Zn Mg Cr Ti Fe Si Cu Mn Al

AA6082 020 1.03 0.25 0.10 0.50 0.90 0.10 0.42 Balance

About 3-mm-thick plates were used to perform the friction stir welding process on
a conventional milling machine (FU251, Friedrich Engels Kazanluk, Bulgaria). Figure 1
depicts the tool adopted for studies. The tool of 18 mm shoulder diameter, with the distance
across flats of the hexagonal pin was equal to 6 mm and the pin length equal to 2.5 mm
was used to produce the butt welds. The shoulder plunge depth was equal to 0.3 mm.
The hexagonal pin with grooves was made of 73MoV52 steel and the shoulder material was
X210Cr12 steel. The measured hardness of the pin and the shoulder were equal to 58 and
61 HRC (Wilson Mechanical Instrument Co. Inc., New York, NY, USA), respectively. Based
on an extensive literature review, published in [2], the following process parameters were
selected for the studies: the FSW process was performed at two different travel speeds: 200
and 250 mm/min, two different rotational speeds: 1000 and 1250 rpm, and two different tilt
angles: 0° and 2°. The tilt direction of the tool was opposite to the direction of its traverse
motion. The designation of the samples is shown in Table 2. The revolutionary pitch values,
defined as the tool rotational speed divided by the tool traverse speed, are also presented
in Table 2.

b) . $30

218

55
0.5
0.5

e
0.5
T

0.5
PT‘

Figure 1. Schematic illustration of the geometry of the tool used for FSW of AA6082 (a) with its
dimensions (b).
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Table 2. Designation of the samples, corresponding process parameters and revolutionary pitch values.

Tool Rotational ~ Tool Travel Speed Tool Tilt Revolutionary

Sample Speed [rpm] [mm/min] Angle[*]  Pitch [rot/min]
FSW1 1000 200 0 5

FSW2 1000 250 0 4

FSW3 1250 200 0 6.25
FSW4 1250 250 0 5

FSW5 1000 200 2. 5

FSWé6 1000 250 2 4

FSW7 1250 200 2 6.25
FSW8 1250 250 2 5

To determine the microstructure of the produced friction stir welds, the samples were
wet ground to the final gradation #4000 and polished with a 1 um diamond suspension.
The microstructure was analyzed by employing Keller’s etchant (95 mL H>O, 2.5 mL HNO3,
1.5 mL HCI, 1 mL HF). For microstructure observations the double-staged etching in Weck’s
etchant was performed. At the first stage, the samples were etched in a solution of 2 (wt)%
NaOH for 1 min. Then, the samples were immersed in a reagent containing 4 g KMnOy,
1 g NaOH, and 100 mL H,O. The microstructure of the samples was observed by an optical
microscope (BX51, OLYMPUS, Tokyo, Japan). To calculate the average grain size in the
nugget zone, ten measurements were performed. The microhardness measurements were
performed using a Vickers microhardness tester (Future-Tech FM-800, Tokyo, Japan) with
the load of 2 N. Figure 2 presents the locations of the microhardness measurements on the
cross-sections of all the samples.

0.5
mm II.S

Figure 2. Hardness measurement locations on the cross-sections of the friction stir-welded samples.

Electrochemical measurements were performed according to the ASTM G5-94 “Stan-
dard reference test method for making potentiostatic and potentiodynamic anodic polar-
ization measurements”. Potentiostat/galvanostat (Atlas 0531, Atlas Sollich, Rebiechowo,
Poland) was used for the tests in 3.5 (wt)% NaCl (99.8% purity, CHEMPUR, Piekary Slaskie,
Poland) solution at the controlled temperature of 20 °C. Samples of the area of 1 cm? taken
from the nugget zone and AA6082 as received material were studied. A three-electrode
system containing a platinum electrode as a counter electrode, a saturated calomel elec-
trode as a reference, and an aluminum sample as a working electrode was used. The open
circuit potential (OCP) within 60 min initiated the measurements. The potentiodynamic
method was used to obtain the corrosion curves for the potential range —2/+1 V with a
potential scan rate equal to 1 mV/s. To determine the values of the corrosive potential
(Ecorr) and the corrosion current density (icorr) the Tafel extrapolation method was adopted
using AtlasLab (Atlas Sollich, Rebiechowo, Poland) software (ATLAS 0532 Electrochemical
unit and Impedance Analyser). After the corrosion studies the surfaces of all the friction
stir-welded samples and the base material were observed using a high resolution scanning
electron microscope (SEM) (Phenom XL, Thermo Fisher Scientific, Breda, Netherlands)
with a backscattered electron detector (BSE).

3. Results and Discussion
The results of visual testing of the produced friction stir welds are presented in Figure 3.

The pictures present the area containing the exact nugget zone cutout location for electro-
chemical testing. It was observed that the top surfaces exhibit no serious imperfections
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like grooves or lack of bonding. A very little material outflow on the retreating side was
noticed on samples FSW1-FSW4 (Figure 3a-d). No visible differences were detected on the
top surface of all the produced friction stir welds.

Figure 3. Top view of the friction stir welds surface—FSWT1 (a), FSW2 (b), FSW3 (c), FSW4 (d), FSW5
(e), FSW6 (f), FSW7 (g) and FSWS (h).

The macro and microstructure of one, representative friction stir weld (FSW7) is shown
in Figure 4. The macroscopic evaluation (Figure 4a) allowed to observe the characteristic
shape of the nugget zone, resulting from the movement of the pin between the sheets.
The microscopic observations provided more information regarding the microstructure of
the friction stir welds. Four characteristic zones for FSWs were recognized. Microstruc-
ture evolution during the process depends on the temperature and strain endured by
welded material. High temperature changes, observed in the weld nugget zone (WN),
as well as thermo-mechanically affected zone (TMAZ) and heat-affected zone (HAZ) result
in characteristic microstructures. The weld nugget zone, where the plastic deformation
and temperature are the highest is characterized by the finest structure, due to the dy-
namic recrystallization process. Figure 4b presents the nugget zone microstructure of the
FSW 7 sample. Process parameters such as traverse and rotational speed and tool tilt
angle have a significant influence on the final microstructure, due to the different heat
input. The average grain sizes in the WN zone for all samples tested are shown in Table 3.
A thermo-mechanically affected zone (Figure 4c) also experiences high temperature and
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mechanical deformation due to the movement of the pin, but no recrystallization is ob-
served. The heat affected zone (Figure 4d) is only affected by thermal evolution, and with
increasing the distance from the nugget zone, the base metal (BM) is retrieved (Figure 4e).
In the base metal the observed elongated grains are the result of the sheet preparation
process by rolling.

Figure 4. Macrostructure of FSW7 sample with the locations of microscopic observations (a) and its
microstructures observed in the nugget zone (b), thermo-mechanically affected zone (c), heat-affected
zone (d), and the microstructure of the base metal (e).

Table 3. Grain size in the nugget zone of all the produced friction stir welds.

FSW1 FSW2 FSW3 FSW4 FSW5 FSWe FSW7 FSW8

Grain Size in the Weld
Nugget [um]

135+21 173+15 128+15 149+11 103+18 159+20 98+15 127+12

Figure 5 presents the relationship between the average grain size in the nugget zone
of all the tested samples and the revolutionary pitch. It can be clearly observed that with
increasing the revolutionary pitch, the average grain size in the nugget zone is decreased,
for both applied tool tilt angles. The increase of the revolutionary pitch results in the
increased heat input, which provides finer microstructure in such friction stir welds. More-
over, the use of an inclined tool influences the microstructure of the nugget zone. In the case
of the welds produced with the tool tilt angle equal to 2°, the average grain size was lower
than for the samples produced with non-tilted tool, for all the revolutionary pitch values.
There are plenty of papers considering the heat input in the context of the inclination of the
tool during the FSW process. Dialami et al. [30] studied the effect of the tool tilt angle on
the heat generation and the material flow. It was assumed that an inclined tool increases
stresses and the temperature during the process as well as strengthens the material stirring
and facilitates the material flow behind the tool. Krishna et al. [31] observed that the heat
input during the FSW process is not a uniform function of the tool tilt angle, but in general
inclined function provides higher heat input and better plasticizing of the material to be
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welded. Analysis of Meshram et al. [32] shows that the tool tilt angle of 2° provides the
highest temperature of both advancing and retreating sides of the friction stir weld and
thus proper plasticizing, mixing, and recrystallization are achieved.

20+ - it 0°
) - .- tilt 2°
18-
164~
14 l
124 T

104 R

B T . T L4 T ol T "
35 40 45 50 55 6.0 65
Revolutionary pitch [rot/min]

Grain size in the weld nugget [um]

Figure 5. Average grain size in the nugget zone as a function of revolutionary pitch.

Figure 6 presents the Vickers microhardness profiles measured in different locations
on the cross-sections of the friction stir welds. The microhardness of the base material
was about 100 HV. Friction stir welding of precipitation hard-enable alloys, among them
AA6082 aluminum alloy, results in the inhomogeneous hardness distribution leading to the
formation of a softened area. The dissolution of the strengthening particles in the aluminum
matrix and the decrease of the dislocation density causes the decrease of the hardness in
the thermo-mechanically affected zone (TMAZ) and heat-affected zone (HAZ) [33-35].
In all the cases, the minimum hardness was observed in the heat-affected zone, while in
the nugget zone a recovered hardness was noted. Due to the fine microstructure of the
nugget zone, the increase in the hardness can be explained by the Hall-Petch relationship,
which indicates the increase of the hardness as the grain size decreases [36]. The Hall-Petch
equation can be expressed as:

o =op+kd /2 )

where o is the yield stress, oy is the resistance to the dislocation motion in the grain interior,
k is a measure of the local stress needed to initiate plastic flow at grain boundaries, and d is
a grain size [37]. In the case of the hardness, the Equation (1) can be presented as:

H=Ho+Kd @
where H is the hardness of the material, Hy and k' are empirical constants [38]. The highest
hardness of the nugget zone of about 92 HV was noted for FSW7 samples. Moreover,
the smallest grain size was observed for this sample, which is in agreement with the
Hall-Petch relationship.
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The characteristic for the cross-sections of FSW joints hardness distribution is often
reported in the case of aluminum alloys [39-44].

The summary of the main observations regarding the hardness profiles behavior is
shown in Figure 7. It presents the correlation of the maximum hardness observed in the
cross-sections of the nugget zone and the revolutionary pitch for the friction stir welds
produced with the tool tilt angle of 0° (a) and 2° (b). In the case of 0° tool tilt angle,
the observed values of hardness were lower than the ones observed in the case of the
samples FSW5-FSW8. Clearly, in all the cases the lowest values were noted in the bottom
of all the friction stir welds, while the highest were observed in the top of the samples.
The top of the friction stir welds experienced the most significant heating due to the contact
with the tool shoulder and the frictional heating, resulting in the finest microstructure and
the highest microhardness. Among all the welds, the maximum hardness, reaching ap-
proximately 92% of the base material, was observed for the samples with the revolutionary
pitch value equal to 6.25, for both applied the tool tilt angle values. As the revolutionary
pitch increases, the heat input and the temperature during the process also increase. It can
allow observing the most effective dynamic recrystallization. It can be also observed that
for the samples produced with the highest revolutionary pitch the finest microstructure of
the nugget zone was found. By decreasing the revolutionary pitch, the improper plastic
flow might be observed and not sufficient dynamic recrystallization process can be noted.
However, for further increase of the revolutionary pitch, the mixed material can be ex-
tremely softened and subjected to the grain growth, which would result in the significant
decrease of the hardness in the nugget zone [45].
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Figure 7. Maximum hardness of the nugget zone as a function of the revolutionary pitch—relationship
for the friction stir welds produced with the tilt angle 0° (a) and 2° (b).

The radius of the nugget zone in the exact locations of the cross-sections of the friction
stir welds as a function of the revolutionary pitch is presented in Figure 8. It can be clearly
seen that in all the cases the highest values were observed in the top of the samples and
the lowest in the bottom, which reflects the characteristic shape of the weld nugget [46—48].
It can be observed that with an increase of the revolutionary pitch, also the radius of
the nugget zone increases. It is also attributed to the increase of the heat input during
the process, as the revolutionary pitch is higher. In this case, the zone interested by
the continuous dynamic recrystallization increases in dimensions and consequently the
measured radius increases showing a larger zone of increased hardness with respect to
TMAZ and HAZ.
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Figure 8. Radius of the nugget zone as a function of revolutionary pitch—relationship for the friction
stir welds produced with the tilt angle 0° (a) and 2° (b).

Figure 9 presents the radius of the weld nugget in the function of the distance from
the top of the friction stir weld for the samples with the revolutionary pitch equal to
4—FSW2 and FSW6 (for the tilt angle 0° and 2°, respectively) (a), and for the samples
FSW3 and FSW7 (for the tilt angle 0° and 2°)—for the revolutionary pitch equal to 6.25 (b).
These relationships clearly indicate that the use of an inclined tool increases the weld
nugget zone for the entire cross-section of the specimen for both revolutionary pitch values
analyzed. The same relationship was also observed for samples for which the revolutionary
pitch value was 5. It can also be clearly noted that the radius of the weld nugget decreases
with the increase of the distance from the top surface, which reflects the shape of the
weld nugget.

b)
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Figure 9. Radius of the weld nugget as a function of the distance from the top of the friction stir
welds for the samples with the revolutionary pitch of 4 (a) and 6.25 (b).

Potentiodynamic studies are one of the basic tests to determine the properties of the
produced friction stir welds. Their resistance to corrosion is of crucial importance not
only in structures intended for marine vehicles, since even small corrosion losses caused
by the influence of the environment may influence a significant decrease of the material
strength. The potentiodynamic studies were initiated with the open circuit potential (OCP)
measurements for 60 min. After the stability of OCP was achieved, all the samples exhibited
similar values and further potentiodynamic studies were performed. Based on the Tafel
extrapolation method on the obtained potentiodynamic curves, the corrosive potential
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(Ecorr) and the corrosion current density (icqr) values were collected. Table 4 contains the
OCP, Ecorr, and icopr values for all the tested samples.

Table 4. Open circuit potential (OCP), corrosion potential (Ecory), and current density (i) for the

produced samples.
FSw1 FSW2 FSW3 FSwa FSW5 FSWe FSW7 FSWs8 AA6082
OCP [V] -0713 -0.712 -0.724 —0.714 -0.710 -0.712 —0.691 -0.709 —-0.716
+ 0.036 =+ 0.036 + 0.036 + 0.036 + 0.035 + 0.036 + 0.035 + 0.035 + 0.036
Eeore [V] —0.682 —0.680 —0.684 —0.676 —0.654 —0.648 —0.649 —0.659 —0.686
o +0.034 =+ 0.034 +0.034 + 0034 +0.033 +0.032 +0.032 +0.033 +0.034

. [ _2] 22.898 23.907 17303 20,809 19208 19.128 16.029 18.895 42 564
Leorr [pA-em +1145  +1.195  +0865  +£1040  +0960 +£095% 40801  +09M45  +2.128

It can be observed that the corrosion potential shifts from the minimum of —0.686 V for
AAB082 sample to the maximum of —0.648 V for FSW6 sample. It should be noted that an
increase in corrosion potential occurred for all welded samples, with the group of samples
joined at tool tilt angle 0° (FSW1-FSW4) recording a smaller shift value. The FSW5-FSW8
specimens produced at a tool tilt angle of 2° showed the greatest shift in corrosion potential
toward positive values. The movement to more positive values indicates that the corrosion
resistance of the friction stir-welded samples was improved. The highest corrosion current
density, which means the lowest corrosion resistance, was observed on AA6082 base metal
sample and the value was equal to 42.564 pA cm~2. Almost two times lower values of
icorr were observed in the case of all the friction stir-welded samples, with the lowest
value of 16.029 pA cm 2 for FSW7 sample. Improvement of the corrosion resistance due
to the FSW process was also observed by Qin et al. [49]. The 2A14-T6 aluminum alloy
friction stir welds after electrochemical measurements in ex-foliation corrosion solution
performed greatly improved corrosion resistance. Zucchi et al. [50] studied the pitting
and stress corrosion cracking resistance of FSW AA5083 joints in 3.5% NaCl + 0.3 g/L
H>05 and in ex-foliation solutions. In both cases, it was revealed that friction stir welds
performed higher pitting and exfoliation corrosion resistance in comparison to the base
material. The electrochemical studies on AA7022 FSW joints in Na,504 + dilute H>SOy
solution were performed by Wang et al. [51]. It was noted that the corrosion process in
the base material was far greater than in the case of the friction stir welds under different
process parameters. Monetta et al. [52] studied the corrosion resistance of AA6056 friction
stir welds during the natural exposure in 3.5 (wt)% NaCl solution. It was revealed that
the corrosion properties are strongly dependent on the process parameters. For relatively
high welding speed, the pitting attack is more diffused and the pits penetration is less
severe in the case of the nugget zone. For the FSW joints produced with lower welding
speed the opposite observations were noted. The corrosion process was more pronounced
within the nugget zone in comparison with the base material AA6056. In the studies of
Padovani et al. [24] it was reported that FSW of AA2024 and AA7449 displayed greater
susceptibility to pitting corrosion in the weld area after exposure to 0.1 M NaCl solution.

Figure 10a presents the potentiodynamic polarization curves for all the tested sam-
ples, while Figure 10b depicts the potentiodynamic polarization curves for the base ma-
terial, FSW3 and FSW7, representing the friction stir welds with the lowest corrosion
current density for the groups of the friction stir welds produced with the tilt angle of 0°
and 2°, respectively.
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Figure 10. Potentiodynamic polarization curves for all the tested samples (a) and for AA6082
aluminum alloy, the FSW3 and FSW7 samples (b).

It was observed that, in general, the friction stir welds produced with the tool tilt
angle of 0° (FSW1-FSW4) exhibited higher ico;r values compared to the welds produced
with the same tool traverse speed and tool rotational speed, but with a tilt angle equal
to 2°. These observations can be noted from the relationship of the corrosion current
resistance as a function of revolutionary pitch presented in Figure 11. The trend line
for the samples produced with the tilt angle of 0° remains above the trend line for the
friction stir welds produced with the tilt angle equal to 2°. It can be also observed that
with an increase of revolutionary pitch, the corrosion current density decreases, and the
corrosion resistance increases. The corrosion susceptibility of the studied samples is highly
influenced by their microstructure. Ralston et al. [53] reported that in a neutral NaCl
environment, the corrosion rate has a tendency to decrease with a reduction of a grain size
of pure aluminum. It was suggested that the fine grain microstructure might have more
reactive surface to the formation of the protective oxide layer. Moreover, in the studies
of Song et al. [54] it was revealed that by providing finer grained structure, the pitting
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resistance of pure Al is increased, which is attributed to a denser oxide film on the surface
of the samples. It should be also noted that FSW process changes not only the microstructure
of the friction stir welds, but also has an influence on residual stresses and precipitation
distribution, which may have an impact on electrochemical response as well.
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Figure 11. The relationship between corrosion current density and revolutionary pitch for all the
tested samples.

Figure 12 presents the surfaces of the selected samples—FSW3, FSW7, and the base
material AA6082. It can be observed that the base material (Figure 12¢), thermally and me-
chanically unaffected during the movement of the tool exhibits the most serious corrosion
losses on the surface. In Figure 12a b, the characteristic shape of the top surface of the weld
nugget is visible. A stepped structure is an effect of simultaneous rotation and traverse
movement of a tool. It is observed that more significant corrosion losses are located on the
top zone of the stepped surface. It can be explained by the corrosion propagation location
at the edges of this structure. The passive layer at this location experiences a triaxial stress
state, thus facilitating its delamination and corrosion propagation. A significant surface
porosity can be observed on the surface of FSW3 sample. SEM images indicate that the
lowest corrosion degradation can be observed on the sample FSW7, produced with a
tool tilt angle of 2 and with the revolutionary pitch equal to 6.25. Although microscopic
observations do not allow quantification of the amount of corrosion loss, a significantly
higher degradation of the AA6082 base material was observed compared to all friction stir
welds produced. Furthermore, it was noted that the samples produced at the tilt angle of
2° (FSW5-FSW8) exhibited less intense material degradation, which agrees with the results
of the electrochemical tests where these samples were characterized by lower corrosion
current density values.
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Figure 12. SEM images of the surface of the weld nugget of FSW3 (a), FSW7 (b) and AA6082 base
material (c).

4. Conclusions

The above studies were conducted to investigate the microstructure, hardness,

and electrochemical properties of friction stir-welded AA6082. For this purpose, two
different rotational speeds (1000 and 1250 rpm), two different traverse speeds (200 and
250 mm/min), and two different tool tilt angles (0° and 2°) were used. The obtained results
allowed to draw the following conclusions:

1.

Process parameters such as: tool traverse speed, tool traverse speed, and tool tilt
angle have an influence on the grain size of the nugget zone. Using a non-inclined
tool results in a larger average grain size in the weld nugget zone (12.8-17.3 um)
than when using a tool tilt angle of 2° (9.8-15.9 um). Furthermore, the average grain
size decreases with an increase of a revolutionary pitch due to the increased heat
input. The smallest grain size equal to 9.8 & 1.5 um was noted for a friction stir weld
produced with a tool tilt angle 2°, tool traverse speed 200 mm /min, and tool rotational
speed 1250 rpm.

The hardness measurements on the cross-sections of the friction stir welds revealed
that higher hardness of the nugget zone was observed in the friction stir welds
produced with an inclined tool. As the revolutionary pitch increases, the maximum
hardness also increases in all the cases. The maximum hardness reached 92% of
the hardness of the base material for the sample produced with the revolutionary
pitch equal to 6.25 and tool tilt angle 2°. Tt was observed that with an increase of the
revolutionary pitch, the radius of the nugget zone also increases.

