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Analysis of Residual Stresses and Dislocation
Density of AA6082 Butt Welds Produced by Friction
Sir Welding

ALEKSANDRA LASKA, MAREK SZKODO, PASQUALE CAVALIERE,
DOROTA MOSZCZYŃSKA, and JAROSŁAW 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 ± 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 9 1013 m�2,
while in the welds a decrease was observed up to the value of 1.419 9 1013 m�2. 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 9 10–7ms , while the
dislocation mobility in the parent material was equal to 3.19 9 10–7 m

s . 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.
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I. INTRODUCTION

FRICTION Stir Welding (FSW), patented exactly 3
decades ago, is 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.[1] 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

material through between its surface and the work-
piece.[2] The pin, meanwhile, mixes the plasticized
material, creating the weld.[3] The most important
process parameters include the tool’s traverse and
rotational speed, the geometry of the tool and tool tilt
angle.[4]

The FSW process produces a fine-grained structure in
the nugget zone as a result of dynamic recrystallization
in the weld.[5–7] Numbers of studies have been conducted
to investigate recrystallization phenomena during the
FSW of aluminum alloys.[8–10] 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.[11] Also, the precipitate
dissolution and coarsening at high temperatures during
the FSW process lead to significant changes in the
properties of the welded samples.[12,13] 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.[14] Lower
dislocation mobility and high dislocation density result
in an enhanced strength of the material.[15] Dislocation
density is closely related to the straining resulting from
severe plastic deformation and recrystallization during
the friction stir welding process.[16,17] Woo et al.[18]

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 et al.,[19] 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 AA5024 aluminum alloy, compared to the base
metal. Lee et al.[21] 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.[22] 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.[23]

Moreover, the significant intensification of stress corro-
sion cracking can be observed at tensile residual
stresses.[24] 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.[25] Also, the
corrosion resistance of materials may depend on the
residual stresses and dislocations present in the mate-
rial.[26,27] In the studies of Peel et al.[28] synchrotron
analysis of residual stresses in AA5083 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
welding, while higher traverse speeds are applied. John
et al.[29] 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 et al.[30],
the significant tensile residual stresses were found in the
region around the weld line of dissimilar AA5083/
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 et al.,[31] the residual stresses
observed in 5A06 aluminum alloy and pure copper
dissimilar welds were too high to achieve sound and
reliable joints.

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.[32] Although many papers discussed the
mechanical and electrochemical properties of friction
stir welded AA6082 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.

II. METHODOLOGY

A. Friction Stir Welding

The material under investigation was AA6082 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 I.
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 1 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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using 1 lm diamond suspension. The polished samples
were etched in a reagent consisting 1 mL HF, 1 mL
HCl, 2 mL HNO3 and 96 mL H2O 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 lm. The collected data were examined
using the HKL Channel 5 (Oxford Instruments, United
Kingdom) software.

The X-ray diffraction method (XRD) (Philips X’Pert
Pro, Netherlands) was used via diffractometer with Cu
Ka radiation with a wavelength k = 0.15418 nm oper-
ated at 30 kV and 50 mA. The diffraction patterns were
collected using Bragg–Brentano geometry over 2h 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.[33]

The Williamson–Hall analysis was used to calculate the
crystallite size and microstrain in the parent material

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.

Table II. Designations of the Samples

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

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
FSW6 1000 250 2 4
FSW7 1250 200 2 6.25
FSW8 1250 250 2 5
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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 5N,
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 (E) 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[34] 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.[35] 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.[36,37]

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

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 h111 i orientation. This phenomenon is
the result of intense shear deformation by tool move-
ment during the process. In[38] it was observed that at
high strains, the h111 i texture might form in fcc
crystals.

B. Precipitation Fraction Analysis

Figure 4 presents the XRD diffraction 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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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.

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.[39] The dissolution of the precipitations leads
to a noticeable decrease in the hardness and strength. In
the studies of Rao et al,[40] the dissolution of the

Fig. 2—Macrostructure of the produced welds—FSW1 (a), FSW2 (b), FSW3 (c), FSW4 (d), FSW5 (e), FSW6 (f), FSW7 (g) and FSW8 (h).
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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.

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

Fig. 3—EBSD maps of a selected FSW2 joint—base material AA6082 (a), 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.

