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Abstract A comprehensive investigation into processing-
microstructure-property relations for optimization of ultimate
tensile strength (UTS) of friction stir welded aluminum 6061
plates is presented. A customized experimental setup has been
employed tomeasure temperature at multiple points of welded
plates as well as the friction stir welding (FSW) tool axial
force, transverse force, torque, and temperature under various
combinations of process parameters. After performing a set of
FSW tests based on a full factorial design, X-ray and ultrason-
ic tests were employed to detect process-induced failure in test
samples. Using design of experiments, the main effects and
percentage contributions of the process parameters on the
maximum UTS were then identified. During the latter analy-
sis, a new methodology is proposed to cope with the effect of
“variable” axial force, as it is often uncontrollable during FSW
tests. Samples with the highest and lowest UTS were selected
and examined in more detail by comparing their fracture sur-
faces using scanning electron microscopy (SEM), as well as
their grain size distributions using electron back scattered dif-
fraction (EBSD) and microhardness experiments. Finally,
through the observedmicrostructure, temperature distribution,
and welding force, it could be explained why the UTS and
microhardness are found to notably vary between sample sof
different RPM and weld speeds.
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1 Introduction

Since its invention at theWelding Institute of UK inDecember
1991, there have been widespread applications of friction stir
welding (FSW) in a range of industries producing, e.g., air-
planes fuselage, ship deck, automobiles BIW, and trains in
chassis. In FSW, a rotating tool consisting of a pin and a
shoulder is pressed against the matched ends of two plates/
parts to be welded, while traversing along the weld centerline.
A specific advantage of this particular joining procedure is
that the heat transfer is accomplished by the heat of deforma-
tion of material close to the tool and there is no need to melt
the material, i.e., the weld is made in a solid state. Over the
past two decades, there have been numerous experimental
studies on different FSW processes of similar and dissimilar
alloys.

Regarding the FSWof similar alloys, Yan et al. [1] studied
the effects of weld tool rotational speed, welding speed, and z-
axis force on the nugget microstructure, nugget tensile prop-
erties, and heat-affected zone hardness during friction stir
welding of aluminum 2524-T351. Mahoney et al. [2] evaluat-
ed the feasibility of friction stir welding of SiC particulate
reinforced 6092 aluminum composites, by observing the mi-
crostructure of the weld nugget, distribution of particulates,
tensile mechanical properties, failure sites and type of fracture
surfaces, and the weld hardness profile. Commin et al. [3]
studied the temperature evolution during FSW of AZ31 Mg
alloy and the resulting residual stress to gain a better under-
standing of the mechanisms involved in this manufacturing
process. The relationship between the processing parameters,
the heat and plastic deformation produced, and the resulting
microstructure and mechanical properties was investigated.
Lee et al. [4] studied the feasibility of FSW for joining of
copper. They also investigated the grain size, microhardness,
and tensile properties of the samples. Konkol et al. [5] studied
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feasibility of FSWof HSLA-65 by performing transverse ten-
sile and bending tests, hardness, Charpy V-notch toughness,
salt spray corrosion testing, and metallographic evaluations.
Posada et al. [6] studied the FSW of stainless steel 304 with
different process parameters. They evaluated microstructure
(optical and scanning electron microscopy (SEM)) and hard-
ness as a function of welding energy. Nandan et al. [7] inves-
tigated heat transfer and viscoplastic flow during FSW of Ti-
6AI-4V alloy and validated their model by temperature and
torque measurements.

Regarding dissimilar alloys, Aval et al. [8] evaluated
thermomechanical behavior and microstructural events in fric-
tion stir welding of AA6061-T6 to AA5086-O aluminum al-
loys. Thermomechanical responses of materials during the
process were predicted employing a three-dimensional model;
then, mechanical properties and microstructures of the weld
zone were studied with the aid of experimental observations
and model predictions. Taban et al. [9] used tensile tests, met-
allography, microhardness testing, SEM, energy dispersive
spectroscopy (EDS), X-ray elemental mapping, focused ion
beam (FIB) with ultra high resolution SEM, and transmission
electron microscopy (TEM) to study the friction stir welding
of 6061-T6 aluminum to AISI 1018 steel. Da Silva et al. [10]
studied the effect of joining parameters on the mechanical and
microstructural characteristics of dissimilar overlap FSW of
2.5-mm-thick AA 1050 aluminum alloy to 1.8-mm-thick
22MnB5 Al–Si-coated boron steel. McLean et al. [11] studied
the microstructure in FSW of magnesium alloy AZ31B to
aluminum 5083 alloy. Somasekharan et al. [12] studied the
microstructure of FSW of different AZ91D to AM60B mag-
nesium alloys. Uzun et al. [13] investigated microstructure,
hardness, and fatigue properties of friction stir welded 6013
aluminum alloy and X5CrNi18-10 stainless steel. Ouyang
et al. [14] studied temperature distribution and microstructural
evolution in the friction stir welding of 6061-T6 aluminum

alloy to copper. Dressler et al. [15] studied microstructure,
hardness, and tensile strength of the butt joint FSWof titanium
alloy TiAl6V4 and aluminum alloy 2024-T3. Chung et al. [16]
investigated friction stir welded butt joints of reduced-
activation ferritic/martensitic steel (RAF/M) F82H and aus-
tenite stainless steels. They considered the effect of the tool
and plate positions to prohibit the mixing of the F82H and
austenite stainless steels and studied the microstructure, mi-
crohardness, and mechanical properties of the welded
samples.