Potentiodynamic studies showed that the friction stir welding process improves
corrosion properties of AA6082 welds in 3.5 (wt)% NaCl solution. Using a tool tilt
angle equal to 2° provided lower corrosion current density in the conducted tests
The best resistance (16.029 4 0.801 uA cm ™~ 2) was observed for the friction stir weld
produced with the highest revolutionary pitch.
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Analysis of Residual Stresses and Dislocation ®
Density of AA6082 Butt Welds Produced by Friction s
Sir Welding

ALEKSANDRA LASKA, MAREK SZKODO, PASQUALE CAVALIERE,
DOROTA MOSZCZYNSKA, and JAROSLAW MIZERA

The Friction Stir Welding (FSW) method was employed to join AA6082 sheets. The welds were
produced with different tool traverse speed (200 and 250 mm/min), rotational speed (1000 and
1250 RPM) and tool tilt angle (0 and 2 deg). Based on the analysis of XRD patterns, the total
precipitation volume fractions in the nugget zones and the base material were calculated. The
FSW process resulted in a reduction in the fraction of precipitates up to 64 pct compared to the
parent material. Based on the Williamson—Hall analysis and indentation tests, the residual
stresses were calculated. The highest tensile residual stresses of — 89.09 4+ 6.19 MPa were
observed for the base material, and the welding process reduced the residual stresses. The
calculated dislocation density in the parent material AA6082 was equal to 8.225 x 107 m2,
while in the welds a decrease was observed up to the value of 1.419 x 10" m >, In addition, the
FSW process changed the nature of dislocations with edge-type dislocations dominating, while
screw dominating character of dislocations were prevalent in the parent material. The mobility
of dislocations in the studied welds was higher and reached the value of 16.78 x 10", while the
dislocation mobility in the parent material was equal to 3.19 x 107 2. Process parameters
during welding have a crucial effect on the amount of heat and strains introduced during the
process, and thus influence the residual stresses, dislocation density and mobility, which might
have a fundamental impact on the properties of the produced welds.

https://doi.org/10.1007/s11661-022-06862-4
© The Author(s) 2022

I. INTRODUCTION material through between its surface and the work-

piece!? The pin, meanwhile, mixes the plasticized
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FRricTION Stir Welding (FSW), patented exactly 3
decades ago, 1s one of the most developed methods of
joining materials. The process is based on the plasticiz-
ing of the material in the weld zone and mixing it to join
the components.!'! For this purpose, a specially designed
tool consisting of two essential parts—a pin and a
shoulder is used. The tool, set in a rotary motion and
placed between components in contact with each other,
moves along the weld line. The most important role of
the shoulder is to generate heat that plasticizes the
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material, creating the weld”! The most important
process parameters include the tool’s traverse and
rotational speed, the geometry of the tool and tool ult
angle.V

The FSW process produces a fine-grained structure in
the nugget zone as a result of dynamic recrystallization
in the weld ® 7' Numbers of studies have been conducted
to investigate recrystallization (ﬁhenomena during the
FSW of aluminum alloys® '™ The microstructural
evolution during the process depends mostly on the
temperature and strain evolution having a significant
influence on the mechanical and electrochemical prop-
erties of aluminum alloys.""! Also, the precipitate
dissolution and coarsening at high temperatures during
the FSW process lead to significant changes in the
properties of the welded samples."*'"1 Another factor
that has a significant impact on material properties is the
density and type of dislocations evolving during the
process. To understand the microscopic process of
plastic behavior of the material, studies of dislocation
density and mobility are necessary. Dislocation density
and the velocity of dislocations influence the mechanical
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properties and the hardness of the material.'*! Lower
dislocation mobility and high dislocation density result
in an enhanced strength of the material."™™ Dislocation
density is closely related to the straining resulting from
severe plastic deformation and recrxstallization durinﬁ
the friction stir welding process.!"™'" Woo er all'
noted that for FSW AA6061-T6 aluminum joints the
dynamic recrystallized zone of the weld exhibits a low
dislocation density compared to the parent material. In
other studies by Woo ef /" an increase in the
dislocation density in the nugget zone was revealed in
FSW AA6061-T6 joints. In Reference [20], Yuzbekova
et al. noted an increase in the dislocation density in
FSWed AAS5024 aluminum alloy, compared to the base
metal. Lee er af®"! found lower dislocation density in
the weld nugget of friction stir welded copper. In the
study, it was also concluded that the hardness of the
weld strongly depends on the dislocation density, rather
than the grain size. The limited number of studies
conducted in this area and the above assumption keep
the topic addressed timely and relevant to the assess-
ment of the strength of the joint.

Residual stress is another factor strongly affecting the
mechanical properties of the welds. Residual stresses in
the joints have a significant influence on its fatigue
properties, and consequently on the lifetime of the
welded component.”?! Tensile residual stresses, unlike
compressive residual stresses, increase the negative effect
of the environment. Residual stresses present in material
might induce environmentally assisted cracking, as well
as increased fatigue crack initiation susceptibility.l*!
Moreover, the significant intensification of stress corro-
sion cracking can be observed at tensile residual
stresses.™” During the FSW process, the material in
the nugget zone is both tensiled and compressed by
friction and. at the same time. is exposed to the thermal
compressive stresses due to the heat input.”¥ Also, the
corrosion resistance of materials may depend on the
residual stresses and dislocations present in the mate-
rial.P*? In the studies of Peel er all*®! synchrotron
analysis of residual stresses in AAS083 FSWed joints
revealed the tension character of stresses in both parallel
and perpendicular directions to the tool traverse direc-
tion. Also, the tool traverse speed strongly influences
residual stresses due to the heat input and the increase of
stresses is a result of a steeper thermal gradient during
weldinrﬁ. while higher traverse speeds are applied. John
et al P investigated the effect of residual stresses on the
fatigue crack growth in FSWed AA7050 alloy. It was
revealed that even low residual stresses induced in the
welds during the process resulted in significantly affected
fatigue crack growth. In the studies of Steuwer er al.*",
the significant tensile residual stresses were found in the
region around the weld line of dissimilar AAS083/
AA6082 friction stir welded joints. Also, it was revealed
that both tool rotational speed and traverse speed
influence the residual stresses formation. In the welds
produced by Zhang er al.®'! the residual stresses
observed in SA06 aluminum alloy and pure copper
dissimilar welds were too high to achieve sound and
reliable joints.
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The Williamson-Hall analysis is a procedure that
allows to calculate the crystallite size and residual
stresses in the materials derived from X-ray diffraction
patterns, whereas the dislocation density and its type
can be calculated using the modified Williamson—Hall
method."?  Although many papers discussed the
mechanical and electrochemical properties of friction
stir welded AAG6082 joints, a very limited number of
studies is available on residual stresses and dislocation
densities in the welds. The literature review still does not
allow determining the effect of specific FSW process
parameters on the residual stresses and dislocation
densities in the welds.

The purpose of this study was to analyze the effect of
friction stir welding parameters such as tool traverse
speed, tool rotational speed and its tilt angle on residual
stresses, dislocation density and dislocations mobility in
the weld nugget of AA6082 aluminum alloy.

1. METHODOLOGY
A. Friction Stir Welding

The material under investigation was AAG6082 alu-
minum alloy, solution heat-treated and artificially aged
to T651 condition. The rolled sheets of 3 mm in
thickness were used to perform the FSW process. The
X-ray energy dispersive spectrometer (EDS) (Edax Inc.,
Mahwah, NJ) was used to determine the chemical
composition of the chosen material. The results are
shown in Table 1.

The FSW process was performed on a conventional
milling machine (FU251, Friedrich Engels Kazanluk,
Bulgaria). For the present studies, a hexagonal pin tool
was adopted to produce butt welds. Figure | depicts the
schematic illustration of the tool. The shoulder diameter
was equal to 18 mm, the distance across the flats of the
hexagonal pin was equal to 6 mm and the pin length was
set to 2.5 mm. The shoulder plunge depth of 0.3 mm
was adopted. The material of the hexagonal pin was
73MoV52 steel and the shoulder was made of X210Cr12
steel. The hardness of the pin and the shoulder was
measured (Wilson Mechanical Instrument Co. Inc.) and
was equal to 58 and 61 HRC, respectively. The range of
parameters was selected to produce welds without
apparent defects and material discontinuities. The
employed tool traverse speed values were 200 and
250 mm/min, the tool rotational speed values 1000 and
1250 rpm and the tool tilt angles 0 and 2 deg. The
designations of the samples are shown in Table II. In the
table, the revolutionary pitch values, defined as the tool
rotational speed divided by the traverse speed for all the
samples were also presented. For further testing, the
specimens were cut from the nugget zone and the native
material.

B. Material Characterization

The metallography techniques were used to reveal the
macrostructures of the welds. The samples were wet
ground to the final gradation of #2000 and the polished
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Table I. Chemical Composition of AA6082

Chemical composition [Weight Percent]

Zn Mg Cr Ti

Fe Si Cu Mn Al

AA6082 0.20 1.03 0.25 0.10

0.50 0.90 0.10 0.42 balance

(@)

Fig. 1—Schematic illustration of the geometry of the tool used for FSW of AA6082.

@30
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(b)

Table II. Designations of the Samples

Sample Tool Rotational Speed [RPM]  Tool Traverse Speed [mm/min]  Tool Tilt Angle [°] Revolutionary Pitch [rot/mm)]

FSWI 1000 200
FSW2 1000 250
FSW3 1250 200
FSW4 1250 250
FSW5 1000 200
FSW6 1000 250
FSW7 1250 200
FSW8 1250 250

DRIV O OO O

using | gm diamond suspension. The polished samples
were etched in a reagent consisting 1 mL HF, 1 mL
HCI, 2 mL HNO; and 96 mL H>O for 15 seconds. The
microstructure at the cross-section of one selected weld
(FSW2) was characterized by the electron backscattered
diffraction (EBSD) method using a scanning electron
microscope (SEM) (Hitachi SU-70, Japan). The sample
for these measurements was prepared by argon ion
polishing at 5 kV using Hitachi IM4000 Ion Milling
System (Hitachi, Japan). The EBSD maps were taken on
every zone with an acceleration voltage of 20 kV using a
step size of 0.2 yum. The collected data were examined
using the HKL Channel § (Oxford Instruments, United
Kingdom) software.
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The X-ray diffraction method (XRD) (Philips X'Pert
Pro, Netherlands) was used via diffractometer with Cu
Ku radiation with a wavelength 2 = 0.15418 nm oper-
ated at 30 kV and 50 mA. The diffraction patterns were
collected using Bragg-Brentano geometry over 20 range
from 20 to 90 deg with a 0.02 deg step size. To evaluate
and correct the instrumental broadening effect a silicon
standard was used. The Rietveld refinement method was
applied for a quantitative phase analysis based on the
XRD patterns using MAUD software. Mathematical
procedures implemented in the Rietveld refinement
approach are described in detail in the literature.*?
The Williamson—Hall analysis was used to calculate the
crystallite size and microstrain in the parent material
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and the weld nuggets, whereas the modified Wil-
liamson-Hall analysis was applied to estimate the
dislocation density. The hardness tests of the material
were performed with a NanoTest Vantage nanoindenter
(Nanotest Vantage, Micro Materials, United Kingdom)
with a diamond Berkovich indenter. The tests were
performed to determine the quantitative residual stresses
in the examined samples, considering the strains calcu-
lated by the Williamson-Hall analysis and the Young’s
modulus obtained from the indentation tests. The
samples were subjected to 10 measurements with iden-
tical parameters. The maximum force was set up at SN,
the loading and unloading time was equal to 20 seconds
and the dwell period at maximum load was 5 seconds.
During the measurements, the load-depth curves were
recorded. Microhardness (H), reduced Young's modulus
(Er) and Young's modulus (£) were measured using the
Oliver-Pharr method. For calculating Young's modulus
from reduced Young’s modulus, a Poisson’s ratio equal
to 0.33*" was assumed for the analyzed samples.

III. RESULTS AND DISCUSSION
A. Macro- and Microstructure

Friction stir welding results in high temperatures
during the process, large deformations, strains and
strain rate. Figure 2 presents the macroscopic overview
of the produce welds. In all the cases. a typical basin
shape of the weld nugget can be observed. The upper-
most part of the weld nugget is obviously wider due to
the direct stirring by the tool shoulder.™ No obvious
defects were observed in the cross-sections of the joints,
indicating a proper selection of the welding parameters.
Moreover, a characteristic structure called “onion
rings” can be observed as incomplete half elliptical
bended patterns stacked into several layers. A formation
of the onion ring pattern is an effect of downward and
upward flow of the plasticized material around the pin
while mixing. The width of the mixing zone was
measured the mid-thickness of the cross-sections. It is
worth to observe marginal differences in the width of the
mixing zone for different process parameters. The welds
produced with the tool tilt angle of 0° are characterized
by slightly lower width of the stir zone. Also, for the
welds produced with the tool traverse speed of 200 mm/
min, the width is larger than in the case for the welds
produced with the same tool tilt angle and the rotational
speed, but with the tool traverse speed of 250 mm/min.
This is due to the greater heat input both when the tool
traverse speed is reduced and when the tool is
tilted .7

High strains and heat input affect the microstructure
evolution not only in the mixing zone, but also in the
zones not in direct contact with the tool. Accordingly,
besides the base material (BM), three zones character-
istic of the FSW process can be distinguished. The
nugget zone (NZ) is the area experienced by direct
interactions with a tool. Extreme strain and high heat
input result in a dynamic recrystallization process in this
area. Due to that fact. the microstructure is very fine
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with equiaxed well-dispersed grains. The resulting grain
size strongly depends on the thermal cycle and stirring
actions. In the thermo-mechanically affected zone
(TMAZ) the material is plastically deformed from shear
induced by the tool and is exposed to temperature
increase. The plastic deformation degree depends mostly
on the exact location within the zone, with higher
deformations closer to the nugget. Due to insufficient
heat input, no dynamic recrystallization occurs in
TMAZ. As the distance from NZ increases, the degree
of plastic deformation is reduced. The heat-affected zone
(HAZ) experiences only the thermal energy of the
process. In the precipitation strengthened alloys, such
as AA6082, the HAZ is characterized by the overaging
process of the precipitates, which is a result of the
drastic reduction of the mechanical properties in this
zone. Determination of the boundary between HAZ and
BM might be difficult based on microstructure observa-
tions. Figure 3 shows the EBSD maps with the unit
triangle of the stereographic projection which displays
the color code for the direction of the plane normal of
the map in the crystal axes. The EBSD measurements
were performed for one selected weld (FSW2) in all four
zones. In the base metal of AA6082 elongated grains can
be observed which is a result of the rolling of the sheets.
The microstructure of HAZ exhibits slightly elongated
grains, with an emerging equiaxed shape. It should be
noted that the structure in HAZ is more fine-grained,
compared to the native material. The shape of the grains
in the TMAZ does not reflects the elongated grains
observed in the parent material. Also moving nearer to
the nugget zone, the material experienced higher tem-
peratures and deformation, so the partial recrystalliza-
tion process was more clearly observed, resulting in
more significant grain refinement closer to the nugget
zone. This can be observed on the right side of
Figure 3(c). In the weld nugget, newly formed grains
with regular shape and very fine structure are observed.
Due to the dynamic recrystallization process, the initial
inhomogeneous microstructure is replaced by the fine-
grain microstructure. The nugget zone clearly exhibits
the increase of (111 ) orientation. This phenomenon is
the result of intense shear deformation by tool move-
ment during the process. I it was observed that at
high strains, the (111 ) texture might form in fcc
crystals.

B. Precipitation Fraction Analysis

Figure 4 presents the XRD difiraction patterns for all
the tested samples. The main peaks originating from the
pure aluminum with their Miller indexes are distin-
guished. In Figure 5 the XRD diffraction patterns of the
base material and one, representative weld are presented
with the peaks corresponding to the phases of the main
alloying elements. In all the diffractograms, the peaks
originating from the phases of Mg, Mn, Si and Fe
alloying elements were visible under magnifications.

Table III presents the type and volume of precipita-
tion and pure aluminum fractions identified on the XRD
patterns. The quantitative phase analysis was performed
using Rietveld refinement of the XRD patterns. The
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Fig. 2—Macrostructure of the produced welds—FSW1 (a), FSW2 (h). FSW3 (¢), FSW4 (d), FSWS5 (¢), FSW6 (f), FSW7 (g) and FSWS (/).

calculated goodness of fit values ranged from approx-
imately 1.5 to 2.2 for all the samples, indicating very
good agreement with the XRD patterns. The calcula-
tions show that the FSW process considerably reduces
the precipitation content. The heat generated during the
process, as well as the peak temperature, causes the
dissolution of precipitates in the aluminum matrix.
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Aluminum alloys containing Mg and Si as the main
alloying elements are precipitation hardening alloys.
Small particles of precipitates strengthen the material by
inhibiting the dislocation movement in the metal crystal
structure.*”! The dissolution of the precipitations leads
to a noticeable decrease in the hardness and strength. In
the studies of Rao er al/* the dissolution of the
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Fig. 3—EBSD maps of a selected FSW2 joint—base material AA6082 (@), heat-affected zone (b), thermo-mechanically affected zone (c) and weld
nugget (d). Welding direction (WD), transverse direction (TD) and normal direction (ND) are also illustrated. The locations for the EBSD test

in different zones of the FSW2 sample are also depicted.
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Fig. 4—Diffraction patterns for all the tested samples.

precipitates in AA2219 aluminum alloy during the FSW
process was investigated. It was revealed that using a
hexagonal pin might lead to the dissolution of 91 pct of
precipitates. Simultaneously, the use of a hexagonal pin
provides advanced material mixing, which leads to the
recrystallization in the weld zone and the formation of a
fine-grained structure. Thus, in these studies the use of a
hexagonal pin resulted in an increase of the hardness of
the nugget zone, compared to other pin shapes,
although the precipitation dissolution was the highest.
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Proper mixing of the material in the weld zone during
the FSW process and grain recrystallization is the basic
condition for maintaining the appropriate strength of
the joints. Simultaneously, the dissolution of precipi-
tates by increasing the temperature in the process
reduces the strength in the case of precipitation hard-
ening alloys, such as AA6082.

Figure 6 presents the relationship of the total precip-
itation volume fraction with a respect to the revolution-
ary pitch for both applied tilt angles. It should be noted
that using the tilt angle equal to 2 deg results in more
significant precipitate dissolution, while using the
non-inclined tool results in the reduction of the precip-
itation dissolution. For the revolutionary pitch of 4 and
the tilt of 0 deg, the precipitation fraction was reduced
by 48 pct compared to the base material. The maximum
reduction of the precipitation fraction (almost 64 pct of
reduction comparing to the base material), was noted
for the revolutionary pitch equal to 6.25 and the tool tilt
angle of 2 deg. While increasing the revolutionary pitch,
the heat input during the welding is also increased and
the precipitation dissolution is higher, which leads to the
reduction of their fraction. Also, by applying the
inclined tool, the heat input during the process is
increased, compared to the use of the non-inclined tool.
The use of an inclined tool during the FSW process
increases stress on the leading edge of the tool and on
the surface of the component to be welded and thus,
improves the frictional heating. This leads to an increase
in the temperature, which affects the more efficient
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Fig. 5—Diffraction patterns of AA6082 base material and one selected weld (FSW8) with identified peaks originating from pure aluminum and

phases of main alloying elements.

Table III.  Type and Volume Fraction of the Precipitates Based on the XRD Patterns

FSWI FSW2 FSW3

FSW4  FSW5  FSW6  FSW7  FSWS8 Base

98.494

0.201 0.178 0.189 0.169 0.222 0.832
0.753 0.637 0.759 0.477 0.761 0.802
0.302 0.207 0.290 0.261 0.214 0.597
0.385 0.448 0.315 0.378 0.349 1.326
1.641 1.470 1.553 1.285 1.546 3.557
98.359  98.530  98.447 98.715  98.454  96.443

Mg,Si Percent 0.209 0.208 0.206
Mn,Si; Percent 0.718 0.743 0.642
AlgFey94Mn, 14Si Percent 0.393 0.371 0.264
Al;Fe Percent 0.466 0.529 0.394
Precipitations Fraction Percent 1.786 1.851 1.506
Al Fraction Percent 98.214 98.149
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Fig. 6—Total precipitation volume fraction as a function of the
revolutionary pitch for the samples produced with the tool tilt angle
0 deg (FSW1-FSW4) and 2 deg (FSW5-FSWS).

dissolution of precipitates and reduces their fraction.
There are several studies on the heat input with the
respect to the tool tilt angle during the FSW process. In
the studies of Dialami er al..*' it was revealed that using
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the inclined tool results in the increase of the temper-
ature during the process and enhances the material
stirring. Krishna er al* noted that the heat input
during welding is a non-uniform function of the tilt
angle, but the use of the inclined tool results in higher
heat input and better plasticizing of the material. Also,
Meshram ez al.1* observed that when a tool tilt angle of
2 deg is set during the FSW process, the highest
temperature is noted on both advancing and retreating
sides. Figure 6 shows that for the welds produced with
the tool tilt angle of 0 deg higher values of precipitation
fractions are observed for all the studied revolutionary
pitch values, compared to the welds produced with the
inclined tool.

C. Residual Stresses

A peak broadening on an XRD diffraction pattern is
caused by the deviation from the ideal crystal lattice.
The method that allows to distinguish the different
contributions of that broadening is the Williamson—Hall
analysis. This method assumes that a peak profile is a
convolution of the profiles resulting from microstrains
and crystallite size contributions!*:
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Br = Pp + B (1]

where fir is a total broadening, fip is a broadening
resulting from the crystallite size and f.—from the
microstrains.
The Scherrer equation presumes that the broadening
due to the crystallite size can be presented as follows:
ag - A

bo= L -cosO’ g

where a¢ is a Scherrer constant that depends on the
crystal size distribution and its shape (here assumed to
be equal to 1),* J is the length of electron beam wave
(here equal to 0.15418 nm) and L is the crystallite size
that represents a crystallite portion with the same
cryst[z‘itlsl]ographic orientation such as sub-grains (in
nm).