Fig. 4—Diffraction patterns for all the tested samples.
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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 et al.,[36] it was revealed that using

the inclined tool results in the increase of the temper-
ature during the process and enhances the material
stirring. Krishna et al.[41] 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 et al.[42] 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[43]:

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

FSW1 FSW2 FSW3 FSW4 FSW5 FSW6 FSW7 FSW8 Base

Mg2Si Percent 0.209 0.208 0.206 0.201 0.178 0.189 0.169 0.222 0.832
Mn4Si7 Percent 0.718 0.743 0.642 0.753 0.637 0.759 0.477 0.761 0.802
Al9Fe0.94Mn2.16Si Percent 0.393 0.371 0.264 0.302 0.207 0.290 0.261 0.214 0.597
Al3Fe Percent 0.466 0.529 0.394 0.385 0.448 0.315 0.378 0.349 1.326
Precipitations Fraction Percent 1.786 1.851 1.506 1.641 1.470 1.553 1.285 1.546 3.557
Al Fraction Percent 98.214 98.149 98.494 98.359 98.530 98.447 98.715 98.454 96.443

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-FSW8).
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bT ¼ bD þ be; ½1�

where bT is a total broadening, bD is a broadening
resulting from the crystallite size and be—from the
microstrains.

The Scherrer equation presumes that the broadening
due to the crystallite size can be presented as follows:

bD ¼ as � k
L � cosh ; ½2�

where as is a Scherrer constant that depends on the
crystal size distribution and its shape (here assumed to
be equal to 1),[44] k 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
crystallographic orientation such as sub-grains (in
nm).[45]

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

be ¼ 4etanh; ½3�

where e is the microstrain.
The Williamson–Hall equation, assuming the pre-

sented equations, can be defined as:

B ¼ as � k
L � coshþ 4etanh: ½4�

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

Bcosh ¼ as � k
L

þ 4esinh: ½5�

Figure 7 depicts the plot of Bcosh vs. sinh. 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 (rR) present in the material, the
indentation tests were performed. Figure 8 presents

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. By applying
the inclined tool, the heat input is higher[36, 42] 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 III. 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:

K ¼ 2sinh
k

: ½6�

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

DK ffi as
L
þ bM

ffiffiffiffiffiffiffi

p
2
q

r

ðKC
1
2Þ; ½7�

where DK is defined as a peak width, b is a magnitude
of the Burgers vector, M is a dislocation distribution

parameter, q is a dislocation density and C is a scaling
parameter called the average contrast factor of disloca-

tions.[46] Equation [7] is a linear function DK ¼
Fig. 7—Plots of Bcosh vs. sinh for all the tested samples.
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f KC
1
2

� �

: The dislocation contrast factor is a function

of Miller indexes and is given by:

C ¼ Ch00ð1� qH2Þ; ½8�

where q is a dimensionless parameter that is dependent
on the edge or screw character of dislocations and H
is defined as:

H2 ¼ h2l2 þ h2k2 þ k2l2

ðh2 þ k2 þ l2Þ
; ½9�

and Ch00; is a factor of the average contrast of disloca-
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
edge and pure screw dislocations, the dislocation con-
trast factor Ch00 can be calculated as:

Ch00i ¼ aCh00

i 1� exp
�A

bCh00

i

 !" #

þ cch00i Aþ dCh00

i : ½10�

Here aCh00

i , bCh00

i , cch00i and dCh00

i are parameters deter-
mined by the elastic constants of the material. The
values used for the calculations are presented in
Table V. According to[47] A is the elastic anisotropy
parameter defined as:

A ¼ 2c44
c11 � c12

: ½11�

For the following calculations the values of c44, c11
and c12 were equal to 2.83Æ1010, 10.73Æ1010 and
6.08 9 1010 N

m2, according to Vallin et al.[48] Substitution
of these values gives the elastic anisotropy parameter A
equal to 1.217.
To calculate parameter q, Eqs. [7] and [8] should be

combined obtaining:

ðDK� aÞ2

K2
ffi b2Ch00ð1� qH2Þ; ½12�

where a ¼ as
L and b ¼ bM pq

2

� �1=2
. The experimental value

of q is determined by imposing the linear function
ðDK�aÞ2

K2 ¼ f K2
� �

: The inverse value of q is obtained as the

intercept of the extrapolated function with the

Table IV. Results Obtained from the Williamson–Hall Analysis and Indentation Tests

L [nm] e [�] E [GPa] rR [MPa] H [GPa]

Base 29.62 � 0.00105 84.85 ± 5.90 � 89.09 ± 6.19 1.19 ± 0.11
FSW1 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 � 51.35 ± 7.02 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 � 45.88 ± 2.91 1.07 ± 0.07
FSW6 68.79 � 0.00061 80.27 ± 5.38 � 48.97 ± 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 ± 2.94 1.10 ± 0.04

Fig. 8—Load-deformation hysteresis plots obtained during
indentation tests.