Through the past works above, the majority of experimen-
tal studies on FSW have considered the weld hardness, me-
chanical properties (such as ultimate tensile strength), and
microstructure, and fatigue properties. There have also been
a few other investigations considering residual stresses [17],
weld texture [18], and corrosion behavior [19] of the FSW
samples. Limited works have been reported, however, on
using a systematic design of experiment (DOE) along with
statistical analysis to identify the underlying processing-
microstructure-property relationship during optimization of
specific process outputs. This can be also very important in
evaluating and improving numerical/surrogate models used
for prediction of expensive FSW processes [20–22].

Fig. 1 FSW device (a) and test fixture (b) with two embedded
thermocouples (c) and (d)

Fig. 2 Selected FSW tool pin and shoulder (dimensions in mm) made
from tool steel

Table 1 Friction stir welding process parameters used for different
samples; based on this table in subsequent sections, sample numbers
will be referred as 1n, 2n,…, 9n and B2

Weld speed Tool rotational speed

1000 RPM 1400 RPM 1800 RPM

45 (mm/min) 1n 2n 3n

60 (mm/min) 4n 5n 6n

75 (mm/min) 7n 8n 9n

As received
(i.e., parent material)

B2
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The objective of the present article is to perform an inves-
tigation into processing-microstructure-property relationship
of aluminum 6061 through a set of designed FSW and mate-
rial characterization experiments, while evaluating capabilities
of a recent multiphysics model [22] in predicting experimental
observations. The specific process output variable was chosen
to be the ultimate tensile strength. During the DOE analysis
and optimization, in order to be able to perform a standard
ANOVA analysis, a new approach will be proposed via mul-
tiple regression to cope with the effect of uncontrolled axial
force during the FSW tests.

2 Methodology

2.1 FSW test equipment

A LowStir™ device was employed for FSW tests with a CNC
milling machine as shown in Fig. 1. The FWS unit had the
following specifications:

& Axial force (Fz) up to 50 kN
& Transverse force or weld force (Fxy) up to 25 kN
& Torque (Mz) up to 100 Nm
& Rotational speedup to 3,000 RPM

& Weld speed is limited by the feed rate of our CNC milling
machine which is from 0.5 to 20 mm/s

Among different tool types (MX-Triflat™ and MX-
Triflute™), the selected FSW tool was the Mx-Triflute™ pin
and the single spiral scrolled shoulder with the dimensions
shown in Fig. 2. For welding, 155×65×6.5 mm3 aluminum
6061-T6 plates were used with the weld line parallel to the
rolling direction (Fig. 1).

2.2 Design of experiments

Different process parameters (RPM and weld speed) were
chosen for different FSW samples according to Table 1.
Efforts were made to keep the axial force constant in different
samples during FSW tests by choosing a fixed penetration of
0.1 mm of the shoulder into the plates. However, it was hard to
maintain a fully constant axial force between different welding
tests with the open-loop axial force control test setup. Hence,
the variation of normal force had to be dealt with in the sub-
sequent statistical analysis (Section 3.3.1).

Fig. 4 Points where temperature was measured in the back of the
aluminum plates during FSW tests

Fig. 5 Temperature measurements of samples at the middle of the weld
line on back of the plates at different weld speeds and a constant RPM=
1,000

Fig. 6 Temperature measurements of samples at the middle of the weld
line on back of the plates at different weld speeds and a constant RPM=
1,400

 

Weld zone 

Fig. 3 Tensile test sample perpendicular to the weld line in middle
(dimensions in mm)
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In all the tests, the tool plunge rate was 15 mm/min, tool
dwell time was 10 s, the weld length was 125 mm that started
and ended 15 mm from edges of the plates, and the tool exert
rate was 15 mm/min. For tensile testing, a water jet machine
was used to cut the samples perpendicular to the weld line
according to subsize specimen dimension of ASTM E8-M
standard as shown in Fig. 3. For each friction stir welding
condition (i.e., under a specific combination of process param-
eters), two tensile samples were machined and tested.

2.3 Temperature and force measurements

During FSW experiments, the temperatures of two points at
the back of the plates were recorded as shown in Fig. 4 using
K-type thermocouples and a Fourier DBSA720 data acquisi-
tion system. The tool axial force, transverse force, torque, and
temperature were recorded during the tests using the wireless
data transferring capability of the LowStir™ device.

2.4 X-ray and ultrasonic of FSW welds

All welded plates were examined using X-ray or ultrasonic
inspection by a certified inspector at Kelowna Flightcraft
Ltd., BC, Canada. Subsequently, the tensile specimens were
cut from welded regions with no significant failure indication.
For ultrasonic inspection, ASTM E164-08 standard was used.