Also, the broadening due to the microstrains is
defined as:

B, = 4etan0, 3]

where ¢ is the microstrain.
The Williamson—Hall equation, assuming the pre-
sented equations, can be defined as:

a

_ag A
2 4etand. [4]

Or, while multiplied by cosf, takes a form of a linear
function:

Bcosl) = ¥ + 4esing. [5]

Figure 7 depicts the plot of Bcosf vs. sinf. Also, the
approximations to the linear functions were calculated
for the obtained values. Based on the constants of the
linear functions, according to the Eq. [5] the crystallite
size and microstrains were calculated. The obtained
values are presented in Table IV. In order to calculate
residual stresses (or) present in the material, the
indentation tests were performed. Figure 8 presents
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Fig. 7—Plots of Bcosf) vs. sinf for all the tested samples.

177

hysteresis plots of load-deformation during the tests
for all the samples. The Young’s modulus, calculated
from the obtained values of reduced Young’s modulus,
as well as microhardness values are also presented in
Table IV.

It can be clearly observed that the FSW process
results in the increase of the crystallite size. By applying
the tilt angle of 2 deg the increment is higher than in the
case of the use of the non-tilted tool. The FSW method
results in a large strain in the metal matrix during
welding. The heat input and, consequently, the increase
of the temperature in the weld nugget results in the
recrystallization and grain refinement and, simultane-
ously, the increase in the size of crystallites. B‘?’ applying
the inclined tool, the heat input is higher®® #! and the
crystallite size increment is greater. In all the cases, the
Williamson—Hall analysis revealed that the strains
present in the material are below zero, which indicates
their tensile nature. The calculations of residual stresses
show that the base material exhibit the lowest value. It
means that in the case of the AA6082 alloy, the greatest
tensile nature is observed. Also in the case of all the
welds, the tensile residual stresses are observed, but the
values are closer to zero. Residual stresses in friction stir
welded joints are the result of complex interactions
during the process, including thermal, mechanical and
metallurgical phenomena. Indentation tests revealed
that in the nugget zone of all the produced welds the
hardness values were lower than in the case of the base
material. High heat input and temperature peak during
the process lead to the dissolution of precipitates in the
aluminum matrix, as is shown in Table II1. A decrease in
the amount of precipitates, which in the case of
precipitation-hardened alloys inhibit the movement of
dislocations in the metal crystal structure, has a direct
effect on the decrease in hardness, which can be seen in
the results of indentation tests.

D. Dislocation Density and Mobility

The modified Williamson—Hall (MWH) analysis is a
method that allows the dislocation density measure-
ments based on XRD diffraction patterns. XRD diffrac-
tion patterns of all the tested samples with a horizontal
axis determined as a diffraction vector K are presented
in Figure 9. The diffraction vector can be calculated as:

2sin0
o 0

The modified Williamson-Hall equation can be
expressed as follows:

as T —
AK =T+ bM\ |3 p(KC), (7]

where AK is defined as a peak width, b is a magnitude
of the Burgers vector, M is a dislocation distribution
parameter, p is a dislocation density and C is a scaling
parameter called the average contrast factor of disloca-

46]

tions.| Equation [7] is a linear function AK =
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Table IV. Results Obtained from the Williamson-Hall Analysis and Indentation Tests

L [nm] e[-] E [GPa] or [MPa] H [GPa]
Base 29.62 — 0.00105 84.85 + 5.90 — 89.09 + 6.19 1.19 £ 0.11
FSWI 48.00 — 0.00074 82.44 + 5.75 — 61.00 £+ 4.25 1.08 + 0.07
FSW2 58.38 — 0.00064 80.23 + 10.97 — 5135+ 17.02 1.00 & 0.09
FSW3 57.20 — 0.00069 81.18 = 7.09 — 56.01 £ 4.89 1.11 &+ 0.08
FSW4 56.43 — 0.00061 80.34 + 6.06 —49.01 + 3.70 1.05 + 0.06
FSW5 90.27 — 0.00057 80.48 + 5.11 — 4588 + 291 1.07 + 0.07
FSW6 68.79 — 0.00061 80.27 + 5.38 — 4897 + 3.28 1.05 + 0.10
FSW7 83.54 — 0.00048 82.30 + 4.89 — 39.50 £+ 2.35 1.04 £+ 0.08
FSW8 77.09 — 0.00046 80.59 &+ 6.40 — 37.07 £ 294 1.10 + 0.04
_:::vws C = Cio(1 — gH), [8]
5000+ _::::vv: where ¢ is a dimensionless parameter that is dependent
- on the edge or screw character of dislocations and H
Z 4000 ———FsW3 is defined as:
5 [re=—=row2 X3 2.2
B 3000 ——Fswi y PP+ P KR 9]
< R+ +P)
= 2000 _
g and Cj, is a factor of the average contrast of disloca-
3 1000 tions for {h00} reflections. It can be calculated by the
£ dislocations contrast factor for the {h00} reflections of
the pure screw and pure edge dislocation. For pure

0 T r - : T
0 2500 5000 7500 10000 12500 15000
Indentation depth [nm]

Fig. 8—Load-deformation hysteresis plots obtained during
indentation tests.
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diffraction vector 2sin6/A [nm'1]

Fig. 9—Diffraction patterns for all the tested samples with a
horizontal axis based on the diffraction vector K.

I
f(KC’ . The dislocation contrast factor is a function

of Miller indexes and is given by:
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edge and pure screw dislocations, the dislocation con-
trast factor Cyoo can be calculated as:

Chooi = (Ii('/m |:1 — exp <b_(—/':’>j| + (-;"""'A + diCIm' [10]
i

Here a&, h{®_ ¢ and df* are parameters deter-
mined by the elastic constants of the material. The
values used for the calculations are presented in
Table V. According to!*’! A is the elastic anisotropy
parameter defined as:

2(‘44

B B i

11— €12 :

For the following calculations the values of c44, ¢y
and c¢j» were equal to 28310, 10.73-10'° and
6.08 x 10" X according to Vallin et al.* Substitution
of these values gives the elastic anisotropy parameter A
equal to 1.217.

To calculate parameter ¢, Egs. [7] and [8] should be
combined obtaining:

2
w = B*Choo(1 — gH?), (12]
where « = $¢and = bM () '2 The experimental value
of ¢ is determined by imposing the linear function

(A’;—"" = f(K?). The inverse value of ¢ is obtained as the

intercept of the extrapolated function with the
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Table V. Parameters Needed to Calculate Cy,y and qi"'

for Aluminum in fce Crystal

Parameter ¢'"; 47 Factor Cyo™")
&, b, o & 400, R0, (Cho0. JCh00.
Screw 5.4252 0.7196 0.0690 ~3.1970 0.1740 1.9522 0.0293 0.0662
Edge**’) 5.9049 0.8046 0.0826 — 4374 0.2468 2.1880 0.0186 0.0731
8- 1/q =1.654 _A .
1rq=1oﬁ 11q=1633 q =dl |l —exp == | Feeld+ dl. [14]
74 1/q = 0.981 1g=1.376 1/q=1.618 b
6 - 1/q = 0.88: 1/q9=1.359 1/q=1.595
& 5] The elastic anisotropy parameter A was calculated
e according to Eq. [11], while a/, b!, ¢! and o are values
Ay depending on the elastic constants and dislocations slip
N! 3l systems activqted in crystals. The parameters needed to
3 determine ¢ " values are presented in Table V.
% 2 Table VI presents the calculated values of ¢'f, . and
14 chge, as well as the fractions of screw and edge type
dislocations determined using Eq. [13]. Also Chooscrews

0 T T
0.0 ofz 014 0.6 OjB 110 12 14 16 18 20
H2

Fig. 10 Plot of Eq. [12] for all the tested samples. The intersect on
the H? gives 1/g.

horizontal axis. Figure 10 presents the plot of Eq. [12]
and the values of 1/q.

Based on the calculated values of ¢, the fraction of
screw and edge character dislocations can be calculated

th
/edge _ Gscrew —
“ the
{Iu,few ‘Iedge

- )

Here /°*¢° and /*"*" mean the fractions of each type of
dislocations. To make these calculations, the theoretical
values of ¢ for the pure screw (¢ 'We“) and pure edge
(q "edee) dislocations are needed. These values can be
determined based on Eq. [14]:

Table VI.

Chooedge and Chooaverage Values are presented in Table VI.

After calculations of the ¢ value for all the tested
samples, the dislocation contrast value C™ is calculated
according to Eq. [8]. Figure 11 presents the MWH
equations plots for all the samples with the approxima-
tions to the linear functions. The results show that for all
the welded samples the line broadening AK is less
significant in each (4 k /) peak than in the case of
AAG6082 parent material. Based on the slope of the
straight lines the dislocation densities were calculated,
taking the M parameter eglual to 2 and the Burgers
vector equal to 0.286 nm.% The values of dislocation
densities for all the tested samples are presented in
Table VII.

Due to the severe plastic deformations during the
friction stir weldmg and recrystallization process, the
dislocation density is closely related to the straining.!'¥!
The modified Williamson—Hall analysis revealed that
the highest dislocation density was found for the base
material AA6082 and was equal to 8.225 x 10"

The FSW process results in a decrease in dlslocatlon

The Theoretical Values of ¢ for Screw and Edge Dislocations, the Fraction of Screw and Edge Dislocations, the

Theoretical Value of Dislocation Contrast for Screw and Edge Dislocations, and the Average Dislocation Contrast Factor for the
{h00} Reflections for All the Tested Samples

4 screw qthedge i it e Chooscrew Ch()()cdgc Ch()()‘.\vemge
base 1.313 0.331 0.818 0.182 0.183 0.200 0.186
FSWI 1.313 0.331 0.662 0.338 0.183 0.200 0.188
FSW2 1.313 0.331 0.649 0.351 0.183 0.200 0.189
FSW3 1.313 0.331 0.403 0.597 0.183 0.200 0.193
FSW4 1.313 0.331 0412 0.588 0.183 0.200 0.193
FSW5 1.313 0.331 0.287 0.713 0.183 0.200 0.195
FSW6 1.313 0.331 0.279 0.721 0.183 0.200 0.195
FSW7 1.313 0.331 0.302 0.698 0.183 0.200 0.195
FSW8 1.313 0.331 0.293 0.707 0.183 0.200 0.195
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Fig. 11—The modified Williamson—Hall plot for welded samples and
the parent material AA6082.

density. The analysis showed that using an inclined tool
and thus increasing the amount of heat input causes a
more intense decrease in dislocation density up to a
value of 1.419 x 10" m~2 for FSW5 and FSWS§ sam-
ples. In the studies of Woo er al " it was also noted
that friction stir-welded AA6061 alloy performs lower
dislocation density compared to the base material in the
form of as-received rolled aluminum plate. It was
revealed that lower dislocation density in the nugget
zone results in a high strain hardening capacity and
exponent during tensile plastic deformation. In the base
metal region, where the dislocation density was higher,
lower strain hardening and poor ductility were found.
Valvi er al.®" proposed the evaluation of the dislocation
density in similar AA606]1 and dissimilar AA6061/
AA5086 weld zones during FSW. The proposed analysis
was a function of grain size and depends on strain rate,
strain and temperature. It was revealed that using the
analytical model gives accurate predictions and the
results obtained are consistent with the studied on the
welds of Woo et al. !"®

To calculate the mobility of the dislocations (v), the
creep of the material during the dwell time in indenta-
tion tests was studied. Figure 12 presents the relation-
ship of strain and time. The Orowan Eq. [15] allows to
calculate the dislocation velocity based on the
formula:%

de |
a:s:b-pw’, [15]

where £ is a strain derivative. To calculate this value,
the stabilized fragment of the creep was approximated
to the linear function. The Orowan equation can be
converted to:

v=—01. [16]

The results of the analysis strain—time relationship are
presented in Table VIII.
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FSW8
1.419 x 10"

FSW7
1.637 x 10"

FSW6
1.752 x 10"3

FSW5
1.419 x 10"

FSW4
4.300 x 10"

FSW3
4.119 x 10"

FSW2

Dislocation Density for All the Tested Samples Calculated from the Modified Williamson-Hall Analysis
3.942 x 101

Table VII.
FSWI
4.485 x 10"

Base
8.225 x 10"

p[m
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The results of the calculations based on the Orowan
equations clearly indicate that the FSW process influ-
ences the dislocation mobility. The calculated velocities
are higher in the case of samples welded with the tool tilt
angle of 2 deg (FSWS5-FSWS) than for the ones pro-
duced with the tool tilt angle equal to 0 deg
(FSWI1-FSW4). It should be emphasized that disloca-
tion mobility and velocity control the mechanical
behavior of the material, and the strength has a
tendency to decrease as the velocity of dislocations
increases. The Williamson—Hall analysis also revealed
that the FSW process changes the nature of the
dislocations. The native material is dominated by screw
character of dislocations, accounting for almost 82 pct.
An increase in edge-type dislocations was observed in all
welds, up to values above 72 pct for the FSW6 sample.
It should also be noted that the use of an inclined tool
increases the proportion of character of dislocations
from edge to screw type. This is attributed to the strains
introduced into the material in various processes, such
as FSW. Also, the use of an inclined tool in friction stir
welding increases the strain in the material during the
process. It is believed that as a result of relatively small
deformations, the constriction required for cross-slip
begins to become difficult, resulting in edge dislocations
becoming more mobile. It leads to their annihilation
while leaving screw-like dislocations. Consequently,
screw character of dislocations dominate in the rolled
parent material. While increasing strains, which can be
observed in the FSW process, the character of disloca-
tions changes from screw to edge. Providing greater
deformation, thermally activated recovery processes
result in increased annihilation of dislocations, which

0.05+
0.04 4
0.034

0.024

Strain [-]

0.01+

0.00 T T T T T T T T T 1
00 05 10 15 20 25 3.0 35 40 45 50

Time [s]

Fig. 12—Strain-time diagram for the dwell period during
indentation tests.

is suggested as cross-slip of screws. Consequently, the
fraction of screw type dislocations decreases, which
implies an increase in the fraction of edge character of
dislocations. These observations are in agreement with
the studies of Teena Mouni et al.¥ on type 304 steel
subjected to different strain levels. Also, Schafler et al BPY
observed the increase of the fraction of edge dislocations
under high strains in 99.9 pct Cu. On the contrary, at
small strains, the dominance of the character of screw
dislocations was noted, with only 10 pct of all disloca-
tions characterized by edge character. These results are
in good correspondence with the present studies.
Simm® in the studies on compression tested 304 type
steel attributed the observed decrease in ¢, therefore, an
increase in the fraction of edge dislocations, to activa-
tion of secondary slip systems.

The increase in the proportion of edge dislocations
also affects their mobility. It is believed that an increase
in edge-type dislocation density and a decrease in the
density of screw character dislocations lead to the
increase in dislocation mobility. This results in the
material softening due to the particles cut and loop, as
well as the increase in lattice straining. There are plenty
of studies on dislocation velocity proving that disloca-
tions with edge character domination have higher
mobility than screw dislocations.”™ S In the studies
on the FSW samples, it can be clearly seen, that by
welding AA6082, the character of dislocations changes
with an increase of the fraction of edge domination
dislocations and thus their mobility increases, which
might strongly affect the mechanical properties of the
welds. Also, during the process, the precipitations
dissolute and thus, the inhibition of the dislocation
movement is weaken. A low number of dislocations and
their high mobility, due to the precipitation dissolution
and the increase of edge character of dislocations,
decreases the strength of the material. Figure 13 pre-
sents the relationship of the dislocation density quotient
to its mobility as a function of the revolutionary pitch
for welds produced with the tool tilt angle of 0 deg (a)
and 2 deg (b). The more dislocations with low mobility
present in the materials, the higher strength is expected.
It is clearly seen that with an increase of revolutionary
pitch and thus the higher heat input, the value of this
quotient is lower. Also, by using the inclined tool and
increasing the heat input, the values of the quotients are
lower than in the case of the non-inclined tool. Higher
strains introduced in the material during welding with
the inclined tool resulted in a formation of edge
dislocations, characterized by higher mobility. It means
that heat input and temperature peak is the main reason
for decreasing the precipitation fraction and dislocation
density. The reduction of the screw dominating type

Table VIII. Dislocation Mobility of the Tested Samples Based on the Indentation Tests

Base FSWI FSW2 FSW3 FSW4 FSW5 FSW6 FSW7 FSW8
v 319x 107 469 x 107 484 x 107 437x 107 454x 107 1346 x 107 1678 x 107 1238 x 107 13.54 x 1077
METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 13-The quotient of dislocation density and their mobility as a function of the revolutionary pitch for the welds produced with the tool tilt

angle of 0 deg (a) and 2 deg (b).

dislocations fraction and, at the same time, the increase
of the edge-type dislocation fractions are mostly influ-
enced by the strains introduced in the material by the
inclined tool. The decrease of precipitation fractions, as
well as the change of the dislocations character, influ-
enced the dislocation mobility. These relationships are
clearly visible by analyzing the relationships based on
revolutionary pitch, as well as comparing the values for
the inclined and non-inclined tools.

IV. CONCLUSIONS

The present study focuses on the residual stresses,
dislocation mobility and density of friction stir welded
AA6082 aluminum alloy under different process param-
eters. The following conclusions can be drawn from the
systematic research:

1. AAG6082 aluminum alloy sheets were successfully
welded using the FSW method with the tool with a
hexagonal pin. Process parameters such as tool
traverse speed of 200 and 250 mm/min, tool rota-
tional speed of 1000 and 1250 RPM and tool tilt
angle of 0 deg and 2 deg allowed to produce
defect-free welds.

2. Typical microstructure containing elongated base
material grains and fine grain weld nugget was
observed by the EBSD method. Also, typical zones
such as HAZ and TMAZ were found on the EBSD
map.

3. Precipitation volume fractions in the nugget zones
of all produced welds were calculated based on
XRD patterns and Rietveld refinement. It was
noted that a more significant reduction of precip-
itation fraction can be observed for the welds
produced with a tool tilt angle of 2 deg, compared
to the welds produced with a non-inclined tool. The
precipitation volume fraction of the base metal was
equal to 3.557 pct and the FSW process resulted in
a reduction of up to 1.285 pct. Due to the higher
heat input during the process with the inclined tool,
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this effect was magnified. A revolutionary pitch
parameter was introduced to determine the number
of revolutions of the tool per 1 mm of its feed. As
the value of revolutionary pitch and thus the
amount of heat input increases, the precipitate
volume fraction decreases due to an increase in their
solubility. The maximum reduction of the precipi-
tate volume fraction equal to 64 pct compared to
the base material was found for the weld produced
with the tool traverse speed of 200 mm/min, tool
rotational speed of 1250 RPM and the tool tilt angle
of 2 deg

4. The Williamson—Hall analysis was used to calculate
residual strains. In addition, the indentation tests
conducted allowed the calculation of residual
stresses. Higher tensile residual stresses of
— 89.09 + 6.19 MPa were observed in the parent
material. The FSW process resulted in a reduction
of the residual stresses up to — 37.07 4+ 2.94 MPa,
which was particularly observed in the welds
produced with the inclined tool.

5. The modified Williamson-Hall analysis was used to
calculate the density and type of dislocation. The
FSW process results in an increase in the fraction of
dislocation of edge character dominating that had
higher mobility. The sample produced with the tool
rotational speed of 1000 RPM, tool traverse speed
of 200 mm/min and the inclined tool was charac-
terized by the dominance of edge character of
dislocations of 71.3 pet while in the base material
this value was equal to 18.2 pet. The change of the
dislocation character influenced the dislocation
mobility and it differed from 3.19 x 1077 m/s for
the base metal to 16.78 x 10 " m/s for the weld
produced with the tool rotational speed of 1000
RPM, traverse speed of 250 mm/min and the tool
tilt angle of 2 deg.

6. Based on the calculations performed, the disloca-
tion density was found to decrease for FSW welds
up to the value of 1.419 x 10" L. The dislocation
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dlensily of the base metals was equal to 8.225 x 10'?

7. R parameter for the density of dislocations divided
by their mobility was introduced. A linear decreas-
ing relationship was observed between this param-
eter and the value of revolutionary pitch for both
tool tilt angles. As the density of dislocations
increases and their mobility decreases, higher weld
strength is expected. Based on the analysis, the
introduction of less heat was found to be more
favorable. Also, the lower heat input during the
process results in reduced dissolution of precipi-
tates, which in the case of precipitate-strengthened
alloys such as AA6082 is crucial with regard to their
strength.
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Abstract

A solid-state friction stir welding method which is increasingly used in the marine and shipbuilding industry, has been devel-
oped to produce welds with high mechanical properties. In seawater, the oxide layer of aluminium is attacked by CI~ ions
resulting in its disruption and formation of pitting corrosion. It is particularly important to determine the electrochemical
properties of the produced welds and to evaluate the effect of welding parameters on these properties. The following paper
presents a study on the corrosion properties of welds of dissimilar aluminium alloys, AA6082 and AA6060, produced for
two different tool traverse speeds of 160 and 200 mm/min, with consideration of the size of crystallites and residual stresses
in the samples, determined by Williamson-Hall analysis and micro-indentation tests. The results revealed that the size of the
crystallites in the welds was larger compared to the base materials and the friction stir welding process generated residual
compressive stresses. Furthermore, the welds exhibited higher corrosion resistance compared to the parent materials. Scan-
ning electron microscope observations indicated that the preferred locations of corrosion propagation for welds are the edges
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on the joint line formed by the combination of rotational and linear motion of the tool.

Keywords Friction stir welding - Aluminium alloy - Residual stress - Williamson-Hall analysis - Corrosion -

Electrochemical impedance spectroscopy

1 Introduction

Aluminium and its alloys are widely used in many sectors
of industry. Due to sufficient corrosion resistance and good
mechanical properties, this group of materials is widely used
in the maritime and shipbuilding industry [1]. Because of
the susceptibility to plastic processing of aluminium and
its alloys, it is possible to obtain structures with adequate
mechanical strength, reducing the weight of the construction
by up to three times in comparison with steel constructions
[1]. This feature is extremely important for the shipbuilding
industry because it allows increasing the payload of ships
and reduces fuel consumption for lighter structures. In addi-
tion, the high strength-to-weight ratio of aluminium alloys
contributes to the excellent manoeuvrability and stability
of floating objects. 6xxx series aluminium alloys, which
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contain magnesium and silicon as principal alloying ele-
ments, are one of the most popular alloys used in aerospace,
transportation, and marine industries [2-5].