Fig. 9—Diffraction patterns for all the tested samples with a
horizontal axis based on the diffraction vector K.
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horizontal axis. Figure 10 presents the plot of Eq. [12]
and the values of 1/q.

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

fedge ¼ qthscrew � q

qthescrew � qthedge
¼ 1� fscrew: ½13�

Here fedge and fscrew mean the fractions of each type of
dislocations. To make these calculations, the theoretical
values of q for the pure screw (qthscrew) and pure edge
(qthedge) dislocations are needed. These values can be
determined based on Eq. [14]:

qthi ¼ a
q
i 1� exp

�A

bqi

� �	 


þ c
q
i Aþ d

q
i : ½14�

The elastic anisotropy parameter A was calculated
according to Eq. [11], while a

q
i , b

q
i , c

q
i and d

q
i are values

depending on the elastic constants and dislocations slip
systems activated in crystals. The parameters needed to
determine qthi values are presented in Table V.
Table VI presents the calculated values of qthscrew and

qthedge, as well as the fractions of screw and edge type

dislocations determined using Eq. [13]. Also Ch00screw,
Ch00edge and Ch00average values are presented in Table VI.
After calculations of the q 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 DK is less
significant in each (h k l) peak than in the case of
AA6082 parent material. Based on the slope of the
straight lines the dislocation densities were calculated,
taking the M parameter equal to 2 and the Burgers
vector equal to 0.286 nm.[50] 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 welding and recrystallization process, the
dislocation density is closely related to the straining.[18]

The modified Williamson–Hall analysis revealed that
the highest dislocation density was found for the base
material AA6082 and was equal to 8.225 9 1013 m�2.
The FSW process results in a decrease in dislocation

Table VI. The Theoretical Values of q 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

qthscrew qthedge fscrew fedge Ch00screw Ch00edge Ch00average

base 1.313 0.331 0.818 0.182 0.183 0.200 0.186
FSW1 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 0.412 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

Fig. 10—Plot of Eq. [12] for all the tested samples. The intersect on
the H2 gives 1/q.

Table V. Parameters Needed to Calculate Ch00 and qi
th for Aluminum in fcc Crystal

Parameter qthi
[47] Factor Ch00

[47]

aqi bqi cqi dqi aCh00i bCh00i cCh00i dCh00i

Screw 5.4252 0.7196 0.0690 � 3.1970 0.1740 1.9522 0.0293 0.0662
Edge*[49] 5.9049 0.8046 0.0826 � 4.374 0.2468 2.1880 0.0186 0.0731
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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 9 1013 m�2 for FSW5 and FSW8 sam-
ples. In the studies of Woo et al.,[18] 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 et al.[51] proposed the evaluation of the dislocation
density in similar AA6061 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..[18]

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:[52]

de
dt

¼ _e ¼ b � q � v; ½15�

where _e 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 ¼ _e
b � q : ½16�

The results of the analysis strain–time relationship are
presented in Table VIII.
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Fig. 11—The modified Williamson–Hall plot for welded samples and
the parent material AA6082.
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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 (FSW5-FSW8) than for the ones pro-
duced with the tool tilt angle equal to 0 deg
(FSW1-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

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.[53] on type 304 steel
subjected to different strain levels. Also, Schafler et al.[54]

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[55] in the studies on compression tested 304 type
steel attributed the observed decrease in q, 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.[56, 57] 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

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

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

Base FSW1 FSW2 FSW3 FSW4 FSW5 FSW6 FSW7 FSW8

v [ms ] 3.19 9 10–7 4.69 9 10–7 4.84 9 10–7 4.37 9 10–7 4.54 9 10–7 13.46 9 10–7 16.78 9 10–7 12.38 9 10–7 13.54 9 10–7
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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. AA6082 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,

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 ± 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 pct while in the base material
this value was equal to 18.2 pct. The change of the
dislocation character influenced the dislocation
mobility and it differed from 3.19 9 10–7 m/s for
the base metal to 16.78 9 10–7 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 9 1013 1

m2. The dislocation

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).
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density of the base metals was equal to 8.225 9 1013
1
m2.

7. A 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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