2.5 Tensile tests

An Instron3385H tensile test machine was used with a maxi-
mum load capacity of 250 kN at across head speed of 2.5 mm/
min. After tensile tests in all welded samples, the samples with
the highest and lowest ultimate tensile strength (UTS) values
were chosen for further examinations.

2.6 Scanning electron microscopy (SEM) of fracture surfaces

A Tescan Mira3 XMU Field Emission Scanning Electron
Microscope was employed in order to study the morphology
of fracture surfaces of selected tensile samples with the highest
and lowest UTS values.

2.7 Microstructure analysis with electron back scattered
diffraction (EBSD)

An Oxford AZtecHKL EBSD system was used in order to
study the grain size distribution on mid plane of the advancing
side of the samples with the highest and the lowest UTS
values. Earlier studies [22] show that the maximum flow rate
during FSW is normally located near the top of the advancing
side of the pin. For preparation of each EBSD test, a weld
cross section was cut from the weld line and was mounted at
the advancing side of weld. Subsequently, Struers™ polishing
and electropolishing machines were used to polish the sample.
For the latter, first a 320 μm emery paper was used for 60 s
and then a polishing mat with 100 μm Al2O3 suspension for
20 s and 10 μm diamond paste with emery paper for 30 s. In
electropolishing, A2 solution in the manual mode was
employed with a voltage of 12 V for 15 s. The A2 solution
composition was as follows:

& Distilled water (90 ml)
& Ethanol (ethyl alcohol) (730 ml)
& Ethylene glycol monobutyl ether (l00 ml)
& Perchloric acid (78 ml)

The perchloric acid had to be added to the mixture of eth-
anol, ethylene glycol monobutyl ether, and water immediately
before use.

Fig. 7 Temperature measurements of samples at the middle of the weld
line on back of the plates at different weld speeds and a constant RPM=
1,800

Table 2 Summary of FSW maximum temperature at the middle of the weld line on back of different tested samples
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The scanned region at each time frame had a 1,350×
400 μm2 area. In each subsequent frame, the beamwas moved
1,250 μm toward the next point in order to have a 100 μm
overlap between the images, which later merged/stitched to
form a continuous image of the grain size distribution on the
mid plates of samples with the highest and the lowest UTS
values. The number of grains at each EBSD frame was also
counted on three points (two sides and the middle point) with-
in a 77 μm horizontal line.

2.8 Microhardness study

A Qualitest QV-1000 microhardness test equipment was used
with 500 g force and 15 s dwell time in order to measure the
Vickers microhardness in 0.5-mm intervals on the mid plane
of the advancing side of the weld cross section of samples with
the highest and the lowest UTS.

3 Results and discussion

3.1 Temperature and force measurements

In this section, we present the temperature test data at the
middle of the back of plates on the weld line of all tested

samples at point 1 (Fig. 4), along with the corresponding tool
axial force, transverse force, and torque measurements under
various processing conditions per Table 1.

Figures 5, 6 and 7 illustrate comparisons of temperature
measurements at point 1 under different weld speeds of 45,
60, and 75 mm/min and the tool RPMs of 1,000, 1,400, and 1,
800. As seen in these figures, the maximum temperature at
point 1 in the plates is reduced by increasing the weld
(transverse) speed given a tool RPM. The maximum variable
temperature at point 1 in different samples is also included in
Table 2, which shows that this FSW output variable is in-
creased by increasing the tool RPM given a weld speed. The
highest maximum temperature of 519 °C has occurred in sam-
ple 3n (hot weld) and the lowest maximum temperature of
407 °C is in sample 7n (cold weld), which are highlighted in
red and green colors in Table 2, respectively. Note that the
resulting maximum temperature difference between these
two extreme processing conditions is as high as 112 °C, which
can have close effect on resulting microstructure and mechan-
ical properties of the weld as will be discussed through
Sections 3.3 to 3.6.

In Fig. 8, the tool temperature in different samples has been
measured at far end of the tool shaft from the weld zone
(somewhere near point a in Fig. 1). Temperature results

Fig. 8 Tool temperature during FSW tests on different samples

Fig. 9 Tool axial force on different samples during FSW tests with critical points of response curves marked as A, B, C, D, and E
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reconfirm that samples 3n and 7n (see also Table 1) corre-
spond to the hot weld and cold weld states, respectively.