In seawater, C1~ ions attack oxide film protecting alu-
minium alloys. The breakdown of the oxide protective nano-
layer results in pitting corrosion [6]. Deep pits created on the
surface of aluminium components are widely observed when
they are exposed to the sea water environment. Depending
on the concentration of chloride anions in the solution, pit-
ting corrosion can occur at different rates [7, 8]. The average
salinity of the world's marine waters is determined at 35%¢
[9]. Studies conducted so far determine the corrosion prop-
erties of aluminium in such salinity [6, 10-12]. However,
there are water reservoirs with different salinity levels. The
average salinity of the Baltic Sea is 7%o. so it is significantly
lower than the world average [13, 14]. There is, therefore,
a supposition that the corrosion in such an environment
will occur at a different rate. However, the current literature
review does not allow to confirm this hypothesis.

Friction Stir Welding (FSW) is a modern method of join-
ing materials, invented at The Welding Institute in London
(TWI) and patented by Thomas et al. almost three decades

@_ Springer KSOE
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ago [15]. It is a solid-state joining method that uses a spe-
cially designed non-consumable rotating tool to move along
the contact line of the components to be welded. The tool
consists of a pin plunged between the components and a
shoulder that provides the friction between the tool and the
workpiece. The contact friction generates thermal energy.
The heated material is plasticised and extruded around the
pin [16]. Since the melting point is not reached during the
process, problems associated with the changes in the vol-
ume and gas solubility are eliminated [17-19]. The FSW
method allows producing butt, corner, lap, t-joints and
other types of welds [20-22]. The most important process
parameters include a tool geometry, a tool rotational speed,
a tool traverse speed and a tilt angle [23-26]. FSW method
is considered as an eco-friendly technology. Since no melt-
ing point is reached during the process, less energy is con-
sumed compared to fusion welding techniques. Besides, the
emission of CO, into the atmosphere can be significantly
limited [27]. Controlling the process is relatively easy, and
by setting optimal parameters, the necessary non-destructive
testing can be subsequently minimized. Pollution generated
by atomized gases for visual and magnetic inspections and
radiation exposure for X-ray examinations are reduced. In
addition, post-weld heat treatment is not required when opti-
mal parameters are set [27-29]. This results in the reduction
of CO, emissions, energy consumption and other pollutants
emitted into the atmosphere.

The current literature review does not allow to determine
significant correlations between particular parameters of
FSW welding and electrochemical properties of the result-
ing welds. Qin et al. [30] studied the corrosion behaviour of
the 1A14-T6 friction stir welded butt joint in the solution
consisting 4 mol NaCl, 0.5 mol KNO; and 0.1 mol HNO,.
The joint was produced at a traverse speed of 50 mm/min, a
tool rotational speed 800 rpm and a tilt angle equal to 3°. It
was noticed that the joint was more resistant to exfoliation
corrosion compared to the base material. In the studies of
Gharavi et al. [31] AA6061-T6 FSW lap joints were tested
for their electrochemical properties. The lap joint produced
at the traverse speed equal to 60 mm/min, the rotational
speed of 1000 rpm and the tilt angle of 3° exhibited a poorer
corrosion resistance than that for the parent alloy in the solu-
tion of 3.5(wt)% NaCl. Ales et al. [32] prepared the FSW
butt joints of AA2024-T4 alloy with the following process
parameters: the tool traverse speed 100 mm/min, the tool
rotational speed 1000 rpm, the tilt angle 2°. In the 3.5(wt)%

NaCl solution it was observed that the most serious corro-
sion occurs in the weld nugget region.

The aim of the following study was to determine elec-
trochemical properties of friction stir welded dissimilar
AA6060/AA6082 joints and both parent alloys in seawater.
The current state of the art does not allow to determine the
conclusions concerning the influence of the tool traverse
speed on electrochemical properties of welds of AA6082
and AA6060 aluminium alloys. The paper presents the
results of tests on FSW welds produced with a different tool
traverse speed.

2 Materials and Methods
2.1 Friction Stir Welding

For this study AA6060 and AA6082 aluminium alloys were
used. According to the producer, both alloys were solution
heat-treated and artificially aged to T651 condition. The
welds for the present studies were produced by the FSW
method on 3 mm thick sheets. AA6082 alloy was kept on
the advancing side and AA6060 on the retreating side of the
welds. Chemical compositions of the chosen alloys were
determined by the X-ray energy-dispersive spectrometer
(EDS) (Edax Inc., Mahwah, NJ, USA) and are shown in
Table 1.

The FSW welds were performed on a conventional mill-
ing machine (FU251, Friedrich Engels Kazanluk, Bulgaria).
The butt welds were produced with a tool of 18 mm shoulder
diameter, the distance across flats of the hexagonal pin was
equal to 6 mm and the pin length was equal to 2.5 mm. The
schematic illustration of the tool is shown in Fig. 1 b. The
shoulder plunge depth was 0.3 mm. The hexagonal pin with
grooves was made of 73MoV 52 (carbon 0.77%, vanadium
0.25%, molybdenum 0.65%) steel and the shoulder material
was X210Crl12 (carbon 2.20%. chromium 13.00%, tungsten
0.80%) steel. The measured hardness of the pin and the
shoulder were equal to 58 and 61 HRC (Wilson Mechani-
cal Instrument Co. Inc., USA), respectively. The tilt angle
(o) and the tool rotational speed (©) were kept constant and
equal to 0° and 1250 rpm, respectively, while the welds were
performed at two different traverse speeds: v=160 mm/
min (W160) and 200 mm/min (W200). In accordance with
the principles of the solid-state FSW method, the tempera-
ture was kept below the melting point during welding. The

Table 1 Chemical composition Chemical composition [%wi]

Cr Ti Fe Si Cu Mn Al
0.05 0.10 0.25 044 0.10 0.10 Balance
0.25 0.10 0.50 0.90 0.10 0.42 Balance

of AA6082 and AAG060 alloys
Zn Mg
AA6060 0.15 0.58
AA6082 0.20 1.03
@ Springer KSOE
187


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:457-477 459

Fig.1 Schematic illustration of
the FSW process (a), geom-
etry of the tool used for FSW
of AA6060/AA6082 (b) and
location of the samples cut for
the performed tests (¢) (colour
figure online)

a) TooL
ROTATIONAL

schematic illustration of the FSW process and the tool geom-
etry is shown in Fig. la, b. Figure Ic indicates the location
of the samples cut for specific tests. Disk-shaped samples
were cut from the weld nugget zone providing a sample area
of 1 cm?.

2.2 Material Characterization

To determine the grain size of the parent materials and
welds, the samples were wet ground to the final gradation
#4000 and polished using a 1 um diamond suspension. Dou-
ble-stage etching in Weck’s etchant was performed. Firstly,
the samples were immersed in 2(wt)% NaOH solution in
distilled water for 60 s. Next, the samples were etched in a
reagent of 4 g KMnO,, 1 g NaOH and 100 ml distilled water
for 10 s. The microstructure observations were performed by
an optical microscope (BX51, OLYMPUS, Tokyo, Japan).
For electrochemical tests, samples of the parent material and
the produced welds were cut out in the shape of discs with
a working surface of 1 cm” The samples were cleaned and
degreased with isopropanol (99.7% purity, POCH, Poland).

The X-ray diffraction method (XRD) (Philips X’Pert Pro,
Netherlands) was applied via a diffractometer (with Cu Ko
radiation A=0.15418 nm), operated at 30 kV and 50 mA.
Bragg—Brentano focusing geometry was used collecting the
diffraction patterns over the 26 range from 20 to 90° with a
step size of 0.02°. A silicon standard was used to evaluate
and correct instrumental broadening effects. Williamson-
Hall analysis was used to estimate the size of crystallites
and micro-strains in both parent materials and welds. The
hardness of the samples was measured by NanoTest Vantage

188

nanoindenter (NanoTest Vantage, Micro Materials, UK). A
pyramidal Berkovich indenter was used for the tests. For
each sample, 25 independent measurements were carried
out with the maximum force of 10 N. The loading time was
setup as 20 s, the unloading time 15 s and the dwell time at
maximum force was equal to 5 s. The distance between the
subsequent indents was equal to 200 um. The load—displace-
ment curves were recorded based on the Olivier and Pharr
method. From the obtained values of reduced Young’s mod-
ulus, Young’s modulus was calculated by considering the
following values—Poisson's ratio of diamond equal to 0.07,
Poisson's ratio of aluminium 0.3 [33]. Considering calcu-
lated from Williamson-Hall analysis values of micro-strains
and modulus of elasticity calculated on basis of indentation
tests, the quantitative residual stresses were determined.

2.3 Electrochemical Studies

Electrochemical measurements were performed using
potentiostat/galvanostat (Atlas 0531, Atlas Sollich, Poland)
in NaCl (99.8% purity, CHEMPUR, Poland) solutions of
various concentrations: 0.2(wt)%, 0.7(wt)% and 1.2(wt)% at
room temperature. The solutions were not aerated and their
level of oxygen was about 24 %, according to the analysis of
Shatkay [34]. The pH of all prepared solutions kept neutral
(PHT-200, Voltcraft, Germany). The designation of samples
with applied parameters is shown in Table 2.

A three-electrode system with a platinum electrode as
counter-electrode, saturated calomel electrode as reference
electrode, and aluminium samples as working electrode was
used. Measurements were initiated by determining the open

@ Springer KEPE
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Table 2 Designations of experiment samples with the applied process
parameters

Sample Material Welding parameters  NaCl
con-
centra-
tion
(wt¥t)

AAG082,, AAG082 - 02

AAGOS2, ,  AABDS2 0.7

AA6082,, AA6082 12

AAB0B0,,  AAGOGD 02

AA6060,,  AAG6060 0.7

AAGO6D, ,  AAGDGD 12

WI160,,  Weld AAGOS2/AAB060 v =160 mm/min 02

WI60,,  Weld AAGORZAAGOGD ©=1250 rpm 0.7

WI60,,  Weld AAG0S2/AAG060 *=0° 12

W200,,  Weld AAGDSZ/AAGOG0 v =200 mm/min 02

W200,,  Weld AA6082/AA6060 ©=1250 pm 0.7

W200,,  Weld AAG0S2AAGOG0 *= 0 12

circuit potential (OCP) within 60 min. Then electrochemical
impedance spectroscopy (EIS) was conducted at frequen-
cies in the range of 1 Hz-100 kHz with a signal of 10 mV
amplitude, collecting 10 points per decade. The EIS spectra
were obtained at the open circuit potential value. ZView
(Scribner Associates Inc., USA) software was applied to fit
the obtained EIS data. The x2 values, representing good-
ness of fit, were kept on the level of 10~ or lower to main-
tain the high reliability of the obtained results. Corrosion
curves were determined using the potentiodynamic method
for the potential range of — 2/+ 1 V with a potential scan
rate of 1 mV/s. Tafel extrapolation method was adopted to
determine the values of the corrosive potential (E_,,,) and
the corrosion current density (i) using AtlasLab (Atlas
Sollich, Poland) software. Before and after electrochemical
studies the samples were weighed (Pioneer PA114CM/1,
OHAUS, Greifensee, Switzerland) to determine the weight
loss. The measurement results were collected at an accuracy
0f 0.0001 g.

2.4 Surface Characterization

The surfaces of the samples before and after corrosion tests
were examined using a high resolution scanning electron
microscope (SEM JEOL JSM-7800 F, JEOL Ltd.. Japan)
with a BED detector at 5 kV acceleration voltage.

2.5 Degradation Analysis

Material degradation tests were carried out by immer-

sion of the samples in NaCl (99.8% purity, CHEMPUR,
Poland) solutions with a mass concentrations of 3.5(wt)%.

@ Springer KSFE
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The samples were kept for 168 h at room temperature. The
weight loss of the samples after this time was investigated
(Pioneer PA114CM/1, OHAUS, Greifensee, Switzerland).
The measurement results were collected at an accuracy of
0.0001 g. The corrosion rate (CR) based on weight loss was
calculated using a formula:

cr| M) _ weight loss [g] —_—
year metal density

[ (1)

1 h
" exposed time[h] 8760 [E] ’

1[£

Oy
—_—

exposed area[cm ]

which can be simplified to:

A'"[“ . 87600

where Am is a weight loss after the time of immersion, d is
a density of the material, S is a surface area of the sample
and t 1s the time of immersion. Densities of both aluminium
alloys—AA6082 and AA6060, based on safety data sheets
provided by the manufacturer, are equal to 2.710 g/em’. To
calculate the standard deviation, the test was performed 3
times.

3 Results

Figure 2a, b shows metallographic cross-sections of W160
and W200 sample, respectively. In the cross-section of the
specimen, typical FSW weld zones were distinguished—
weld nugget, thermo-mechanic ally affected zone, heat-
affected zone and base materials—AA6082 on the advancing
side and AAG6060 on the retreating side. In both macroscopic
images of the cross-sections, the curvature of the top surface
can be observed due to the tool shoulder plunge into the alu-
minium sheets during welding. A little material outflow, on
both advancing and retreating side can be also observed. The
microstructure of AA6082 and AA6060 parent materials, as
well as W160 and W200 samples, is shown in Fig. 2c—f. By
etching the samples, the grain size of the investigated materi-
als could be determined. From the microscopic images it can
be concluded that the weld nuggets are characterized by a
more finely grained structure compared to both parent mate-
rials. Welds produced with tool traverse speeds of 160 mm/
min and 200 mm/min show no significant differences in the
grain size of the nugget zone. The formation of the fine-
grained weld nugget (WN) is a result of the recrystallization
process caused by intense plastic deformation and high heat
input in this zone. The nugget experiences plastic deforma-
tions resulting from the interaction with the pin, while the
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— 200pum

— 200pm

Fig.2 Metallographic cross-section of W160 (a) and W200 sample (b), optical micrographs of etched AA6082 (¢) and AA6060 (d) parent
materials and the weld nuggets of W160 (e) and W200 (f) samples (colour figure online)

frictional heating is mostly provided by the contact with the
rotating shoulder. The existence of the unique zone between
the base material and the heat-affected zone, called thermo-
mechanically affected zone (TMAZ) is characteristic for
FSW joints. Thermo-mechanically affected zone experi-
ences both temperature and deformation, however, recrys-
tallization cannot be observed in this zone due to insufficient
deformation strain. The heat-affected zone (HAZ) is located
beyond the TMAZ and experiences a thermal cycle. No plas-
tic deformation occurs in the HAZ. The HAZ might experi-
ence a temperature rise above 250 °C for a heat-treatable
aluminium alloy [35]. Although the HAZ retains the same
grain structure as the parent material, the thermal exposure
above 250 °C causes a significant effect on the precipitate
structure. The HAZ is sufficiently heated during the process
so it alters the properties of that material without any plastic
deformation.

Figure 3 presents X-ray diffractograms obtained for
AA6082, AA6060, W160 and W200 samples. The main

190

diffraction peaks can be indexed as originating from pure alu-
minium. In all the diffractograms also the peaks corresponding
to phases with the main alloying elements (Mg, Mn, Si, Fe)
can be observed. The diffractograms obtained for all samples
also allowed the identification of aluminium oxide «-Al,O5
forming a passive layer on both the native materials and the
welds tested. The oxide film of a-Al,O; is generally reported
to be present of the surface of aluminium alloys [36, 37]. The
crystallite size and microstrain were estimated by the William-
son-Hall analysis for the peaks assigned to aluminium. The
peaks assigned to the particular phases are in agreement with
the studies of Khorsand et al. [38], Leszczynska-Madej et al.
[39] and Debih et al. [40].

The Williamson-Hall method assumes that the broadening
of the peaks is due to the combination of crystallites size and
microstrain [41]:

Br=Pp + B, 3)

Q) Springer KSJE


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:457-477

462
g ~Al
a) 8 )
% «AlgFeg g4Mn, 4¢Si
20000 | 2
«Mn,Si;
«Al;Fe
3 Mg,Si
o *
; AI5.15M93.15
= 10000 4 -
2 E A(I—A|203
s s
£ ¥ - —
4 § .
* I g
oot B 0y S
i == i + ; 7 J
20 30 40 50 60 70 80 90
20 [deg]
) so00- 2
S
*
6000 - §_
*
= i
S,
> 4000 - R
2 = 5
- g 3
= 2000 * ,.
&
8
4 J 2
el e
20 30 40 50 60 70 80 90

20 deg]

(220)

30000 -
g
&
. 1 *
3
& 20000
2
= _
c
@
g
£ 10000
3
*
ol a A AU a Ha A
2 30 40 50 60 70 80 90
20 (deg]
d s
) 12000 2
= ¥
10000 =
>
— 8000
3
S oo
> ]
[} —_
5 =
4000 -
E g ¥
£ 8 =
2000 - H 8
*
0 30 4 50 60 70 80 90
20 deg]

Fig.3 XRD diffraction patterns for AA6082 (a) and AA6060 (b) base materials and W160 (¢) and W200 (d) welds (colour figure online)

where B is the total broadening, f, is the broadening due
to the crystallite size and B, is the broadening resulting from
strain.z

From the Scherrer equation:

ag - A

=L cos’

Pp )
where a, is the Scherrer constant dependent on the shape of
the crystal and the size distribution (here is assumed to be
1), h is an electron beam wavelength (0.15418 nm) and L is
a crystallite size represents a crystal portion with exactly the
same crystallographic orientation such as sub-grains [42].

Similarly, the XRD peak broadening resulting to micro-
strain is given as:

P =4etand, 5)

where € is the strain.
Assuming Egs. (3), (4) and (5) the Williamson-Hall equa-
tion can be presented as:

dg

= m + 4 € tanb, (6)

Or, presented as a linear function:
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ag- A
Bcost =

+ 4 sinb. 7

Plots of BcosO vs. sinf are presented in Fig. 4. Figure 4
contains the approximation of linear functions for points
representing peaks in the diffraction patterns.

The results of plot analysis, containing microstrain values
and crystallite size of all the samples are shown in Table 3.
The indentation tests were performed in order to calculate
the reduced modulus of elasticity and the microhardness for
all the tested samples. Considering the calculated Young’s
modulus, the values of oy for all the samples are also pre-
sented in Table 3. It should be noted that the residual stresses
for both parent materials were below zero, which indicates
the tensile nature. For both of the welds, the residual com-
pressive stresses were observed and higher crystallite size
was found. During friction stir welding a large strain of the
metal matrix is observed. In combination with high tempera-
tures during the process dynamic recrystallization occurs in
the weld nugget and, consequently, a reduction in the grain
size with a simultaneous increase in the size of the crystal-
lites can be observed.

The obtained load and unload curves for single indenta-
tion for each sample are shown in Fig. 5 a. Small deflections
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Fig.4 Plots of BcosO vs. sin6 for the parent materials and both welds
(colour figure online)

observed on the deformation curves are caused by the tem-
perature drift occurred with each measurement. Similar Young
modulus values were observed for all the tested samples. It
was evident that the welds performed higher microhardness
than the parent materials. The difference in hardness between
the native materials and the produced welds may be due to the
difference in dislocation velocities in the materials tested. The
nature of the collective motion of dislocation in the crystals
controls the mechanical properties, such as the microhardness
of materials. The dwell time period of the indentation test was
analysed to determine dislocation density and its mobility.
During the indentation experiment, once the maximum load
of 10 N was reached, the indenter dwelt at the maximum load
for a time of 5 s. During the dwell time, the material continued

to deform. The time-strain relationship during the dwell time
is shown in Fig. 5b.

A significant increase in the hardness of metallic materi-
als can be observed in indentation tests at low forces. It is
referred to indentation size effect (ISE). The ISE is directly
related to geometrically necessary dislocations (GNDs) in the
material. The density of GNDs is proportional to the inverse
of the indentation depth (h). The density of GNDs is derived
from the total line length k of the loop of dislocations required
to form the shape of the conical indenter. These dislocations
are geometrically necessary as they are introduced into the
material to accommodate the indenter shape and thus provide
the necessary lattice rotations. The complete line length is
then divided by the hemispherical volume V defined by the
contact radius a.. The indentation depth is denoted by h, b is
the Burgers vector magnitude, V is the storage volume of the
GNDs, and § is the angle between the surface and the indenter.
Instead of using the volume defined by the contact radius as
the storage volume of GNDs, the plastically deformed vol-
ume under the indenter is considered here. The plastic zone
radius is denoted by a,, and a factor f is assumed to connect a,
and a,. For most metallic materials, the plastic zone radius is
larger than the contact radius, and f> 1 [43]. The geometry of
the cross-section of the specimen during the indentation test
is shown in Fig. 6. The formula for the density of GNDs can
be expressed as follows (8):

tan*s "
bh ®

For a cone-shaped indenter, the plasticized zone is hemi-
spherical in shape. Although the GNDs density described

Table 3 Crystallite size,

L - E [GP: MPa His: [GPa
microstrain, Young (o] el [GPa] S [MPa] ise [GPal
modulus, residual stress and AAG6082 34.2 —000093  70.43+4.56 —65.500£4.241 1.282+0.157
':\‘::“’h“’dv“;f;‘)"a:d’“\;‘fz% AA6060 17.7 —0.00295 75.2244.10 —221.8994 12.095 1.065+0.043
samplesv W160 55.0 0.0008 74.43+5.15 59.544£4.120 1.519+0.161

W200 128.0 0.0001 71.42+459 7.142£0.459 1.580+0.171
Fig.5 Hysteresis plots of a) b)
load-deformation for a single 0075
indentation measurement for the 10600+ :::gggg
analysed samples (a) and strain— —— W10 .08+
time diagram for dwell period 8000 emW200 0054 e
(b) (colour figure online) =
% 6000 o 0044
§ g 0,034
S 4000+ (,," y =0.00714x + 0.01045
0.024 y = 0.00839x + 0.01234
2000 - y =0.00627x + 0.01106
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Fig.6 Geometry of the cross-section of the specimen during the
indentation test (colour figure online)

above applies to the cone-shaped indenter, the same rela-
tionship between indenter displacement depth and GNDs
density also exists for indenters of other shapes. For soft
phases such as Al-based solid solution, the volume of the
plasticized zone is much larger than the volume implied by
the contact radius. For the purposes of our analysis, a factor
of f=3 can be assumed for the Berkovich indenter.