Figure 9 shows the measured tool axial force of different
samples. It can be noticed that the highest axial force during
the steady-state phase of the curves (point D) belongs to sam-
ple 7n (cold weld) and the lowest axial force has occurred in
sample 3n (hot weld). There are five critical points in the axial
force curve during FSW as noted as A, B, C, D, and E in
Fig. 9. Point (A) shows the maximum axial force when the
tool pin starts the plunge inside the plates. Point (B) is the
point when the tool shoulder reaches the fixed penetration of
0.1 mm inside the plates during the plunge phase. Point (C) is
the end of dwell phase when the plates are hot enough to start
the FSWafter 10 s of dwell time. Point (D) is when the FSW
reaches the steady-state condition, and point (E) is when the
tool starts exiting the plates. A–B is called the plunge phase,
B–C is the dwell phase, C–D is the welding phase, and D–E is
the exist phase. As seen in Fig. 9, it is hard to keep a constant
axial force in test samples using an open-loop force control
system of FSW setup (despite a fixed penetration of 0.1 mm).
The source of this noise in the axial forces can be one or
combination of the following factors:

1. The tool wearing during the process which changes the
reference point during tool setup,

2. Operator’s error,
3. Plates thickness tolerances,

4. Vibration effects, and
5. Formation of different excess material from weld zone

(flush) during FSW.

In more advanced setups, one could possibly use a closed-
loop control system which changes the tool penetration inside
the plates in order to keep a constant axial force during FSW
tests, though this is often impractical or too expensive. The
average axial forces in the steady-state phase of the response
curves are reported in Table 3. The highest average axial force
is generated in sample 5n, and the lowest value is seen in
sample 2n, which are highlighted in Table 3 in green and red
colors, respectively.

Figure 10 shows the tool torque measurements in different
samples with the same critical points of A, B, C, D. and E as in
Fig. 9. The highest torque is seen in sample 7n (cold weld) and
also sometimes in sample 4n (second cold weld). The lowest
torque belongs to sample 3n (hot weld). Also, when the RPM
is increased under a constant weld speed, the torque is de-
creased which is because of the increase in heat input during
FSW.

Figure 11 shows the measured transverse force of different
samples during FSW tests. The minimum transverse force is
seen in sample 4n, and the maximum transverse force belongs
to samples 6n and 9n with the highest RPM and sometimes to
samples 7n (cold weld) and 1n. The highest transverse force in
samples 6n and 9n or 7n can be a result of higher excess

Table 3 Average axial force of the tool in the steady-state response phase of the FSW samples

Fig. 10 Tool torque at different samples during FSW tests with critical points of A, B, C, D, and E
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material from the weld (flush) or higher material flow stress
during the process. The distance between two consecutive
transverse force peaks in Fig. 11 is equal to the time of one
advance per rotation.

3.2 X-ray and ultrasonic

After completing the FSW experiments, X-ray and ultra-
sonic tests were performed on the welded samples to in-
vestigate if there is any evidence of failure on the weld
regions. Figure 12 shows the samples after the FSW ex-
periments. Samples 1n, 6n, and 9n had a few areas along
the weld line with lack of diffusion, among which sample
9n had the highest lack of diffusion volume. If we exam-
ine Fig. 12 more closely, it is clear that samples 3n, 6n,
and 9n with the highest tool RPM values and sample 5n
with the highest average axial force have had a high vol-
ume of excess material (flush) from the weld zone (shown
with star signs in Fig. 12). It is interesting that in samples

1n, 6n, and 9n which had showed some failure in X-ray
and ultrasonic tests, we observed a relatively higher trans-
verse force during FSW (Fig. 11), which can be a direct
indication of higher excess material from the weld zone.

3.3 Tensile tests

After cutting two tensile samples from each FSW plate
(Fig. 13) as well as the as-received (parent) plate, tensile
tests were performed and compared for their UTS values.
The as-received 6061-T6 plate showed a UTS of
348.2 MPa. The highest UTS in the FSW samples had a
UTS equal to 76 % of the as-received plate. The lower
UTS of welded samples compared to the parent metal is a
result of overaging in heat treatable aluminum alloys such
as Al 6061 (due to the heat during welding and its effect
on precipitates size, coherency to matrix and distribution).
The values of UTS of different samples are summarized in
Table 4. The minimum UTS belongs to sample 3n (hot

Fig. 11 Tool transverse force at different samples during FSW tests with critical points of A, B, C, D, and E

1n 

4n 

7n 

2n

5n

8n

n

n

n

3

6

9

3n 

6n 

9n 

Fig. 12 FSW samples with
different process parameters of
weld speed and tool RPM (the
excess material is shown with
white stars)
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weld), and the maximum UTS is seen in both samples 5n
(with the highest average axial force per Table 3) and 4n
(the second cold weld per Table 2) with a small difference
in the UTS of the latter two samples. Following the hy-
pothesis in study [20], one would expect to see the lowest
UTS in the hot weld (sample 3n) which is in agreement
with the results here in Table 4. On the other hand, the
highest UTS should theoretically occur in the cold weld
(sample 7n), but this is not the case here; however, sample
4n which was the second cold weld sample is among
those with the highest UTS. With further investigation
of fracture surfaces, this discrepancy was sought to be
the result of the low mechanical bounding in the very cold
weld of 7n (to be discussed in more detail in Section 3.4;
Fig. 17).

3.3.1 Factor effect analysis

In order to use a standard ANOVA analysis and statisti-
cally estimate the effects of controlled process parameters
(namely RPM and weld speed) on the UTS of the FSW
samples, first it was necessary to eliminate the effect of
uncontrolled axial force factor during the tests (note that
the row averages and column averages are different in
Table 3, and hence, a standard DOE factor analysis cannot
be performed). To address this problem, a multiple regres-
sion model using data points of Tables 1, 3, and 4 were
established, where several second-order polynomials with
up to eight different constants (given that here we have
nine data points/FSW configurations) were tried and com-
pared for their coefficient of determinations. In doing so,

Fig. 13 Tensile samples cut from
FSW samples with different
controlled process parameters
(weld speed and tool RPM)

Table 4 Ultimate tensile strength of different FSW samples (minimum, maximum, and average); red and green highlights represent the extreme
conditions under the maximum UTS criterion
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the max UTS values (instead of the min values in Table 4)
were fitted to, based on the best performance of the weld
obtained under each process condition (i.e., a maxi–max
design strategy). The highest coefficient of determination
(R2) of 0.955 was achieved when the following regression
model was fitted to the max UTS values:

UTSad j ¼ aþ bX 1 þ cX 2 þ dX 3 þ bX 2
1 þ cX 2

2 þ dX 2
3

þ eX 1X 2 þ f X 1X 3 þ gX 2X 3 ð1Þ

X1 is the weld speed inmm/min, X2 is the tool RPM, and X3

is the average axial force in (N) from Table 3. The values of
obtained model constants are given in Table 5.

Next, using the above regression model, the value of UTS
at each given combination of RPM and weld speed was re-
calculated/predicted, considering the corresponding constant
average axial force. Results of the predictions are shown in
Table 6, where the recalculated UTS values are called “adjust-
ed”UTS hereafter. It is interesting that both samples 5n and 4n
now demonstrate literally the same highest UTS values
(marked in green). This is again in accordance with the hy-
pothesis proposed in [20] about the cold weld condition and
its positive effects on mechanical properties of FSW.

Next, the effect of each process parameters was evaluated
using the UTS prediction function and constructing the main
effect plots. Results of this analysis are shown in Fig. 14. For
example in order to plot Fig. 14a, the values of total average
weld speed and total average axial force were plugged into
Eq. (1) as well as the individual values of three levels of the
tool RPM. Figure 14 shows that the low weld speed, the high
tool RPM (hot weld conditions), and the low axial force (low

mechanical bonding) will minimize the UTS of FSW samples.
This is again in accordance with the critical effect of hot weld
condition on mechanical properties of FSW samples, by in-
creasing the peak temperature and the heat-affected zone
(HAZ) distance to the weld line. Figure 14 also shows that
the high weld speeds and low tool RPMs (i.e., very cold weld
conditions) can reduce the UTS of the FSW samples. The
reason of low UTS in FSW samples with a cold condition
would be the high viscosity and low mechanical bonding be-
tween material layers which rotate with tool and are deposited
on the trailing edge. Generally speaking, the trends of main
process factors in Fig. 14a, b, c show that there are non-
moronic optimum values to be set for a FSW process in order
to achieve the highest UTS in welded samples. If this opti-
mum process window is exceeded, it can reduce the weld
mechanical properties. In the experimental space under study,
the global maximumUTS is reached when RPM=1,400, weld
speed=60mm/min (1 mm/s), and axial force=7.14 kN, which
is the closest condition to that of sample 5n.

Finally, the percentage contribution of each process param-
eter was calculated following the relations in [20], along with
their interaction effects, based on the adjusted UTS values
considering the average value of the process parameters with
the same total average of axial force for all the FSW samples.
Results are shown in Fig. 15, suggesting that the highest effect
in maximizing the UTS is related to the weld speed, followed
by RPM. The interaction (error) is found to be as low as 2.5 %.

3.4 Examination of fracture surfaces

The fracture surfaces of all the FSW samples were examined
as shown in Fig. 16. It was noticed that the samples with low
UTS values have an S-shape fracture surface (samples 3n and

Table 5 The optimum regression constants obtained for model in Eq. (1)

a b c d e f g

213.78834 −0.15400 −0.000095 −0.000016 −0.001180 0.00298 0.000043

Table 6 Predicted max UTS values using the regression model
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8n), and the samples with high UTS values have a ductile
fracture surface with a necking region (samples 4n and 5n).
It was also interesting that the set of samples from the same
weld fractured at the same location with a similar fracture
surface, indicating nearly uniform weld properties along the
weld line.

Studying the fracture surfaces of tensile samples after
tensile tests in more details, it was noticed that the mate-
rial in the weld zone under the tool pin delaminated in
sample 7n (cold weld) (Fig. 17) as a result of very low
temperature (see Table 2), high viscosity, and low me-
chanical bonding of the welding material, which flows
around the tool and merges again in the retailing edge of
the tool during one rotation of the tool. A similar delam-
ination also occurred in sample 2n (see Fig. 18) which
had the lowest average axial force during FSW (Table 3)
and a relatively high maximum temperature (Table 2). The

delamination was similarly apparent in sample 3n which
had the highest temperature during the welding and a
relatively low axial force (Tables 2 and 3), probably be-
cause of the formation of thicker layers of aluminum ox-
ide which can prevent mechanical bonding of the material
during FSW in addition to the lack of sufficient contact
force effect from a relatively low axial force of the tool
(Fig. 19).