Apart from the density of GNDs and SSDs (statistically
stored dislocations) the result of hardness measurement t is
also affected by such factors as frictional stress of crystal-
line lattice Hy; or hardening of solid solution by dissolved
alloy additives H. The equation describing the influence
of all the factors described above on the result of hardness
measurement can be written as follows:

Hip = Hp, + Hy, + MCaGb\/pgyp + pssp. 9)

where M is the Taylor coefficient relating the shear stress
to the normal stress in uniaxial deformation, C is the factor
transferring the complex stress state under the indenter into
a uniaxial stress state, a is a coefficient depending on the
dislocation substructure, G is the transverse elastic modulus,
and b is the magnitude of the Burgers vector. As a good first-
order approximation, the coefficient C=3 and the Taylor
coefficient M =3 [44]. Due to the complex stress field under
the indenter, a constant value of a=0.5 can be chosen for
the dislocations GND and SSD. For Al, the Burgers vector is
b=0.286 nm and the transverse elastic modulus G =26 GPa
[45]. Dislocation hardening will only be considered in this
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Table4 GNDs density, SSDs density and dislocation velocity of
AAG6082, AA6060, W160 and W200 samples

Ponp l#] Pssp l#] ¥ [?]
AA6082 2.421-10" 1.465-10"° 1.704-10°%
AAG060 2.401-10" 1.011-10" 2903-10°%
W160 2.964-10" 2.058-10"% 1.065-10°*
W200 3.161-10" 2.226-10"° 0.908:10°*

analysis. In such a case, the relation describing the hardness
including the scale effect can be written as follows:

Hs: = MCaGb+/pgap + Pssps (10)

In contrast, the relationship between macroscopic hard-
ness H, (without ISE scale effect) and dislocation density
(SSD) can be described by Taylor's relation [46]:

H, = MCaGb+/pssp. (11)

To determine the dislocation density generated during
the nanoindentation tests (pgyp). use relation (8). For the
Berkovich indenter, the angle §=24.7° and the maximum
indenter displacement depths h (for plastic deformation) are
registered during nanoindentation tests [47]. The Hg; hard-
ness was also determined during the nanoindentation tests.
To determine the dislocation densities (pssp) generated dur-
ing the FSW process with different parameters, the relation
(10) is transformed as follows:

HIZSE

—E v (12)
MCaGby? P

Pssp =
The Orowan Eq. (13) was used to calculate the dislocation
velocity (v) [48].
de
—=¢=b- .V, 3
% Pssp (13)
In order to calculate the strain derivative as a function
of time, the stabilized fragment of the creep graph of the
material during the period of the maximum force during
the indentation test was approximated to a linear function.
The formulas of the resulting linear functions are shown in
Fig. 5b. Equation 13 can be converted to the:

£
v= .
b pssp

(14)

The results of the above analysis are presented in Table 4.
Figures 7a, 7c and 7e show the variation of the open cir-
cuit potential (OCP) as a function of time obtained for the
samples immersed in NaCl solution with a mass concentra-
tion of 0.2, 0.7 and 1.2%, respectively. In the case of the low-
est NaCl concentration, all metallic samples reached stability
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Fig.7 Open circuit potential (a, ¢, €) and potentiodynamic polarization curves (b, d, f) of AA6082, AA6060, W 160 and W200 in NaCl solution
with a concentration of 0.2(wt)% (a, b), 0.7(wt)% (¢, d) and 1.2(wt)% (e, f) (colour figure online)

in relation to the electrolyte after a few seconds of immer-
sion in the solution. The OCP values for all the prepared
samples were similar. Although lower OCP values were
noted for both parent materials in comparison to the both
welds, the differences were not significant. For the samples
immersed in a solution of 0.7(wt)% NaCl, the stabilization
of the open circuit potential was achieved after a maximum
of 700 s of immersion in the electrolyte. The achieved values
of OCP for all the samples were similar and they differ in the
range from — 0.657 V for AA6082 base material to — 0.647

194

for AA6060 base material. The corrosion resistance studies
of aluminium alloys and welds in 1.2(wt)% NaCl solution
were also initiated by measuring the open circuit potential
in this medium. The circuit containing AA6060 alloy and
both welds achieved stability almost immediately after being
placed in the electrolyte, while the circuit containing the
sample of AA6082 alloy submerged in 1.2(wt)% NaCl solu-
tion achieved stability after about 2200 s after immersion.
After the stability was achieved, all circuits exhibited a simi-
lar OCP value. The lowest value of — 0.674 V was reported
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for a circuit containing a sample of AA6082 alloy and the
highest OCP value for a circuit with a weld produced at a
tool traverse speed of 200 mm/min and this value was equal
to —0.649 V.

Based on the data from the potentiodynamic method, cor-
rosion potential (E_ ) and current density (i) of individ-
ual samples were determined on the basis of Tafel extrapola-
tion for all NaCl concentrations. Table 5 contains the OCP,
E o and i, values for the above tests.

Figures 7b, d, f present the potentiodynamic polarization
curves obtained for the samples immersed in 0.2, 0.7 and
1.2(wt)% NaCl solution, respectively. In order to obtain a
corrosion curve range that allows Tafel extrapolation to be
performed, a test range of — 2 to 1 V potential was estab-
lished. This range allows observation of both cathodic and
anodic branches of the resulting polarization curve. The
cathode branch of the polarization curves corresponds to
the release of hydrogen, while the anode branch represents
the dissolution of the substrate [49]. The E_, values for both
friction stir welded samples immersed in 0.2(wt)% NaCl
electrolyte were higher and shifted towards positive values in
comparison to AA6082 and AA60606 parent materials. The
icorr Values for W160 and W200 samples were similar and
lower in comparison to the both parent materials. It could be
noted that both welds exhibited lower i, values and higher
OCP values compared to both parent materials. The highest
OCP values were noted for W160 and W200 samples, equal
to —0.598 and — 0.608 V, respectively. The highesti_  val-
ues were observed for AA6082 and AA6060 alloys, 10.749
and 9.831 pA-cm ™2, respectively. In the case of the studies
of corrosion resistance in 0.7(wt)% NaCl concentration, the
lowest value of i, was observed for the weld produced at
a tool traverse speed of 200 mm/min. The highest i, value
was reported to AA6082 base metal. It is worth noting that
the particular i, values for each type of the sample were

higher for 0.7(wt)% than for 0.2(wt)% NaCl concentration.
Based on the potentiodynamic polarization curves values
of the i, for all the samples indicate that the highest i,
values were reported for the base materials, with AA6082
alloy having the value of 17.459 pA-cm~2 In the case of the
concentration of NaCl of 1.2(wt)%. as well as for 0.2(wt)%
and 0.7(wt)% NaCl concentration, the lowest value of i
was achieved with a weld produced with a tool traverse
speed of 200 mm/min. The trend of higher i_,, values for
both parent materials compared to the welds is maintained.,
with the weld produced at the tool traverse speed of 200 mm/
min exhibiting the lowest i, value for all investigated con-
centrations of NaCl. These observations were in accordance
with the SEM images (Fig. 8), where the lowest corrosion
degradation was observed for W200 samples immersed in
different NaCl concentrations.

The results of SEM imaging of both base materials—
AA6082 on the advancing side and AA6060 on the retreat-
ing side and the welds produced with a tool traverse speed
of 160 mm/min and 200 min/min are shown in Figs. 8a, b, c,
d. The base metals, mechanically and thermally unaffected
during the FSW process, exhibit a similar surface appear-
ance. In the welds produced at different tool traverse speeds,
a characteristic structure relating to the rotational move-
ment of the tool was observed. No defects of the welds were
observed as a result of the welding process. Figures 8a’, b’
¢’ and d’ show scanning electron microscope images of all
samples on which electrochemical tests were performed in
0.2(wt)% NaCl solution. The effects of electrochemical cor-
rosion were observed on all the samples. SEM images indi-
cate that the highest corrosion degradation was observed for
a sample of AA6082 parent material (a’), while the smallest
losses were observed for a weld produced at a tool traverse
speed of 200 mm/min (d’). Although the degradation effects
for both friction stir welded samples were not significant,

Table 5 Open circuit potential (OCP), corrosion potential (E.,,,) and current density (i) for the prepared samples obtained after the tests in

0.2(wt)%, 0.7(wt)% and 1.2(wt)% NaCl solutions

Sample AA6082, , AA6060, , W160,, W200,,
OCP[V] —-0.626 —0.663 —0.598 —0.608
E. [V] —-0.5% - 0557 —0.532 —0.541
icor [MA-cm ™) 10.749 9.831 8.162 8.006
Sample AA6082, ; AA6060, W160,, W200,,
OCP[V] - 0.657 - 0.647 —0.653 - 0.652
Eor [V] - 0616 - 0611 —0.583 —0.561
igr [MA-cm™?) 13.381 11.107 9.983 9.426
Sample AA6082, , AA6060, , W160, , W200, ,
OCP[V] - 0.674 - 0659 - 0.661 —0.649
E.o [V] - 0.640 - 0599 —-0.579 -0.576
igr [MAm™) 17.459 16.755 15.458 13.426
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Fig.8 SEM images of the surface of AA6082 (a. a'. a’’. a'").
AA6060 (b, b’, b, b)), W160 (¢, ¢’, ¢’”, ¢’”") and W200 (d, d’, d™,
d’"") before electrochemical tests (a. b, ¢. d), after tests in clectrolyte

the material loss as a result of the corrosion process was
observed in particular on edges of single strips associated
with tool rotational movement. The results of observation
of samples subjected to electrochemical tests at 0.7(wt)%
NaCl concentration on the scanning electron microscope are
presented in Figs. 82’",b”’, ¢’” and d”’. A significant surface
porosity was observed due to numerous losses caused by
galvanic corrosion. Similarly, as for the results of electro-
chemical tests conducted in the medium of 0.2(wt)% NaCl
concentrations, in both native materials pits covered a larger
surface area compared to the welds. Figures 8 a””’,b’"", ¢™"’
and d’*” show SEM images of the samples after electro-
chemical tests in 1.2(wt)% NaCl solution. The largest cor-
rosion losses are exhibited by the AA6060 native material.
Galvanic corrosion caused an increase in the porosity of the
substrate and numerous losses were observed. Similar to
the observations for lower NaCl concentrations, the corro-
sion losses for the welded samples are located mainly at the

196

containing 0.2(wt)% NaCl (a’, b’, ¢', d"), 0.7(wt)% NaCl (2", b"", ¢,
d’’) and 1.2(wt)% NaCl (@', b’", ¢’”’, d’*"). Magnificationx 500
(colour figure online)

edges resulting from tool movement. This phenomenon is
particularly evident in Fig. 8d"*".

The obtained EIS experimental and simulated results
are presented in Fig. 9. Table 6 summarizes the results of
the simulations of EIS tests. Figure 9a illustrates the pro-
posed equivalent electrical circuit model used for fitting the
obtained experimental data. It is composed of R, represent-
ing ohmic resistance of the electrolyte, CPE, is a constant
phase element representing the oxide layer on an aluminium
alloy sample, R,-CPE, loop which represents the charge
transfer reaction resistance corresponding to the localised
corrosion and the constant phase element of the double
layer, added to the resistance of the native aluminium oxide
layer (R)). A constant phase element (CPE) was used instead
of an ideal capacitor due to the roughness and unevenness
of the oxide layer and the bare sample surface. The same
equivalent circuit was proposed in the studies of Yu et al.
[50], Kwolek et al. [51], Popa et al. [52] and de Assis et al.
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Fig.9 The equivalent circuit used to simulate experimental imped-
ance data (a), experimental and fitted Nyquist graphs (b, €, h), Bode-
Z graphs (c, f, i) and Bode-phase graphs (d, g, j) for the prepared

[53]. Figure 9b, e, h illustrate the obtained experimental and
simulated Nyquist diagrams, Fig. 9c, f, i Bode-phase angle
diagrams and Fig. 9d, g, j Bode-Z diagrams.

The Nyquist diagrams obtained for the samples
immersed in the electrolyte of 0.2(wt)% NaCl concentra-
tion (Fig. 9b) consisted of quarter-round capacitive loops
of all examined samples. It was clearly seen that the radius
of quarter-round loops of W160 and W200 samples were
significantly higher than the ratios of loops representing
the AA6082 and AA6060 base material samples. Accord-
ing to the Bode-Z diagram (Fig. 9¢), the impedances of
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samples in the solution with 0.2(wt)% (b, ¢, d), 0.7(wt)% (e, f, g).
1.2(wt)% (h, 1, j) NaCl concentration (colour figure online)

the W160 and W200 samples were higher than the imped-
ance of both base metals throughout the whole analysed
frequency range. It can be simplified that the impedance
values taken by both welds were similar. The impedance
values for both native materials were also similar. The
Bode-phase angle (Fig. 9d) diagram allowed to note that a
wider maximum existed for both W160 and W200 welds in
comparison to both base alloys. The radius at the medium
frequency capacitive loop was higher for both welds. From
the simulation results, it can be seen that R values for
all the examined samples were roughly the same, as the
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Table 6 Simulated parameters of EIS data in 0.2(wt)%. 0.7(wt)% and 1.2(wt)% solutions of NaCl for the proposed equivalent circuit model

R, [Qcm’]  CPE,-T[pFem’] CPE-P R, [Qem’] CPE,T[pFem’] CPE-P R,[Qcm? x’
AA6082, , 63.12 3.629 0.82 34.99 14.237 0.92 9184 0.00096164
AA6060, , 62.84 4.281 0.81 35.01 13.855 0.92 9333 0.00038292
WI160,, 72.80 1.605 0.80 65.12 9.708 0.77 13,677 0.0013381
W200,, 65.25 1.914 0.83 66.69 10.887 0.86 19,668 0.00027963
AA6082, ; 15.02 1.953 0.75 15.71 12.226 0.83 7577 0.00087268
AA6060, ; 21.53 1.059 0.88 14.43 8.92 095 7126 0.00086053
WI160,; 16.54 2.219 0.75 33.78 799 091 15,337 0.008496
W200,, 21.13 1.598 0.75 34.62 4972 0.93 17.896 0.0043254
AAG082, , 12.66 29.754 0.55 15.77 13.728 0.81 5307 0.0015056
AAG6060, , 9.734 19.945 0.67 10.49 13.219 0.84 3388 0.0020721
WI160, , 10.67 2.015 0.89 7.63 13.925 091 9365 0.00081832
w200, , 11.69 4.745 0.98 10.38 21.648 0.68 11,494 0.008254

electrolytes of the same chemical composition were used.
The resistances of the native aluminium oxide layer were
markedly higher in the case of W160 and W200 samples,
comparing to both base alloys. Also, the values of charge
transfer reaction resistance of W160 and W200 samples
were significantly higher in comparison to base materials.
CPE,-T values, which correspond to the capacitance of
the oxide layers on aluminium alloy samples were sig-
nificantly lower in the case of both welded samples. The
same tendency was observed in the case of CPE,-T val-
ues, which represented the constant phase element of the
double layer.

For samples immersed in the 0.7(wt)% NaCl concentra-
tion electrolytes, the obtained Nyquist diagrams, shown in
Fig. 9¢, consists of the capacitive loops in the shape of quar-
ter-round. It can be noted that the radii of loops representing
W160 and W200 samples were higher than the radii of loops
of AA6082 and AA6060 alloys. The loop of the joint friction
stir welded with a tool traverse speed of 200 mm/min was
bigger than the one of the weld produced with a tool traverse
speed equal to 160 mm/min. Figure 9f shows Bode-Z graphs
of all samples. At both higher and lower frequencies, the
impedance value of the W160 sample was approximately
the highest. The impedance values of the AA6060 sample
were the lowest in almost the whole measurement frequency
range. The widest maximum observed in the Bode-phase
diagram (Fig. 9g) existed for the W200 sample, but the high-
est absolute value of phase angle around -80° was noted
for the W160 sample. The EIS simulation results indicate
that each sample revealed lower a R, value compared to
the tests in 0.2(wt)% electrolyte. The base material samples
exhibited similar R, values, more than two times lower than
the both W160 and W200 samples. Also, the resistance of
the native aluminium oxide layer of both friction stir welded
samples were more than two times higher compared to the
base materials.

198

Figures 9h, i and j illustrate the obtained experimental
and simulated EIS results for the samples in 1.2(wt)% NaCl
environment. The loops in the Nyquist diagrams (Fig. 9h)
representing W160 and W200 samples were characterized
by the highest radii. Based on the Bode-Z diagram (Fig. 9i),
the impedances of the W160 and W200 samples were higher
in the lower frequency range, but for high frequencies, the
highest impedance values were obtained for AA6082 base
metal. It can be simplified that all the impedance values
obtained for both welded samples were similar in all the
frequency range. According to the Bode-phase diagram
(Fig. 9j) the widest maxima existed for both friction stir
welded samples. The obtained simulation values of the
electrochemical impedance test on the samples immersed in
1.2(wt)% NaCl solution show that the resistance of the used
solution differs from 9.73 to 12.66 Q.cm? and the obtained
values were notably lower than for the electrolytes of lower
concentrations. The resistance of the native aluminium oxide
layer was the highest for the AA6082 sample and the lowest
value was obtained for the W160 sample. The values of the
charge transfer resistance corresponding to the localised cor-
rosion were the highest for the friction stir welded samples
and significantly lower in the case of base metal samples.
The values of the constant phase element of the double layer
of AA6082, AA6060 and W160 samples were similar, but
the value corresponding to W200 sample was significantly
higher. It should be marked that for the W200 the value of
x* was the highest, which means that the results obtained
were subject to the greatest uncertainty.

To prove conclusions from the conducted electrochemi-
cal tests, the weight losses during the process for all of the
samples in 0.2(wt)%, 0.7(wt)% and 1.2(wt)% NaCl concen-
trations were measured. The obtained results are presented
in Table 7.

Furthermore, 3.5(wt)% NaCl solution was prepared
to immerse the samples of base materials and both welds
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Table 7 Weight loss of the samples after the electrochemical tests in
the solutions of 0.2%, 0.7% and 1.2% NaCl concentrations

NaCl concentration 0.2 0.7 12
[wt%]

Weight loss [g/em?]
0.0029
0.0026
0.0018
0.0009

0.0160
0.0165
0.0085
0.0079

AA6082
AA6060
W160
W200

0.0148
0.0139
0.0059
0.0043

AAGOB23 5 AAGOB03 5 W16035 W2003 5

Fig.10 Corrosion rate for the samples of AA6082, AA6060, W160
and W200 immersed in 3.5(wt)% NaCl solution (colour figure online)

and check the weight loss after 168 h. On the basis of the
obtained weight losses, the corrosion rate (CR) for 3.5(wt)%
concentration was calculated using formula (1). The CR val-
ues are shown in the diagram in Fig. 10.

The data presented in the graph in Fig. 10 indicate that
the CR of the welds was significantly lower than that of both
parent materials. It should be noted that the specific values
for both welds are similar, however, the CR for the W200
weld was slightly lower. According to the Polish standard
PN-78/H-04608 [54] defining a 10-grade corrosion resist-
ance scale, both native materials represent grade 6 of the
corrosion resistance in the environment of 3.5(wt)% NaCl
solution. At the same time, the welds exhibit grade 5. Fur-
thermore, according to the designations used in the standard,
it can be concluded that the welds are sufficiently resistant to
corrosion, while both parent materials are characterized by a
limited degree of corrosion resistance. Taking into account
the data in Table 7, it can be seen that the tendency of weight
loss in electrochemical tests was the same for all analysed
NaCl concentrations (0.2(wt)%, 0.7(wt)% and 1.2(wt)%).
The weight loss of both welds was much lower than the
weight loss of both parent materials for all the conducted
electrochemical and degradation tests. The highest weight
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loss for all the tests carried out was observed for AA6082
parent material.

4 Discussion

SEM observations of the samples revealed that the native
material of both alloys corroded at a faster rate than FSW
welds produced at 160 and 200 mm/min. The area cov-
ered by the corrosion process was larger for AA6082 and
AA6060 alloys than for W160 and W200 samples. This rela-
tionship was already observed after electrochemical tests in
a solution of 0.2(wt)% NaCl. The higher corrosion resist-
ance of FSW welds was also observed for the study of Qin
et al. [30] for 2A14-T6 aluminium alloy, Zucchi et al. [55]
for AAS083 alloy, and Wang et al. [56] for AA7022 alloy.
Corrosion in the case of FSW welds occurred mainly on the
edges of the curves resulting from the combination of rota-
tional and linear movements of the tool. This phenomenon
was evident primarily for samples corroded in the electro-
lyte containing 1.2(wt)% NaCl (Fig. 8d’*"). It seems that
this effect may result from the triaxial stress state in these
places in the passive layer. Such a state of stress reduces the
resistance of the passive layer to delamination during corro-
sive processes under the stresses. On the other hand, on flat
surfaces there is a uniaxial stress state, which increases the
resistance of the passive layer to its delamination. It should
be noted that for lower linear speed, while maintaining the
same rotational speed, there will be more such edges. Thus,
a sample produced at a lower tool linear velocity may be
exposed to an intensification of corrosion phenomenon due
to a higher number of regions that can be considered as cor-
rosion propagation areas. Hence, in the case of the above
studies, the weld produced at a linear speed of 160 mm/min
may have been more exposed to corrosion than the sample
produced at a tool linear speed of 200 mm/min. Although
the microscopic studies indicate higher corrosion resistance
of the welds, they were unable to determine the relationship
of the effect of the weld surface geometry on the corrosion
resistance of the welds, and thus the tool linear speed on the
electrochemical properties of the welds. SEM observations
of the samples allowed qualitative determination of the cor-
rosion losses, and subsequent quantitative analysis of the
corrosion degradation rate was determined by analysing the
results obtained from electrochemical tests.