Next, we performed microstructural analysis on the sample
5n with the highest UTS (highest average axial force) and
sample 3n with the lowest UTS (hot weld) using a SEM. In
sample 5n, different points of the fracture surface were studied
as marked in Fig. 20. All over the sample, tiny cups and cones
were noticed, which are representatives of ductile fracture
with microvoid formation and coalescent as illustrated in
Fig. 21.

In sample 3n, as seen before in the macro-level visual
inspection of the tensile samples after fracture, the delam-
ination of material under the tool pin has occurred (see
both Figs. 19 and 22). When this delamination was exam-
ined by SEM, it was noticed (Fig. 23) that it also happens
in other regions near the tool pin after tensile test fracture,
with a uniform distance of the laminated layers equal to
the advance-per-rotation of FSW; which is 25 μm/rotation
(45/1,800=0.025 mm). Figure 23 is at the intersection of
the continuation of an opened delaminate and the fracture
surface on sample 3n after tensile testing fracture as
marked by a yellow circle in Fig. 22. The yellow parallel
lines in Fig. 23 were drawn with an equal distance of
0.025 mm which coincided with the tiny delaminated
layers. In some regions of sample 3n, a low ductility frac-
ture is observed with very small cups and cones compared
to sample 5n as shown in Fig. 24. Also, in some regions
of sample 3n (hot weld), the brittle fracture surfaces are
noticed with cleavage as shown in Fig. 25. In brittle frac-
ture regions, there were some areas of the inter-granular
crack propagation with a sudden fracture evidence (see
grains in Figs. 26 and 27).

Fig. 14 Main effect plots based on the fitted regression model and average value of process parameters: a RPM, b weld speed, and c axial force

Fig. 15 Percentage contributions of the FSW process parameters on the
weld UTS (the axial force has been considered to be fixed at its total
average ~6.95 N)
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3.5 Electron back scattered diffraction (EBSD)

In this section, the grain size distribution at mid thickness of
the advancing side of the weld zone was studied in sample 3n
with lowest UTS (hot weld) and sample 5n with highest UTS
and axial force. Results are shown in Fig. 28. For further
analysis, in Fig. 28a, let us show the x-coordinates of some
important regions of interest. Points A and B are at the tool’s
pin location (nugget zone), points C and D are at the tool’s
shoulder location, points E and F are at the middle points
between the pin and the shoulder, points G and H are where
the directional grains do not exist anymore (TMAZ ends and
HAZ start), and points I and J are where the directional grains
start to form (TMAZ start) in samples 3n and 5n, respectively.

From Fig. 28b, it can be seen that there is a relatively
uniform dynamic recrystallized (DRX) grain size distribution
in the nugget zone in both samples, and this average is higher

in sample 3n with the highest maximum temperature during
FSW. In the right hand side of points A and B where the tool’s
pin has not physically passed through the plate during FSW
(but has been very close to it), there is a very low grain size
region compared to the nugget zone in the left hand side of
these points. Previously, a similar behavior was predicted in
the microstructure modeling of aluminum 6061 using an inte-
grated multiphysics numerical tool [21].

In Fig. 28c, one can clearly see the very low grain size in
A–I and B–J regions which are near the tool pin from left hand
side, followed by I–G and J–H regions with directional grains
(TMAZ) in the right hand side. The A–I and B–J regions are
shear zones (or rotation zones) with the same size of 1.35 mm
in both samples 3n and 5n, which have had different maxi-
mum temperatures of 519 and 484 °C, respectively (see
Table 2). This narrow region is where the material has a high
rotation speed around the tool and can be defined during FSW

   

Sample 1n Sample 2n Sample 3n 

   

Sample 4n Sample 5n Sample 6n 

  

Sample 7n Sample 8n Sample 9n 

Fig. 16 Visual inspection of
fracture surfaces of the samples
with maximum UTS values
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multiphysics modeling using a stick coefficient (δ) and the
tool rotational speed [22]. If the material is trapped in the shear
layer, its deposit is delayed and may rotate with the pin more
than one cycle, which causes a higher strain rate and more
grain refinement during DRX. It is important to notice that
the shear layers have had the same thickness in both hot and
relatively cold samples. It is also interesting that the length of
TMAZ region in sample 3n (hot weld) with maximum tem-
perature of 519 °C is higher than sample 5n with maximum
temperature of 484 °C. Also, the directional grain in TMAZ of
sample 3n are more toward the horizontal line compared to
sample 5n.

In Fig. 28d, one can notice that the HAZ starts after the end
of directional grains in the TMAZ. The size of grains in HAZ
regions near TMAZ are increased compared to the base metal
grains, which are at the right hand side of the figure. The grain
growth in the HAZ of sample 3n (hot weld) is higher com-
pared to sample 5n (relatively cold).

3.6 Microhardness and number of grains

In this section, the microhardness (HV) distribution and also
the number of grains on a length of 77 μm (horizontal line)

were measured at different points of samples 3n and 5n.
Results are shown in Fig. 29.

From Fig. 29, in the nugget zone (left hand side of points A
and B), once can see that the number of grains is higher in
sample 5n compared to sample 3n (hot weld). In other words,
sample 5n (relatively cold weld) has had a lower average grain
size in the nugget zone compared to sample 3n (hot weld),
which would have been resulted from the lower temperature
during dynamic recrystallization and grain growth in sample
5n. Relatively higher values of hardness are also noticed in
sample 5n compared to sample 3n in the nugget zone.

In the regions A–I and B–J in Fig. 29, there is an evidence
of shear layers (rotation layer) in samples 3n and 5n, respec-
tively. More specifically, in these regions again, the grain size
of the sample 5n is lower compared to the sample 3n which
also causes a higher hardness in sample 5n. Also, in both

Fig. 19 Fracture zone under the tool pin in sample 3n (hot weld); notice
the delaminated regions in vicinity of the weld line

Fig. 18 Fracture zone under the tool pin using sample 2n with the lowest
average axial force; notice the delaminated regions in vicinity of the weld
line

Fig. 17 Fracture zone under the tool pin in sample 7n (cold weld); notice
the delaminated regions in vicinity of the weld line

Fig. 20 Fracture surface of sample 5n with the highest UTS (×28)
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samples in the middle of shear layer, the number of grains
decreases or the average grain size increases, causing a de-
crease in the corresponding microhardness.

I n r e g i o n s I –G and J –H , o n e c a n s e e t h e
thermomechanically affected zone (TMAZ) of samples 3n
and 5n, respectively, with the directional grains with larger
sizes compared to the base metal, indicating the occurrence

Fig. 23 Distances between laminates at yellow circle in Fig. 22 using
higher magnification (×500)

Fig. 22 Delamination in the material under the tool pin in sample 3n or
hot weld (×40)

Fig. 21 Typical high magnification of fracture surface in sample 5n with
the highest UTS (×5,000)

Fig. 24 Low ductility fracture in some regions of sample 3n or hot weld
(×5,000)
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of grain growth in TMAZ during FSW. In the TMAZ region
of sample 3n, near its shear zone, still some dynamic recrys-
tallization happens, which causes a lower grain size as com-
pared to sample 5n in the same region. Looking at the right

hand side of the TMAZ, it can be noticed that the directional
grain size in sample 5n (highest UTS and relatively cold weld)
becomes smaller compared to sample 3n (hot weld). The total
length of the TMAZ of sample 3n (I–G) is higher than the one
in sample 5n (J–H) (I–G=~3.75 mm and J–H=~3.12 mm).

The minimum hardness in both samples happens at the
interface of TMAZ and HAZ where both samples have
similar grain size values. This shows the effect of precip-
itates size, coherency to matrix, and their distribution on
the formation of the minimum hardness location. It was
also previously predicted via a numerical study [20] that
the minimum hardness location is located at the interface
of TMAZ and HAZ. The minimum hardness of sample 5n
(relatively cold weld) is higher than the one in sample 3n
(hot weld) where it occurs at a closer location to the weld
line compared to sample 3n. The latter observation com-
plies with the idea proposed in [20]: The lower the peak
temperature and the HAZ distance to the weld line, the
lower the hardness decrease of the FSW samples. In ad-
dition, it was addressed in Section 3.4 that if the FSW
weld is very cold, the low mechanical bounding deterio-
rates the mechanical properties of FSW samples. From
Fig. 29, in both regions of HAZ which are very close to
TMAZ, we can see the grain growth in both samples 3n
and 5n, while the extent of this growth is higher in sample
3n (hot weld) due to the higher maximum temperature
during FSW.

Finally, when the right hand side of the HAZ in both sam-
ples 3n and 5n is inspected in Fig. 29, no grain growth is

Fig. 27 Inter-granular fracture in sample 3nwith very highmagnification
(×101,000)

Fig. 26 Inter-granular fracture in sample 3n (hot weld) with the lowest
UTS (×10,000)

Fig. 25 Brittle fracture in some regions of sample 3n or hot weld
(×5,000)
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noticed and their grain sizes have been equal to that of the base
metal. The steep hardness increase from the HAZ toward the
basemetal region is the result of the FSW heat and its effect on
the precipitates size, coherency to matrix and distribution as
explained in [20]. The base metal hardness is recovered in
higher distances to the weld line in sample 3n (hot weld)
compared to sample 5n (relatively cold weld) as a result of
higher maximum temperature in sample 3n during welding.

4 Summary of main conclusions

Based on the above experimental and optimization study on
aluminum 6061, the followingmain conclusions may bemade
on relationship of process parameters, microstructure, and me-
chanical properties of the FSW welds:

& The maximum temperature is reduced by increasing the
weld speed under a constant tool RPM during FSW.

& The maximum temperature is increased by increasing
the tool RPM under a constant weld speed during
FSW.