Investigation of the open circuit potential of the sam-
ples immersed in 0.2(wt)% NaCl solution revealed that the
welded samples had the highest OCP values. The highest
OCP value of — 0.598 V was observed for the sample welded
with the tool traverse speed of 160 mm/min, which might
indicate the highest corrosion resistance among all tested
samples [57]. Also for the tests for an electrolyte with a
concentration of 1.2(wt)% NaCl, the highest OCP value was
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observed for the welded sample, but in the case of this sam-
ple, the tool traverse speed was equal to 200 mm/min. For
studies with a concentration of 0.7(wt)%, no such relation-
ship was observed. The highest OCP value was reported for
the AA6060 parent material sample, but it should be noted
that the individual OCP values for all samples differed by
up to 0.010 V, so the trend was not clear. The individual
OCP values for all the tested samples were approximated to
the E_, values for these samples [58]. It could be seen that
the lowest i, values were noted for the friction stir welded
samples produced with a tool traverse speed of 200 mm/
min. However, the highest i_,,, values were recorded for both
parent materials. This relationship was evident for all NaCl
concentrations. These results clearly indicate that the cor-
rosion resistance of the welds was higher than that of the
native materials, of which the weld produced with a tool
traverse speed of 200 mm/min had the highest corrosion
resistance. These relationships are illustrated in Fig. 11a.
EIS investigations confirmed the potentiodynamic study
results. The shape of the Nyquist diagrams shows that during

0.2 0.7 12

NaCl concentration (wt%)

c)
W200

w160

AA6060

AA6082

corrosion, the process of charge transfer through the elec-
trolyte/electrode interface is slower than mass transfer and
the ongoing reaction is irreversible. The rate of this reaction
is related to the rate of charge transfer. The Nyquist plots
also show that the imaginary component of impedance, at
the same frequency, for both FSW joint is much smaller for
all concentrations of C1~ ions. This proves a much higher
charge transfer resistance (R, +R,) and thus a lower cor-
rosion rate of FSW joints compared to the corrosion rate
of both aluminium alloys. Similarly, in the case of Bode
diagrams, it can be noticed that the circuit impedance for
FSW welds is higher, in almost all analysed cases, than for
Al alloys. Since the circuit impedance at zero frequency is
equal to the sum of the electrolyte resistance R, and the
charge transfer resistance (R +R,), assuming that the elec-
trolyte resistance is the same, the resistance to charge and
mass transfer through the passive layer is much greater for
FSW joints. Figure 11 b shows that the passive layer formed
on FSW joints has much greater resistance to charge and
mass transfer than the passive layers on aluminium alloy

200003 I 76082
18000 = CV’:%%E"
16000 4 I 200
14000 3
12000 ]
10000 3

8000 3

0.2 0.7 12

NaCl concentration (wt%)

m 0.2 NaCl (wt)%
® 0.7 NaCl (wt)%
1.2 NaCl (wt)%

0 200 400 600
corrosion resistance [cm?/g]

800 1000 1200 1400 1600

Fig. 11 i, (@), the charge transfer resistance (b), and corrosion resistance calculated as the mass loss reciprocal of the AA6082, AA6060,
W160 and W200 samples in different NaCl concentrations (¢) (colour figure online)
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sheets. This suggests that the passive layer at the FSW
joints has less defective structure and is more homogene-
ous, thus constituting a greater barrier to Al ions passing into
the aqueous NaCl solution. The corrosion resistance of all
tested materials decreased with increasing NaCl concentra-
tion in the solutionrelated to the increase of C1~ ions, which
caused the corrosion phenomenon attacking the surface of
the samples (see Fig. 11c). However, as shown by the test
results, the ranking of alloys and their joints in terms of
their corrosion resistance, regardless of salinity, is as fol-
lows: W200 — W160A — A6060— AA6082. Weight loss
studies after a degradation test in a solution of 3.5(wt)%
confirmed the previous assumptions.

The corrosion resistance of metals could be related to the
crystallite size, grain size, hardness and residual stresses in
the material. The results of the Williamson-Hall analysis are
presented as the graphs of i (L), Ry(L), i.,(0g) and R,(og)
in Fig. 12. The obtained values were extrapolated to a linear
function to determine the particular tendency.

The indentation measurements revealed that the welds
performed a higher hardness than the native materials and
reached 1.580+0.171 and 1.519+0.161 GPa for samples
W200 and W160, respectively. Table 8 assumes the pre-
cipitation volume fraction identified on the XRD patterns. It
should be noted that calculated values for both welded sam-
ples are lower in comparison to AA6082 parent material and
higher than in case of AA6060 parent material. Indentation
studies of the native materials indicated a higher hardness
of the AA6082 alloy characterized by a higher volume frac-
tion of precipitates compared to the AA6060 alloy. How-
ever, these tests also indicated higher hardness of both welds
comparing to both native materials. A slightly lower hard-
ness of 1.519+0.161 GPa was observed in the W160 weld,
which also had a lower precipitate content. In precipitation-
strengthened alloys, such as AA6060 and AA6082, the con-
tent of precipitates has a key effect on their strength. It can
be observed in the case of AA6082 and AA6060 samples
that higher precipitation volume fraction resulted in higher
hardness of AA6082 alloy. However, it must be noted that
the welds, in comparison to both parent materials, were
characterized by a more fine-grained structure due to the
recrystallization process. Also, analysis in accordance with
Taylor and Orowan's theories has shown that welds exhibit
higher dislocation densities and lower mobility of these dis-
locations, resulting in increased hardness in these samples.

The Williamson-Hall analysis revealed that the size of the
crystallites increased due to the FSW process. In the studies
of Woo et al. [59] it was reported that the AA6060-T6 weld
and the native material showed no significant difference in
crystallite size. In other studies of Woo et al. [60] the sub-
grain size before and after friction stir welding of AA6061
alloy was investigated. It was revealed that the subgrain size
before the process was equal to 120 nm and after the process
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Fig.12 Relationship of corrosion current density and charge transfer
resistance to crystallite size (a) and residual stress (b) in the material
(colour figure online)

130 nm. Berezina et al. [61] observed that the Williamson-
Hall-Ungar analysis for the base material Al-Li-Cu-Sc-Zr
alloy and FSWed sample indicated that depending on the
regression profile (linear or parabolic) the calculated crys-
tallite size is different. For the base material the value was
equal to 118.9 nm, while for the weld nugget was equal to
193.18 and 70.86 nm in the case of the linear and parabolic
regression, respectively. There are no extensive studies on
the influence of the FSW process parameters on the crystal-
lite size and this phenomena still needs to be explored.

As it can be seen in Fig. 12a, the crystallite growth leads
to the increase of the corrosion resistance of the samples for
all the investigated NaCl concentrations. In turn, the reduc-
tion in interatomic spacing due to compressive stresses on
the surface can facilitate the growth and maintenance of the
passivation layer. In the studies of Terasaki et al. [62] the
residual stress distribution in FSW AA6063-T5 welds was
investigated. The distribution of strain and residual stress
in the weld is affected by the FSW welding load. The strain
value is obtained by adding the positive strain value caused
by the welding load to the negative strain value caused
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Table 8 Type and volume

fraction of the precipitates :\l.,Fe(,man 1651 Is’lmSi; :\l;Fe ‘Mg:Si tAls.lsMS,us ?mc?pifa- Al fraction

N A % o % % % tions frac-

identified on the XRD patterns o
AAG082  1.146 0.700 - 0.144 = 1.99% 98.01%
AA6060 — 0.124 0.179 0.028 0.331% 99.669%
WI160 0.104 0.365 0335 0.241 - 1.045% 98.955%
W200 - 0.270 0.190  0.38 0.240 1.080% 98.920%

by the welding thermal cycle. Lim et al. [63] studied the
residual stresses in the weld nugget of friction stir welded
SUS 409 L stainless steel. It was revealed that the compres-
sive residual stresses occurring in the nugget zone are the
result of strong compression reaction by the tool shoulder.
Residual tensile stresses can decrease the activation energy
and surface atomic density simultaneously, thereby reduc-
ing corrosion resistance. The introduction of compressive
residual stresses facilitates the formation of a passivation
layer, thereby increasing corrosion resistance. The depend-
ence of residual stress on corrosion current density (i.,,)
and charge transfer resistance (R,) is shown in Fig. 12 b. The
corrosion current density was the lowest for sample W200,
which was characterized by the presence of low compressive
stresses. In the case of the sample welded with a tool traverse
speed of 160 mm/min, the i, values were slightly higher.
The native material samples AA6082 and AA6060 exhibited
much lower corrosion resistance when subjected to tensile
stresses. This is evidenced by higher i, values and lower
R, values for all analysed NaCl concentrations. These con-
clusions are consistent with the studies of Bai et al. [64] and
Trdan et al. [65]. The relationships presented in the graphs
in Fig. 12 were approximated to linear functions, and Pear-
son correlation coefficients (Irl) for all relationships indicate
moderate to high fit to linear functions [66].

However, the above relationships between i, and R, and
the size of crystallites and residual stresses do not explain
the ranking of corrosion resistance of the tested materials
and FSW joints. The most corrosion-resistant W200 joint
did not have the greatest residual compressive stresses and
the largest crystallites. This is due to the fact that there is a

Fig. 13 Schematic passive layer
and substrate (colour figure
online)

precipitation

202

mismatch in the crystal lattice between the passive layer and
the substrate. The passive layer for a-Al,O; is a Hexagonal
Close Packed (HCP) crystal structure and lattice constant
a=0.4785 nm and ¢=1.299 nm [67], and aluminium crystal-
lizes as Face Centered Cubic structure (FCC) with a lattice
constant of a=0.4044 nm [68]. In addition, the mismatch
of the crystal lattice of the passive layer and the substrate
increases in the places where crystallite boundaries, grain
boundaries and precipitates reinforcing the aluminium solid
solution occur. It seems that the crystallite boundaries have
the least influence on these disturbances, while the grain
boundaries and precipitation have the greatest influence (see
Fig. 13). Table 8 summarizes the type and volume fraction
of the precipitates identified on the XRD patterns.

As shown in Table 8, the smallest fraction of precipi-
tates in the structure occurs for AA6060 alloy and the high-
est for AA6082 alloy. Both FSW joints have a similar and
average fraction of precipitates concerning both aluminum
alloys. Since both the FSW joints have a greater corrosion
resistance than aluminium alloys, alone fraction of the pre-
cipitates cannot affect the corrosion resistance. AA6060 and
AAG6082 alloys were characterized by low corrosion resist-
ance because their manufacturing (rolling, supersaturation
and artificial aging) created a structure consisting of a matrix
(solid solution of alloying elements in aluminium) and
coherent precipitates, which generated high tensile residual
stresses. In the case of FSW joints, the structure after weld-
ing was different than for the sheets after rolling. Welding
heats the material to high temperatures, which causes either
partial dissolution of the precipitates in the matrix (those
of smaller sizes) or loss of coherence of the precipitates

/ breakdown of the passive layer
passive layer

crystal lattice mismatch
“greater lattice mismatch

greatest lattice mismatch: possible
delamination of the passive layer
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with the matrix (those of larger sizes), which contributes to
increasing the heterogeneity of the chemical composition
of the solid solution and reducing residual tensile stresses
[29]. On the other hand, welding causes a large strain of the
metal matrix, which in combination with high temperature
causes dynamic recrystallization and, consequently, a reduc-
tion in the grain size with a simultaneous increase in the size
of the crystallites. The density of a-Al,O; ranges from 3.7
to 4.15 g/em® [69, 70] and the density of aluminium alloys
is 2.7 g/cm?>. At the same time, the modulus of elasticity of
Al alloys, measured in the indentation test, is in the range
of 70.43-75.22 GPa and for a-Al,O; the stiffness is 360
GPa [71]. These differences between the physical proper-
ties of the passive layer and the substrate, as well as the
low fracture toughness of the passive layer in relation to
the substrate (about 5-8 MPa-m'? for the passive layer and
about 30 MPa-m'? for the substrate [72]), mean that in the
presence of tensile residual stresses, the oxide layer tends to
crack, which reduces corrosion resistance, because it is eas-
ier to transfer mass and charge through cracks (see Fig. 14a).
Cracks can most easily be formed at the point contact of the
oxide layer with precipitates—therefore the AA6082 alloy
shows the lowest corrosion resistance, for which the volume
fraction (and thus the area share, according to the Cavalieri-
Hacquert principle) in the structure is about 1.99%. AA6060
alloy has slightly higher corrosion resistance due to the 6
times lower amount of precipitates compared to AA6082
alloy (despite 3 times higher tensile stresses). In turn, in the
presence of compressive residual stresses, the oxide layer
will tend to lose adhesion to the substrate and delamination
will occur (see Fig. 14b), especially in the place of precipi-
tation and grain boundaries, which also lowers corrosion
resistance. For these reasons, the best corrosion resistance is
shown by the W200 joint, for which the residual stresses are
close to 0, and which has a similar number of precipitations
as the W160 joint.

Fig. 14 Schematic passive layer a)
and substrate for tensile (a) and
compressive (b) residual stress

precipitate
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crack

5 Conclusion

The above study was conducted to investigate the corro-
sion resistance of the welds produced by friction stir weld-
ing. Friction stir welding of dissimilar aluminium alloys
AA6082 and AA6060 was performed using a tool rota-
tional speed of 1250 rpm, a tool tilt angle of 0°, and two
tool linear speeds: 160 and 200 mm/min. Williamson-Hall
analysis and micro-indentation studies were performed to
determine the effect of crystallite size and residual stress
on corrosion resistance of the material. The obtained
results allow to draw the following conclusions:

1. The crystallite size was larger in the case of the FSW
welds compared to aluminum sheets.

2. Sheets manufacturing of AA6060 and AA6082 alu-
minium alloys generates tensile residual stresses, and
welding of these sheets with the FSW method generates
compressive residual stresses in the joints.

3. The linear speed 200 mm/min of welding results in
lower compressive residual stresses compared to linear
speed 160 mm/min.

4. The ranking of alloys and their joints in terms of
their corrosion resistance, regardless of salinity, is:
W200 —WI160A — A6060— AA6082.

5. Higher dislocation densities were observed in FSW
welds, in nugget zone, compared to native materials
AA6082 and AA6060. Lower dislocation velocities in
the W160 and W200 samples resulted in increased hard-
ness in the welds.

6. Alinear correlation between the crystallite size and cor-
rosion resistance, in the form of the corrosion current
density, was demonstrated. The same linear correlation
exists for the relationship between residual stress and
corrosion resistance.

b
) delamination

precipitate
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7.

Degradation tests after placing the samples in 3.5(wt)%
NaCl solution for 168 h confirmed the same corrosion
resistance as obtained in the potentiodynamic tests and
electrochemical impedance spectroscopy studies at
0.2(wt)%, 0.7(wt)% and 1.2(wt)% NaCl solution.
Scanning electron microscope observations indicated
that the edges reflecting tool movement on the weld line
can be considered as corrosion propagation centres for
the welds.
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Abstract: Aluminum alloys have been successfully used in the railroad and automotive industries
because of their potential to significantly reduce component weights, and their good mechanical
and anti-corrosion properties. Problems with joining aluminum alloys are characterized by low
weldability, which influences the need for studies focused on unconventional methods. The envi-
ronmentally friendly and low-cost friction-stir-welding method enables the material to be joined
without melting. In the following study, dissimilar butt joints were produced from AA5083 and
AA6060 alloys. A constant tool traverse speed of 100 mm/min and a tool tilt angle of 2° were used,
combined with tool rotational speeds of 800, 1000 and 1200 RPM. It was revealed that as the tool
speed increases, the hardness in the weld nugget zone increases, due to higher heat input and more
effective recrystallization. The highest hardness of the weld nugget zone was observed for the weld
that was produced with the highest tool rotational speed, and was equal to 1.07 GPa, compared to
the hardness of both parent materials of 0.75 and 1.15 GPa for AA5083 and AA6060, respectively.
Increasing the heat input also decreased the hardness of the heat-affected zone, where recrystalli-
zation was not observed. The lowest density of dislocations with the highest mobility was observed
in the heat-affected zone on the AA6060 side, which also contributed to the reduction in strength in
this zone. The produced welds exhibited corrosion resistance between both parent materials, with
the lowest corrosion current density being 6.935 + 0.199 pA-cm for the weld that was produced at
a tool speed of 1200 RPM.

Keywords: friction-stir welding; solid state joining; corrosion; aluminum alloys; mechanical prop-
erties; dislocations

1. Introduction

Aluminum alloys are increasingly being used in a wide range of industries, including
the automotive and railroad industries. The biggest challenge in these sectors is to imple-
ment a material that is characterized by high strength, corrosion resistance and easy ma-
chinability [1]. In addition, rising transportation costs are necessitating further reductions
in the weight of vehicular components, while maintaining their optimal properties. Alu-
minum alloys are an excellent alternative to steel. Their use enables the weight of the
structure to be reduced by up to three times, resulting in a significant reduction in the cost
of transportation [2]. The adoption of aluminum in train wagon bodies minimizes the
weight and energy that are required to accelerate and decelerate them. This can increase
vehicle payloads, leading to lower fuel consumption and lower machine operating costs
[3].

Aluminum alloys are characterized by good corrosion resistance; however, even
slight corrosion losses can contribute to a rapid reduction in the mechanical properties of
the structure. Therefore, it is extremely important, in addition to ensuring high structural
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strength, to determine the resistance of aluminum alloys to corrosion. Among the alloys
with particularly high corrosion resistance are the ones that are in series 5XXX and 6XXX.
AAS5083 alloy is characterized by very good corrosion resistance and high strength [4,5].
AA6060 exhibits excellent machinability and high strength in plate form. AA6XXX alloy
is commonly applied in high-speed train manufacturing, for example, in profiles and car-
riage components [6,7]. Welding dissimilar materials together is of great importance in
the industry. It is necessary for a number of construction applications, in order to maxim-
ize the quality of structures and to improve strength, weight, and corrosion resistance.

In spite of the many advantages that are associated with the use of aluminum alloys
in the transportation industry, a welding problem arises [8-10]. Aluminum alloys are
characterized by poor weldability. Their joining by conventional methods carries a high
risk of creating a structure with numerous defects and low strength [11].

Friction-stir welding (FSW) offers an alternative way of joining materials to avoid the
risks of potential defects arising from conventional welding. During the FSW process, a
specially designed tool, consisting of a pin and a shoulder, is used to join materials that
are in contact with each other. The tool is put into rotary motion, and is placed between
the components to be welded until contact between the surfaces of the components and
the tool shoulder is achieved. The tool is then set into simultaneous linear motion along
the joint line. The kinetic energy of the tool is converted into thermal energy, which is
created by friction at the interface between the tool and work pieces. The heated material
is plasticized, mixed by the pin and extruded in the backwards direction of the tool, which
is moving along the edge of the contact line. As no melting point during welding is
reached, solid-state FSW brings many advantages over conventional welding. The reduc-
tion in weld defects such as discontinuities and porosities, the lower solubility of hydro-
gen and the lower process costs associated with FSW are contributing to the growing in-
terest in this method [12]. Due to lower energy consumption and the use of non-consum-
able tools, this method is also classified as a green technology [13].

The majority of studies and patents on FSW have been on aluminum and its alloys,
according to an analysis by Magalhaes et al. [14], followed by iron alloys, magnesium,
titanium and their alloys. Moreover, a number of previous studies on FSW involved dis-
similar aluminum alloys. Ghaffarpour et al. [1] successfully joined AA5083-HI2 and
AA6061-T6 alloys with the FSW process. Tensile tests and hardness measurements were
performed in order to investigate the strength of the produced samples. The lowest hard-
ness was recorded in the heat-affected zone of the AA6061-T6 sheet. It was also noted that
by increasing the tool rotational speed, the hardness of the mixing zone was reduced. Fur-
thermore, Devaiah et al. [15] used a FSW process to produce AA5086/AA6061 joints that
were characterized by a high tensile strength. Peel et al. [16] produced high-quality joints
of AA5083/AA6082. In the study of Khodir et al. [17], the friction-stir-welded joints of
AA2024/A7075 were found to exhibit high tensile strength and hardness. Palanivel et al.
[18] investigated the effect of tool geometry on the tensile strength of AA5083-
H111/A A6351-T6 joints. It was found that using straight square and hexagon pins yielded
the best quality joints. Guo et al. [19] studied the mutual position of AA6061 and AA7075
alloys during welding. It was observed that the positioning of the AA6061 alloy on the
advancing side promotes material mixing, and improves the mechanical properties of the
weld. In a study by Mastanaiah el al. [20], it was found that by increasing the welding
speed and decreasing the tool rotational speed, defect formation is more possible during
the FSW of AA2219 and AA5083 alloys. Dong et al. [21] successfully used an FSW process
on AA7003/AA6060, obtaining welds characterized by a high ultimate tensile strength that
was equal to 78.2% of base material AA6060. Due to the different properties of the alloys
used in this study, including the high corrosion resistance of the 5XXX series alloy and the
high strength of the 6XXX alloy, welding them properly together is crucial in designing
structures that provide such performance. Such examples include structures that are ex-
posed to significant load transfer, and whose parts are simultaneously exposed to a cor-
rosive environment, such as seawater or the atmosphere. To the best of the authors’

209


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

Metals 2022, 12, 1658 3of21

knowledge, there are no reports on dissimilar friction-stir welding of AA5083 and AA6060
aluminum alloys.

Therefore, the aim of the present study was to weld dissimilar AA5083-O and
AA6060-T6 aluminum alloys together using FSW. The effect of tool rotational speed dur-
ing the FSW process on the microstructure, hardness, dislocation density and mobility, as
well as corrosion resistance, was investigated.