& The highest axial force during steady-state phase of FSW
occurs in sample 7n (cold weld), and the lowest axial force
occurs in sample 3n (hot weld).

& The highest torque is seen in sample 7n (cold weld)
and also occasionally in sample 4n (second cold
weld). The lowest torque happens in sample 3n (hot
weld).

& When the RPM is increased with a constant weld speed,
the torque is decreased during FSW.

& The highest UTS in the FSW samples had a UTS equal to
0.76 of the as-received plate.

& The minimum transverse force is seen in sample 4n, and
the maximum transverse force belongs to samples 6n and
9n with the highest RPM and sometimes to sample 7n
(cold weld). The highest transverse force in samples 6n
and 9n or 7n may have been resulted from higher excess

a) 

b) 

c) 

d) 

Fig. 28 Grain size distribution at
mid thickness of the advancing
side of the weld zones of sample
3n with the lowest UTS (hot
weld) and sample 5n with the
highest UTS; a the whole profile;
b higher magnification of the
nugget zone and shear layer; c
higher magnification of shear
layer and thermomechanically
affected zone (TMAZ); d higher
magnification of the TMAZ, heat-
affected zone (HAZ), and base
metal
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material from the weld (flush) or a higher material flow
stress during FSW, respectively.

& The time distance between two consecutive transverse
force peaks is equal to the time of advance per rotation
during FSW.

& The samples 3n, 6n, and 9nwith the highest tool RPMvalues
and sample 5nwith the highest average axial force had a high
volume of excess material from the weld zone (flush).

& In samples 1n, 6n, and 9n which had the lack of diffusion
failure, a relatively higher transverse force during FSW
was seen, which would be due to the higher excess mate-
rial from the weld zone (flush).

& TheminimumUTS belonged to sample 3n (hot weld), and
the maximum UTS is seen in both samples 5n (highest
average axial force) and 4n (second cold weld) with small
difference in UTS.

& Based on the regression model at the same average axial
force, both samples 5n (highest average axial force) and
4n (second cold weld) showed literally the same highest
UTS values.

& There are optimum values to set the FSW process param-
eters in order to get the highest UTS in the weld. If one
exceeds the optimum processing window, it can reduce
the weld mechanical properties.

& All the samples with low UTS values had an S-shape
fracture surface (samples 3n and 8n), and the samples with
high UTS values had a ductile fracture surface with neck-
ing region (samples 4n and 5n).

& When the temperature is very low or very high or axial
force is very low during FSW, the material under the tool’s
pin in the weld zone after tensile test fracture showed the
delamination which is a result of low mechanical
bounding between layers of material rotating around the
pin and forming the weld.

& Based on the SEM studies on fracture surfaces after tensile
tests, sample 5n with the highest UTS and axial force
values had a ductile fracture surface and sample 3n (hot
weld) with the lowest UTS had both low ductility and
brittle fracture surfaces.

& There is a relatively uniform DRX grain size in the nugget
zone in both samples 3n (hot weld) and 5n (relatively cold
weld), and on average, it is higher in sample 3n having a
higher maximum temperature during FSW.

& Shear layer had the same thickness in both sample 3n (hot
weld) and 5n (highest UTS and axial force) equal to
1.35 mm. Note that grain size in sample 3n (hot weld)
was smaller compared to sample 5n (relatively cold weld).
In the middle of both shear layers, there are slightly larger
grains.

& The length of TMAZ region in sample 3n (hot weld) is
higher compared to sample 5n (relatively cold weld).
Also, the directional grains in the TMAZ of sample 3n
are more toward the horizon line compared to sample 5n.

& The sizes of grains in HAZ near TMAZ are increased in
both samples 3n and 5n, while the increase is more signif-
icant in sample 3n (hot weld).

Fig. 29 Microhardness (HV) and
the number of grains in a 77 μm
horizontal line at different
locations of samples 3n and 5n
with the lowest and the highest
UTS values, respectively
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& In the TMAZ of sample 3n near its shear zone, still some
dynamic recrystallization happens and causes a lower av-
erage grain size compared to sample 5n in the same posi-
tion. Looking at the right hand side of the TMAZ, we
noted that the directional grain size in sample 5n (relative-
ly cold weld) becomes smaller compared to sample 3n
(hot weld).

& The total length of TMAZ of sample 3n (hot weld) is
higher than the one in sample 5n (relatively cold weld).

& The minimum hardness in both samples 3n and 5n hap-
pens at the interface of TMAZ and HAZ. The precipitates
size and their distribution cause the hardness decrease.

& The minimum hardness of sample 5n (relatively cold
weld) is higher than that of sample 3n (hot weld), and it
happens at a closer location to the weld line.

& In border regions of HAZ close to TMAZ, the grain
growth happens in both samples 3n and 5n where the
amount of grain growth is higher in sample 3n (hot weld)
due to the higher maximum temperature during FSW.

& The basemetal hardness is recovered at higher distances to
the weld line in sample 3n (hot weld) compared to sample
5n (relatively cold weld) due to higher maximum temper-
ature in sample 3n (hot weld).
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