2. Materials and Methods

The friction-stir-welding method was applied to join commercial AA5083-O and
AA6060-T6 aluminum alloys. The nominal chemical compositions of both alloys are pre-
sented in Table 1. The alloys were purchased in the form of rolled sheets that were 3 mm
in thickness. The plates were butt-welded with AA5083 on the advancing side and
AA6060 on the retreating side, parallel to the rolling direction. The welds were designed
to be 200 mm in length from two plates with dimensions of 100 mm x 200 mm.

Table 1. Chemical compositions of the AA5083 and AA6060 alloys.

Chemical Composition (wt%)
Si Fe Cu Mn Mg Cr Zn Ti Al
AAS5083 040 040 010 060 450 015 025 0.15  balance
AA6060 040 020 010 0.10 040 0.05 015 0.10  balance

The process was performed on a conventional milling machine (FU251, Friedrich En-
gels Kazanluk, Sofia, Bulgaria). Figure 1 presents the schematic illustration of the process,
as well as the geometry of the tool adopted for the studies. The tool shoulder was of a flat
surface with a diameter equal to 18 mm. The length of the pin was 2.5 mm. The pin shape
was hexagonal with a distance across the flats of 6 mm. The pin was designed with 0.5
mm long grooves for every 0.5 mm of the hexagonal pin's length. The pin was produced
of 73MoV52 steel, while the shoulder was made of X210Cr12 steel. The measured hardness
of the pin was 58 HRC and of the shoulder 61 HRC (Wilson Mechanical Instrument Co.
Inc., New York, NY, USA). The welding of dissimilar joints was carried out at a constant
tool traverse speed of 100 mm/min, and a constant tool tilt angle of 2°. The tool rotational
speeds used were 800, 1000, and 1200 RPM. Table 2 presents the process parameters, as
well as revolutionary pitch values, defined as the rotational speed of the tool divided by
its traverse speed.

a=2°

©,=800 RPM
©,=1000 RPM
w;=1200 RPM

Corrosion tes!s
Microindentati
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Figure 1. Schematic illustration of the process, geometry of the tool and location of the samples for
the performed tests.

Table 2. FSW process parameters and corresponding revolutionary pitch values.

Traverse Speed  Rotational Speed Tilt Angle Revolutionary

Material (ammte) (RPM) ) Pitch (rot/mm)
AA5083/AA6060 100 800 2 8
AA5083/AA6060 100 1000 2 10
AA5083/AA6060 100 1200 2 12

Specimens of dimensions 300 mm x 10 mm were prepared for the microstructure ob-
servations. For this purpose, the samples were wet ground on the cross-sections of the
welds to a final gradation of #4000, and polished with a 1-micrometer diamond suspension.
A double-stage etching was performed using Weck's etchant. Firstly, the polished sam-
ples were immersed in a 2 wt% NaOH solution for 60 s. In the second stage, the samples
were etched in a solution containing 4 g of KMnOs, 1 g of NaOH and 100 mL of distilled
water, for 10 s. The microstructure was observed using an optical microscope (BX51,
OLYMPUS, Tokyo, Japan), according to the ASTM E3 standard guide for preparation of
metallographic specimens.

Hardness measurements were conducted using indentation tests on the cross-sec-
tions of the samples, as presented in Figure 1 (NanoTest Vantage, Micro Materials, Wrex-
ham, UK). The tests were conducted in the mid-thickness of the cross-sections, with the
indents spaced at a distance of 0.5 mm, in accordance with the ASTM E384-17 standard
test method for microindentation hardness of materials. A pyramidal diamond Berkovich
indenter was used to carry out 60 independent measurements with a force of 1 N. The
loading and unloading times were equal to 20 s. The dwell time was set to 5 s.

The electrochemical properties measurements were performed in accordance with
the ASTM G5-94 standard reference test method for making potentiostatic and poten-
tiodynamic anodic polarization measurements. Disc samples with an area of 1 cm? were
cut from the weld nugget (Figure 1). The tests were conducted in 3.5 wt% NaCl (99.8%
purity, Warchem, Warsaw, Poland) solution in distilled water, using a potentiostat/gal-
vanostat (Atlas 0531, Atlas Sollich, Rebiechowo, Poland). The temperature of the solution
during the tests was maintained at 20 °C. A three-electrode system was applied. A plati-
num electrode was used as a counter electrode, a saturated calomel electrode was used as
areference electrode, and a welded sample or a base material sample was used as a work-
ing electrode. The tests were initiated by measuring the open-circuit potential (OCP) for
60 min. The corrosion curves were obtained using the potentiodynamic method for a po-
tential range from -2 V to +1 V. The potential scan rate was equal to 1 mV/s. The corrosive
potential (Eer) and the corrosion current density (iwr) values were determined using the
Tafel extrapolation method and AtlasLab software (ATLAS 0532 Electrochemical unit and
Impredance Analyser, Atlas Sollich, Rebiechowo, Poland). The surfaces of the samples
after the corrosion tests were investigated using a high-resolution scanning electron mi-
croscope (SEM) (Phenom XL, Thermo Fisher Scientific, Breda, Netherlands) with a back-
scattered electron detector (BSE).

3. Results and Discussion

Visual inspections were conducted to determine the quality of the performed welds.
The images of the weld seam surfaces are presented in Figure 2. No serious surface de-
fects, such as lack of bonding or grooves, were found. A very little material outflow was
observed in the case of the samples that were produced with tool rotational speeds of 800
and 1000 RPM. Moreover, the weld produced with the tool rotational speed of 800 RPM
exhibited a slight cavitation defect on the retreating side. In the case of welds produced
with lower tool rotational speeds (800 RPM and 1000 RPM), insufticient plasticization of
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the material occurred as a result of the lower heat input, which led to the formation of
defects. Small cavitation losses on the retreating side, as well as material outflows ob-
served in both cases, were also caused by insufficient mixing of the material. For the weld
produced with the highest tool rotational speed equal of 1200 RPM, no irregularities of
the weld seam were found on the surface. The weld surface was smooth, and exhibited a
periodic structure. It is believed that the key factors in determining the weld quality are
sufficient heat input and proper mixing of the plasticized material. By increasing the tool
rotational speed, higher heat is input; thus, sufficient plasticizing and mixing result in the
formation of a non-defective weld seam.

Figure 2. Friction-stir-welded samples produced with tool rotational speeds of 800 RPM (a), 1000
RPM (b) and 1200 RPM (c).

Figure 3 presents the macro- and microstructure of one selected weld that was pro-
duced with a tool rotational speed of 1200 RPM. Based on macroscopic observations, a
characteristic basin shape of the weld nugget can be distinguished. The microscopic ob-
servations (Figure 3b-h) permit evaluation of the grain size and shape within all the spec-
ified zones. The heat input strongly influenced the microstructure of the heat-affected
zone (HAZ), the thermo-mechanically affected zone (TMAZ) and the weld nugget zone
(WN). During the process, frictional heating causes plasticization of the material. The
amount of heat introduced to the material depends strongly on the process parameters.
Husain et al. [22] noted that with increasing the tool rotational speed, the peak tempera-
ture during FSW becomes higher. The same conclusions were observed in the studies of
Krishnan et al. [23], Liu et al. [24] and Salih et al. [25]. The nugget zone (Figure 3h) expe-
rienced the highest heat input, as well as plastic deformation, during mixing by the pin. It
resulted in recrystallization within the zone, and led to the finest microstructure. Thermo-
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mechanically affected zones (Figure 3f—g) on both sides of the welds also experienced high
temperature peaks and plastic deformation due to the mixing by the tool. The recrystalli-
zation process was not observed in the TMAZ due to lower heat input. The heat-affected
zones on both sides (Figure 3d,e) resulted only through thermal evolution. No recrystal-
lization process occurred within the HAZ. By approaching both parent metals, the mate-

rial already became characterized by the original microstructures of both alloys (Figure
3b,c).

Figure 3. Macrostructure of the weld produced with a tool rotational speed of 1200 RPM (a), and
microstructures of base metals AA5083 (b), AA6060 (c), HAZ on AA5083 side (d), HAZ on AA6060
side (e), TMAZ on AA5083 side (f), TMAZ on AA6060 side (g) and the weld nugget (h).

Figure 4 presents the hardness profiles on the mid-thickness of cross-sections of the
produced welds. The hardnesses of the base metals were equal to approximately 0.75 GPa
and 1.15 GPa for AA5083 and AA6060, respectively. The hardness profiles are asymmet-
rical due to the dissimilar welding of materials with different properties, classified in dif-
ferent groups of aluminum alloys, and delivered under different conditions. Aluminum
alloys of the 5XXX series are classified as non-heat treatable. The strength of these alloys
is initially formed by alloying pure aluminum by adding elements such as magnesium.
Further increases in the strength of these alloys are achieved through various types of cold
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working or hardening processes. On the contrary, aluminum alloys of the 6XXX series are
classified as heat-treatable aluminum alloys. By adding alloying elements, such as mag-
nesium and silicon, the strength of the alloy is initially formed. The alloying elements ex-
hibit increasing solid solubility when the temperature increases. This provides significant
additional strengthening to the heat-treatable alloys by subjecting them to solid solution
treatment, quenching and, when applicable, precipitation heat-treatment known also as
artificial aging, such as in the case of the AA6060-T6 used in this study. Due to the differ-
ent behaviors of these alloys under deformation and temperature, differences in the hard-
ness profile on the advancing and retreating sides can be observed. Analyzing the hard-
ness profile from the side of the AA6060 alloy to the center of the joint, the typical shape
of the hardness profile for FSW joints of 6xxx-T6 series aluminum alloys is maintained,
characterized by a minimum of hardness in the heat-affected zone [26,27]. Softening ob-
served in the heat-affected zone on the side of AA6060-T6 is an etfect of precipitate coars-
ening and dissolution, due to sufficient heat input. The greatest recovery in strength can
be observed in the nugget zone, as a result of the recrystallization process. The fine-
grained structure resulting from the recrystallization process affects the increase in hard-
ness. According to the Hall-Petch relationship, the increase in hardness can be observed
as the average grain size decreases [28,29]. On the advancing side section of the hardness
profile, the typical decrease in hardness in HAZ was not observed. At the sections of HAZ
and TMAZ, an increase in hardness up to the weld nugget was observed. Welds produced
from annealed metal, such as AA5083 in the O condition, do not exhibit a typical hardness
drop in HAZ [16]. In the direction of the weld nugget, usually a higher hardness than the
base metal in O condition can be noted due to modest hot work-hardening, and finally,
grain refinement in the nugget zone [30]. The formation of the weld nugget eliminates the
prior deformation microstructure in cold worked material and as a result, the hardness of
the nugget zone is independent of the original base metal condition [31].
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Figure 4. Hardness profiles of the joints produced with a tool rotational speed of 800 RPM (a), 1000
RPM (b) and 1200 RPM (c). Red dots indicate the exact locations of further dislocation density and
mobility calculations.

Figure 5 presents the influence of the revolutionary pitch parameter on the maximum
hardness of the nugget zone (a), minimum hardness of the heat-atfected zone (b) and the
size of the nugget zone (c). The size of the nugget zone was determined based on the
hardness profiles in the center of the cross-sections, as indicated in Figure 4. It is clear that
as tool rotational speed increases while maintaining a constant tool traverse speed, the
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value of revolutionary pitch increases; thus, the amount of heat input during the process
increases [32-34]. For the weld produced with a tool rotational speed of 1200 RPM and a
tool traverse speed of 100 mm/min, the highest hardness of the weld nugget was observed.
This is due to the highest heat input, which resulted in the most effective recrystallization
and the finest microstructure. Meanwhile, decreasing the tool rotational speed resulted in
alower heat input; consequently, less effective dynamic recrystallization in the weld nug-
get was observed. It should be also noted that microstructural observations contirmed the
above findings. By applying the highest revolutionary pitch, the highest heat input re-
sulted, and thus the finest microstructure in the nugget zone and the highest hardness
were noted. However, with a high amount of heat generated during the process, the tem-
perature peak in the heat-affected zone also increased. There, the influence of heat served
anegative effect, as grain refinement did not occur as a result of recrystallization; only the
introduced heat caused the dissolution of strengthening precipitates. This relationship is
shown in Figure 5b. As the revolutionary pitch increased, thereby increasing the amount
of heat introduced, the hardness of HAZ decreased due to the intensified process of dis-
solution of strengthening precipitates. It is also noticeable that as the revolutionary pitch
increased, the size of the nugget zone tended to increase as well (Figure 5¢). This is also
explained by an increase in the heat input observed during the process, since the revolu-
tionary pitch was increased. The zone of interest in continuous dynamic recrystallization
increased in size in this case, and subsequently the measured size increased, indicating a
larger zone of improved hardness with regard to TMAZ and HAZ.
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Figure 5. Relationship between the maximum hardness of the nugget zone and revolutionary pitch
(a), minimum hardness of the heat-affected zone and revolutionary pitch (b) and size of the nugget
zone and revolutionary pitch (c).

The hardness and strength of the material were also significantly affected by the dis-

locations in the material, particularly their density and mobility [35]. During indentation
tests, especially when small forces were applied, a significant increase in the hardness of
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the material was observed. This is because applied strains resulted in the formation of
dislocations in the region under the indenter. Penetration of an indenter into material
causes a local increase in dislocations. This phenomenon is referred to as the indentation
size effect (ISE). During indentation, dislocations, called geometrically necessary disloca-
tions (GNDs), appear in the material. Their existence increases the flow stress and the
measured hardness value. Their density is inversely proportional to the indentation depth
(h), so this effect is particularly significant for small forces applied. With deeper penetra-
tion of an indenter, the steady state is reached, and the hardness depends only on statisti-
cally stored dislocations (SSDs). Geometrically necessary dislocations are necessary be-
cause they are introduced into the material to accommodate the shape of the indenter. The
density of GNDs (pgyp) is derived from the complete line length k of the dislocation loops,
which are required to create the shape of the indenter. Hence, they enable the necessary
lattice rotations. The total length of the line is then divided by the semispherical volume
V, which is a storage volume of GNDs with a contact radius ac. The geometry of the cross-
section of a sample during indentation is presented in Figure 6. In the picture, an angle
between the surface of a sample and the indenter is defined as 6. For the Berkovich in-
denter, the value of this angle is equal to 24.7°. In the current considerations, the storage
volume of GNDs is considered to be the plastically deformed volume under the indenter,
instead of using the volume defined by the contact radius. As presented in Figure 6, the
radius of the plastic zone is defined as apz, and f is a factor connecting a. with apz. For
metallic materials, the plastic zone radius is assumed to be larger than the contact radius,
so f>1 [36]. In order to calculate the value of GNDs density (pgnp), the following formula
can be used:

pGszz'F'ﬁ (1)

where b is a magnitude of the Burgers vector (for aluminum & = 0.286 nm). The maximum
indenter displacement for plastic deformations h can be registered during indentation
tests [37]. The calculated pgyp values are presented in Table 3.

= f-a_

PZ

Surface of the
indented
material

Geometlrically
necesary
6 dislocations

Statistically
stored
dislocations

Figure 6. Cross-section of a sample during indentation tests.

It can be assumed that for a Berkovich indenter, a hemispherical shape of the plasti-
cized zone can be observed. For soft metals, such as aluminum alloys, the volume of this
zone significantly exceeds the volume defined by the contact radius. In the case of tests
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on aluminum alloys using the Berkovich indenter, a factor f equal to 3 can be assumed
[38].

In addition to geometrically necessary dislocations and statistically stored disloca-
tions, the hardness of the material is also determined by the frictional stresses of the crystal
lattice Hy, and the hardening of the solid solution by dissolved alloy additives H:s. These
correlations can be represented by the following equation:

Hisg = Hgs + Hpr + MCaGb,[ penp + pssp (2)

Where M is a Taylor coefficient (here assumed to be equal to 3 [39]), C is a factor that
transfers the complex stress state under the indenter into a uniaxial stress state (equal to
3 in this case [38]), ais a factor that depends on the dislocation substructure, G is a trans-
verse elastic modulus of the test material and b is a magnitude of the Burgers vector. For
both GNDs and SSDs, a value of factor a = 0.5 can be assumed because of the complex
stress field in the area under the Berkovich indenter. For aluminum, the value of the Burg-
ers vector is equal to b=0.286 nm, and the transverse elastic modulus G is equal to 26 GPa
[40]. In this analysis, only dislocation hardening will be considered. Thus, equation (2) can
be expressed as follows:

Hisg = MCaGb./pgnp + Pssp 3)

On the contrary, when the ISE is not considered, the relationship between macro-
scopic hardness Ho and SSD density (pssp) is expressed by Taylor’s relation [41]:

Hy, = MCaGb,[pssp 4)

Considering the Hise hardness values obtained in the indentation tests, the maximum
depth of indenter displacement h and the constants introduced earlier, the density of SSDs
can be calculated from the relationship, shown as follows:

2

P == ISB__ P 5)
SS0=(MCaGh)? PPN
In order to calculate the dislocation mobility, the following Orowan equation was
used [42]:
de .
a=€=b‘l’ssn'l’ (6)

where ¢ is strain and v is dislocation mobility.

In order to calculate the strain derivative as a function of time, the stabilized fragment
of creep during the indentation dwell time period at maximum force was approximated
to alinear function. The calculations were performed for all the samples, in the exact areas
of base materials AA5083 and AA6060, HAZ and TMAZ for both advancing and retreat-
ing sides and the weld nuggets. The exact measurement positions are presented in Figure
4 with red dots. The results of the analysis are presented in Figure 7. Finally, the calcula-
tions on dislocation mobilities were performed using a converted Equation (6):

o= £
b pssp @

The results of the above calculations are presented in Table 3. Figure 7 presents hys-
teresis plots of load—depth for a single indentation in the distinguished zones of the sam-
ples produced with tool rotational speeds of 800, 1000 and 1200 RPM. Figure 8 shows the
relationships between strain and time for the dwell period during the indentation tests in
the base materials AA5083, AA6060, HAZ and TMAZ at both sides, and WN for the sam-
ples produced with 800 (a), 1000 (b) and 1200 RPM (c). The exact locations are indicated
with red dots on the hardness profiles presented in Figure 4.
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Figure 7. Hysteresis plots of load—depth for a single indentation in the base metals AA5083, AA6060,
HAZ, TMAZ and WN, for the welds produced with tool rotational speeds of 800 RPM (a), 1000 RPM
(b) and 1200 RPM (c).
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Figure 8. Strain versus time diagrams for the indentation dwell time period in the base metals

AA5083, AA6060, HAZ, TMAZ and WN for the welds produced with tool rotational speeds of 800
RPM (a), 1000 RPM (b) and 1200 RPM (c).
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Table 3. Hardness, maximum indenter displacement, density of GNDs, density of SSDs and dislo-
cation mobilities for all of the tested samples in different zones.

Hise

1 1
Sample Gpay e mm) Powp G3) Pasa () vV
- AA5083 0.754 7.629 5386x 1012  6.679- x 101 4429 x 10~
- AA6060 1.103 6.283 6540x 1012 9785 x 104 2.844 x 107
w =800 HAZ
AA5083 0.881 7226 5687 x 1012 7811 x 101 4082 x 10
RPM .
side
w =800
AA5083 0.945 6.693 6.140x 1012 8.378 x 101 3.681 x 10
RPM .
side
w =800
RPM WN 1.034 6.518 6.305-10%2 9.171 = 104 3142 x 10
@ =800 AMAS
RPM AA6060 0.896 7.143 5.753-1012 7.945 x 104 4137 x 10
side
w =800 HAZ
AAG060 0.687 8.356 4918-1012 6.086 x 104 6.142 x 10
RPM .
side
HAZ
w = 1000
AA5083 0.843 7.338 5.600-1012 7.124 x 10+ 4403 x 10
RPM .
side
TMAZ
@ = 1000
AAS5083 0.932 6.922 5.937-1012 8.264 x 104 3.482 x 10
RPM .
side
m;;]?dm WN 1.060 6.503 6.319-1012 9.404 = 104 3.090 x 10~
TMAZ
w=1000
AA6060 0.883 7.219 5.692-1012 7.829 x 1014 4.095 x 102
RPM .
side
w = 1000 Has
AA6060 0.652 8.641 4755-1012 5.775 x 104 6.442 x 10?
RPM :
side
HAZ
w = 1200
AAS5083 0.845 7.333 5.604-1012 7.490 x 104 4.015 x 102
RPM .
side
TMAZ
@ =1200
AAS5083 0.943 6.910 5.947-1012 8.362 x 101 3.487 x10#
RPM :
side
=1200
mRPM WN 1.071 6.435 6.386-101 9.501 = 10 3.003 x 10
=1200
@ AAG060 0.925 7.049 5.830-10%2 8.203 x 104 3.768 x 10~
RPM .
side
HAZ
w=1200
AA6060 0.632 8.742 4.700-1012 5.597 % 101 7.009 x 10
REM side
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In the friction-stir-welded joints, the dislocation density results from strain and
severe plastic deformations, as well as recrystallization in the WN [43,44]. The resulting
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values of the dislocation density and mobility are influenced not only by process
parameters, such as the rotational and traverse speed of the tool, the tilt angle and its
geometry, but also by the properties of the parent materials. The amount of heat input,
the process of plasticization of the material, its mixing, dissolution of strengthening
precipitates and recrystallization, significantly affect the resulting joint properties.

In all of the cases, the densities of geometrically necessary dislocations are signifi-
cantly lower than the densities of statistically stored dislocations, due to the relatively
high applied measurement forces. It should be noted that the highest density of
statistically stored dislocations can be observed in AA6060 base metal. Furthemore, the
weld nugget zones of all the produced welds exhibit high SSD dislocation densities of
9.171 = 10%, 9.404 = 10% and 9.501 x 10% m2 for the welds produced with tool rotational
speeds of 800, 1000 and 1200 RPM, respectively. Higher heatinput during the FSW process
trom increased tool rotational speed resulted in the increase in dislocation densities
observed in the nugget zones of the produced welds. Studies conducted thus far do not
indicate a clear trend that determines the etfect of the FSW process on dislocation densities
and mobility. In a studies by Woo et al. [45], it was observed that the dynamic
recrystallization zone after the FSW process of AA6061-T6 was characterized by a lower
dislocation density than that of the parent material. On the contrary, in another study of
Woo et al. [46], a higher dislocation density was found in the weld nugget zone compared
to AAGD61-T6 parent material. Yuzbekova et al. [47] observed a higher dislocation density
in friction-stir-welded AA5024 aluminum alloy. Moreover, Laska et al. [38] found higher
dislocation densities in dissimilar friction-stir-welded joints of AA6060/AAG082,
compared to both parent materials. Ni et al. [48] noted a lower dislocation density in the
weld nugget zone of friction-stir-welded SiCp/AA2009-T351 compared to the base
material. This was explained by the dynamic recrystallization processes occurring in the
weld nugget, and a low cooling rate after the process. The lowest dislocation density was
observed in heat-affected zones from the side of the AA6060 alloy, for all the produced
welds. Similarly, in the study by Ni et al. [48], in the HAZ of the SiCp/AA2009-T351
FSWed joint, a significant decrease in dislocation density was noted through TEM
observations. The reduction in dislocation density in the heat-attected zone is a result of
the release of dislocations during the FSW thermal cycle [48].

By analyzing the dwell time of indentation studies, it is possible to determine the
mobility of dislocations. In the above study, the lowest dislocation mobilities were
observed in the AA6060 parent material and weld nugget zones. In contrast, the highest
mobilities were registered in the HAZ zones of all welds on the retreating side of the
AA6060 parent material. The calculated mobilities were equal to 6.142 x 102, 6.442 x 10~
and 7.009 = 10~ ? tor the welds produced with tool rotational speeds equal to 800, 100 and
1200 RPM, respectively. Compared to both parent materials, the calculated values were
equal to4.429 x 10 and 2.844 x 10'?? tor AA5083 and AA6060, respectively; the increase
in the mobility was noticeable. It is also worth noting that by increasing the tool rotational
speed, and consequently the heat input, the dislocations became characterized by higher
mobility. According to Taylor and Orowan's theory, materials that are characterized by
lower dislocation densities and high dislocation mobilities tend to exhibit lower strength
[38]. Therefore, the reduction in hardness in the HAZ zones on the AA6060 side is also
influenced by the high-mobility dislocations present in the material. The results of SSD
density and dislocation mobility calculations are shown in the graphs of Figure 9.
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Figure 9. Density of SSDs (a) and dislocation mobilities (b) for all of the tested samples in different
zones.

Functional properties, in addition to the strength of welded components, are signifi-
cantly affected by the corrosion resistance of the material. It is of particular importance in
the case of structures that are used in corrosive environments. It should be also noted that
in the case of even occasional contact with corrosive environments, small corrosion losses
can significantly affect the strength of the structure. Figure 10 presents the open circuit
potential (OCP) measurements (Figure 10a) and potentiodynamic polarization curves for
the produced samples (Figure 10b) that were subjected to tests in 3.5 wt% NaCl solution.
The OCP measurements preceded the potentiodynamic test, and were performed for 60
min, to reach stability. Potentiodynamic curves recorded in the study were subjected to
the Tafel extrapolation. Based on the obtained data, the values of corrosive potential (Ecar)
and corrosion current density (icr) were collected. Table 4 presents the results of the po-
tentiodynamic studies.

222


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

Metals 2022, 12, 1658 16 of 21

5 © =800 RPM ) .
a) . ——©=1000 RPM b 0
-03 —— o =1200 RPM -14
—— AA5083
0.4 | —— AABO6O 24

.05

Log ICurrent density (A/cm’)l

s
< 0 4
o |
G 07 e J o
o = 1000 RPM
.08 6 ——0=1200 RPM|
—— AA5083
09 T —— AAG060
1.0 , . . : ; . . 8 : ; ; : ; ,
0 500 1000 1500 2000 2500 3000 3500 -2.0 15 -1.0 05 00 05 10
Time (s) Potential (V)

Figure 10. Open circuit potentials (OCP) (a) and potentiodynamic polarization curves (b) for all the
tested samples in 3.5 wt% NaCl solution.

Table 4. Open circuit potentials (OCP), corrosion potentials (Ecr) and corrosion current densities
(icorx) for the tested samples.

Sample  @=800RPM w=1000 RPM w=1200 RPM  AA5083 AA6060

OCP (V)  -0.697 +0.039 -0.694+0.039 -0.679+0.007 -0.661 +0.017 —-0.738 +0.013
Ecor (V) -1.328 +0.015 -1.312+0.014 -1.299+0.015 -1.356 +0.009 -1.196 +0.001
ear (WA-cm?) 8.075+0.182 7.592+0.442 6.935+0.199 4.506+0.278 9.047 +0.768

The corrosion potential shifted from the minimum value of -0.738 + 0.013 V for the
base metal AA6060, to 0.661 + 0.017 V for the base metal AA5083. The corrosion potential
for all the welded samples adopted values that were between both parent materials. The
results of the conducted experiments indicate that the AA5083 parent material exhibited
the highest corrosion resistance. In this case, the corrosion current density was equal to
4.506 + 0.278 pA-cm™. The lowest corrosion resistance and the highest corrosion current
density of 9.047 + 0.768 pA-cm2 were from the AA6060 alloy. In general, aluminum alloys
in both 5XXX and 6XXX series exhibited good corrosion resistance. Alloys in series SXXX
are so-called seawater-resistant alloys, and are characterized by excellent electrochemical
properties [49]. Sukiman et al. [50] also registered better corrosion resistance for AA5083
when compared to the AA6060 alloy. All of the welds displayed a corrosion resistance
that was greater than that of alloy AA6060, but less than that of alloy AA6082. In a study
by Kartsonakis et al. [51], it was demonstrated that the friction-stir welding process re-
sulted in the production of dissimilar AA5083/AA6082 joints that were characterized by a
corrosion resistance that was between both parent materials. Furthermore, the corrosion
resistance of the AA5083 alloy was higher than that of the AA6XXX series alloy. Several
scientific investigations indicated that the FSW process itself improves the corrosion re-
sistance of welds. Qin et al. [52] revealed that the FSWed joints of 2A14 aluminum alloy
were more resistant to corrosion processes in exfoliation corrosion solution. In the study
of Zucchi et al. [53], it was observed that the FSWed joint of AA5083 was more resistant
to exfoliation corrosion than its base metal. On the contrary, Maggiolino et al. [54] found
no significant differences between the corrosion resistance of AA6060 alloy and its fric-
tion-stir-welded joint.

In the present study, the values of corrosion current density were equal to 8.075
0.182,7.592 +0.442 and 6.935 +0.199 pA-cm2 for the welds produced with tool rotational
speeds of 800, 1000 and 1200 RPM, respectively. These observations are also presented in
Figure 11. Itis clearly visible that by increasing the revolutionary pitch, the corrosion cur-
rent density decreases. This means that by increasing heat input, better corrosion proper-
ties of the weld may result. Important factors that affect the corrosion resistance of metals
are grain size and distribution of precipitates. Microstructure serves an important role in
the formation of a passive oxide layer on the metal surface that provides protection against
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corrosion. A tiner grain microstructure is characterized by a more reactive surface, thus
formation of the oxide layer progresses more easily. Due to that fact, the corrosion rate of
aluminum in NaCl solution has a tendency to decrease as the grain size decreases [55].
Song et al. [56] noted that when the finer grains are observed for pure aluminum, the
resistance to pitting corrosion increases as a result of the denser oxide layer on the surface.
The recrystallization processes that occur in the weld nugget provide refinement of the
grains, as well as more uniform precipitate distributions, which also improves the corro-
sion resistance of the weld. Higher input heat results in more effective recrystallization;
thus, the finer the microstructure, and better the corrosion resistance.

10
AAB060

B8 ‘-{“'--._,__ +

-
-

(uA/cm?2)

Icorr

AAS5083

4 T T T T T
74 8 9 10 11 12 13

Revolutionary pitch (rot/mm)

Figure 11. The relationship between corrosion current density (icor) and revolutionary pitch for the
produced welds.

Figure 12 depicts the scanning electron microscopy images of the surface of the
welded samples, and both base materials, after corrosion tests. For welded samples, the
characteristic geometry of the surface of the nugget, resulting from simultaneous tool trav-
erse and rotational motions, is noticeable. For these samples, no signiticant differences
were found based on SEM observations. Thus, it is not possible to determine the effect of
process parameters on the corrosion resistance of welds, on the basis of microscopic ob-
servations alone. However, it should be noted that differences in corrosion resistance can
be found in the samples of the native materials, which did not undergo thermomechanical
processes. The corrosion losses on the AA6060 alloy (Figure 12b) are larger. In the case of
the parent material AAS083 (Figure 12a), the area unaftected by corrosion processes was
larger, so the corrosion resistance of this alloy in 3.5 wt% NaCl solution is greater. Alt-
hough scanning electron microscope observations do not allow quantitative evaluations
of the corrosion resistance of welds, the results obtained are consistent with Tafel's extrap-
olation results. A qualitative evaluation of the obtained images confirms that the AA5083
alloy has the highest corrosion resistance. Alloy AA6060 experienced high corrosion
losses, while the produced welds showed moderate corrosion resistance. In their case,
corrosion losses that were observed on the surface were higher than those of the AA5083
parent material, and lower than those of the AA6060 parent material. This is confirmed
by the results of the potentiodynamic tests and Tafel extrapolations.
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Figure 12. SEM images illustrating the surfaces of the samples after electrochemical tests on the base
materials AA5083 (a), AA6060 (b), and the welds produced with tool rotational speeds of 800 RPM
(c), 1000 RPM (d) and 1200 RPM (e).

4. Conclusions

The friction-stir-welding process was applied to produce dissimilar butt welds with
AA5083 and AA6060 aluminum alloys. Different tool rotational speed values were used
(800, 1000, 1200 RPM), with a constant tool traverse speed (100 mm/min) and tool tilt angle
(2°). The studies were conducted to evaluate the microstructure, hardness, dislocation
density and mobility, as well as corrosion resistance, of the resulting welds. The following
conclusions can be drawn from this study:

1. Theuse of a hexagonal tool with grooves, along with the selection of the above process
parameters, yielded sound welds that were characterized by an absence of surface
defects. The typical microstructure characterized by zones of HAZ, TMAZ and fine-
grained WN was revealed.

2. Hardness measurements were taken on cross sections of the joints using indentation
tests. A reduction in hardness values was observed in the heat-affected zones on the
AA6060 alloy side of the produced welds. The lowest hardness was noted for the HAZ
of the weld that was produced with a tool rotational speed of 1200 RPM, and was
equal to 0.64 GPa. In addition, it was observed that the maximum hardness of the
nugget zone increased with increasing tool rotational speed. This is explained by a
more efficient recrystallization process occurring as a result of higher heat input. The
highest hardness of the WN zone was observed for the weld that was produced with
the highest tool rotational speed of 1200 RPM, and was equal to 1.07 GPa.

3. Based on the results of the indentation tests, in particular, the dwell time period, the
densities and mobilities of dislocations in the individual zones of weld cross sections
were calculated. The lowest dislocation density of 5.597 x 10 m?, with the highest
mobility of 7.009 x 10-? -'s'-', was observed in the heat-affected zones on the AA6060 side
of the resulting welds, which may explain the significant strength reduction in this
zone.

4. The conducted potentiodynamic tests in 3.5 wt% NaCl revealed that the AA5083 base
material was characterized by the highest corrosion resistance, and the corrosion cur-
rent density was equal to 4.506 + 0.278 uA-cm2. The highest corrosion current density
9.047 + 0.768 pA-cm? was noted for the base metal AA6060. The corrosion current
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densities for all welded samples yielded average values that fell between both parent
materials. By increasing the tool rotational speed, there was higher heat input. This
resulted in more etffective recrystallization, and better corrosion resistance of the
welds.
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Review activity:

¢ Journal of Materials Engineering and Performance (6 reviews)

e Steel Research International (2 reviews)

e Thermochimica Acta (2 reviews)

o International Journal of Pressure Vessels and Piping (1 review)

e Materialia (1 review)

e Surface and Coatings Technology (1 review)

e Physica status solidi (RRL) - Rapid Research Letters (1 review)

Data for the date 05.06.2023
9.2. List of publications

1. Laska, A., Szkodo, M., Cavaliere, P., Moszczynska, D., Mizera, J., Analysis of Residual
Stresses and Dislocation Density of AA6082 Butt Welds Produced by Friction Sir
Welding (2023), Metallurgical and Materials Transactions A: Physical Metallurgy and
Materials Science, 54, 211-225. https://doi.org/10.1007/s11661-022-06862-4
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10.

Laska, A., Szkodo, M., Pawlowski, L., Gajowiec, G., Corrosion Properties of Dissimilar
AA6082/AA6060 Friction Stir Welded Butt Joints in Different NaCl Concentrations
(2023), International Journal of Precision Engineering and Manufacturing - Green
Technology, 10, 457-477. https://doi.org/10.1007/s40684-022-00441-z

Laska, A., Szkodo, M., Cavaliere, P., Perrone, A., Influence of the Tool Rotational
Speed on Physical and Chemical Properties of Dissimilar Friction-Stir-Welded
AA5083/AA6060 Joints (2022), Metals, 12, 1658.
https://doi.org/10.3390/met12101658

Laska, A., Szkodo, M., Koszelow, D., Cavaliere, P. , Effect of Processing Parameters
on Strength and Corrosion Resistance of Friction Stir-Welded AA6082 (2022), Metals,
12, 192. https://doi.org/10.3390/met12020192

Laska, A., Szkodo, M., Manufacturing Parameters, Materials, and Welds Properties of
Butt Friction Stir Welded Joints—Overview (2020), Materials, 13, 4940.
https://doi.org/10.3390/ma13214940

Laska, A., Bartmanski, M., Parameters of the electrophoretic deposition process and its

influence on the morphology of hydroxyapatite coatings. Review (2020), Inzynieria

Materiatowa, 1, 20-25. https://doi.org/10.15199/28.2020.1.3

Sadeghi, B., Sadeghian, B., Taherizadeh, A., Laska, A., Cavaliere, P., Gopinathan, A.,
Effect of Porosity on the Thermo-Mechanical Behavior of Friction-Stir-Welded Spark-
Plasma-Sintered Aluminum Matrix Composites with Bimodal Micro- and Nano-Sized
Reinforcing Al203 Particles (2022), Metals, 12, 1660.
https://doi.org/10.3390/met12101660

Sadeghi, B., Cavaliere, P., Laska, A., Perrone, A., Blasi, G., Gopinathan, A,
Shamanian, M., Ashrafizadeh, F., Effect of processing parameters on the cyclic
behaviour of aluminium friction stir welded to spark plasma sintered aluminium matrix
composites with bimodal micro-and nano-sized reinforcing alumina particles (2023),
Materials Characterizations, 195, 112535.
https://doi.org/10.1016/j.matchar.2022.112535

Cavaliere, P., Perrone, A, Silvello, A., Laska, A., Blasi, G., Cano, I. G., Sadeghi, B.,
Nagy, S., Cyclic behavior of FeCoCrNiMn high entropy alloy coatings produced
through cold spray (2023), Journal of Alloys and Compounds, 931, 167550.
https://doi.org/10.1016/j.jallcom.2022.167550

Sadeghi, B., Shabani, A., Heidarinejad, A., Laska, A., Szkodo, M., Cavaliere, P., A

Quantitative Investigation of Dislocation Density in an Al Matrix Composite Produced

250


http://mostwiedzy.pl

A\ MOST

11.

12.

13.

1.

by a Combination of Micro-/Macro-Rolling (2022), Journal of Composites Science, 6,
199. https://doi.org/10.3390/jcs6070199

Najafizadeh, M., Ghasempour-Mouziraji, M., Hosseinzadeh, M., Yazdi, S., Sarrafan,
A., Bozorg, M., Cavaliere, P., Laska, A., Szkodo, M., Optimization of biocorrosion
resistance and mechanical properties of PM Ti—-XAl-2Fe-3Cu alloys by response
surface methodology (2022), Journal of materials science, 57, 18669-186809.
https://doi.org/10.1007/s10853-022-07768-7

Cavaliere, P., Perrone, A., Silvello, A., Laska, A., Blasi, G., Cano, I. G., Fatigue
Bending of V-Notched Cold-Sprayed FeCoCrNiMn Coatings (2022), Metals, 12, 780.
https://doi.org/10.3390/met12050780

Kowalczyk, Lukasz, Korol, J., Chmielnicki, B., Laska, A., Chuchata, D., Hejna, A.,
One More Step Towards a Circular Economy for Thermal Insulation Materials—
Development of Composites Highly Filled with Waste Polyurethane (PU) Foam for
Potential Use in the Building Industry (2023), Materials, 16, 782.
https://doi.org/10.3390/mal16020782

9.3. Conference presentations

Oral presentation:

Laska A., FSW method as an innovative welding technigue on the example of aluminum

alloys, Belzona — Innovation in Technology VI edition, 16 May 2023, Gdansk, Poland
Oral presentation:

Laska A., Influence of the process parameters on the properties of AA6082 joints
welded by the FSW method, 3rd International Conference on Materials Science &
Engineering, 28 March 2023, On-line

Oral presentation:

Laska A., Modern method of joining materials - Friction Stir Welding and its influence
on the properties of aluminum alloy joints, 3rd International Virtual Conference on
Advanced Functional Materials (ICAFM-2022), 1-3 December 2022, On-line

Oral presentation:

Laska A., The influence of friction stir welding process parameters on residual stresses
and dislocation density in AA6082 welds, 24th International Conference Materials,
Methods and Technologies, 19-22 August 2022, Burgas, Bulgaria
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Oral presentation:

Laska A., The effect of residual stresses and dislocation density on the electrochemical
properties of AA6082/AA6060 dissimilar joints produced by Friction Stir Welding
method, Belzona — Innovation in Technology V edition 18 May 2022, Gdansk, Poland

Oral presentation:

Laska A., Szkodo M., The influence of residual stresses and dislocation density on the
electrochemical properties of dissimilar AA6082/AA6060 joints fabricated by the FSW
method, 2nd International Conference on advanced joining processes, 21-22 October
2021, Sintra, Portugal

Oral presentation:

Laska A., Szkodo M., Analysis of residual stresses and crystallite size of
AAGB082/AA6060 friction stir welded butt joints produced with different tool traverse
speed, 23rd International Conference Materials, Methods and Technologies, 19-22
August 2021, Burgas, Bulgaria

Poster presentation:

Laska A., Corrosion properties of dissimilar AA6082/AA6060 friction stir welded butt
joints in different NaCl concentrations, 5th International Conference on Materials
Research and Nanotechnology ICMRN-2023, 20-21 April 2023, On-line

9.4. Projects

Implementation of activities in the project NEW APPROACH TO INNOVATIVE
TECHNOLOGIES IN MANUFACTURING "NEPTUN" 101079398-NEPTUN-HORIZON-
WIDERA-2021 ACCESS-03 (European Research Executive Agency REA)

9.5. Professional training

Certified training in the use of MEASURLINK v.9 software - 2023
Certified training in the use of nanoindenter Alemnis In-situ SEM - 2022

Certified training in the use and analysis of microtomography instrument - V/TOME/X

S Waygate Technology — 2021
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9.6. Research internships

= June 2023 (one week)

Department of Innovation Engineering, University of Salento, Lecce, Italy, Research Intern - a
research team led by Prof. Pasquale Cavaliere — project on direct hydrogen reduction of iron

oxide pellet
= January 2023 (one week)

The Brandenburg University of Technology Cottbus-Senftenberg (BTU), Department of
Welding and Joining, Cottbus, Germany, Research Visitor — project on Impulse Friction Stir
Welding of aluminum alloys

= June 2022 (one week)

Research Welding Institute, Research and Development Division of Welding Technologies and
Equipment, Bratislava, Slovakia, Research Visitor — project on Friction Stir Welding of

aluminum alloys
= November 2021 (one month)

Department of Innovation Engineering, University of Salento, Lecce, Italy, Research Intern - a
research team led by Prof. Pasquale Cavaliere — project on Friction Stir Welding of aluminum

alloys
= September 2019 (one month)

Belarusian State University of Informatics and Radioelectronics, Minsk, Belarus Project Intern-
a research team led by Prof. Vadim Bogush — project on computer simulations of physical

properties of nanoparticles

= July 2018 - September 2018 (3 months)
Faculty of Engineering, Tarbiat Modares University, Tehran, Iran, Project Intern - a research
team led by Prof. Hamid Delavari — project on the production of carbon quantum dots

9.7. Awards

e |In 2015/2016, 2016/2017, 2017/2018, and 2018/2019 GUT rector's academic

scholarship for the best students.

o In 2021/2022 and 2022/2023, scholarship FRANCIUM for outstanding doctoral
students IDUB GUT.

e In 2022/2022 scholarship for scientific achievements under the POWER project
POWR.03.02.00-1P.08-00-DOK/16.
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In 2021 - travel scholarship within the PROM NAWA project - International
scholarship exchange of doctoral students and academic staff in the field of modern

technologies

Completion of bachelor's and master's degrees with the rector's distinction

9.8. Organizational activities

Member of the Faculty Committee for Ensuring the Quality of Education, for the 2021-
2024 term, Faculty of Mechanical Engineering and Ship Technology, Gdansk
University of Technology

Volunteering at the Foundation for Nanotechnology and Nanoscience Support
NANONET (October 2017 — present)

Member of the Organizing Committee, 4th National Scientific Conference IMPLANTS
2022, 27-28 May 2022, Gdansk, Poland

Member of the Organizing Committee, 3rd National Scientific Conference IMPLANTS
2021, 18 May 2021, on-line

Member of the Organizing Committee, 2nd National Scientific Conference IMPLANTS
2019, 28-29 May 2019, Gdansk, Poland
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