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Friction stir welding is a solid-state welding process, which is successfully applied to aluminum alloys to replace fusion welding
processes. In the present work, the influence of varying the feed rate at constant rotational speed on the mechanical and
microstructural properties of friction stir welded AA5754 was investigated. FSW caused dynamic recrystallization leading to
microstructural changes in different zones. Electron backscattered diffraction confirmed such changes via misorientation angle
and subgrain size distributions. Energy dispersive spectroscopy determined the elements present in the matrix quantitatively and
their distribution through mapping. Tensile and hardness tests showed slight enhancement compared to base metal. %e strain
hardening exponent was used to investigate the effect of varying the feed rate on the behavior of the welded samples.

1. Introduction

Friction stir welding (FSW) is a newly introduced solid-state
welding process, which was intended to replace conventional
fusion welding processes that are normally accompanied by
different welding defects. In the past two decades, numerous
researches focused on this process since it is characterized by
being energy efficient, versatile, and no localizedmelting and
shielding gas are required. In FSW, a nonconsumable ro-
tating tool having a shoulder and a concentric pin is brought
into the opposite edges of sheets to be welded and moves
along the joint. %e tool provides heat arising from friction
at the thickness and the workpiece surface, and mechanical
stirring mixes both sides of workpiece material. %is heating
softens the material underneath the shoulder and sur-
rounding the pin and thus enhances its plastic deformation
leading to severe plastic deformation (SPD) hence dynamic
recrystallization and consequently microstructural grain
refinement [1]. Jamshidi Aval et al. [2] studied the influence

of feed rate and rotational speed on the properties of
AA5086 friction stir welded joints. %ey found that in-
creasing tool rotational speed at a constant feed rate in-
creases the grain size of the dynamically recrystallized grains,
whereas increasing the feed rate at a constant rotational
speed reduces it. In the same fashion, Hirata et al. [3] in-
vestigated the influence of the welding parameter on me-
chanical properties and grain size in AA5083. Similar results
were obtained regarding the rotational speed with grain size,
and the SZ hardness was the highest among other weldment
zones. However, the tensile strength at various welding
conditions was almost the same. FSW parameters of AA5083
lap joints were studied by Bisadi et al. [4], where it was
reported that the welded area increased with increasing tool
rotational speed, while the feed rate did not affect it. Nev-
ertheless, it was concluded that, at lower rotational speeds,
increasing feed rate enhanced the joint’s mechanical
properties compared to that of decreasing feed rate at higher
rotational speeds. Sato et al. [5] investigated the hardness in
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friction stir welds of AA1080 and 5083 and the micro-
structural characteristics governing it. %e influence of grain
boundaries on the hardness was examined in the former AA,
which did not contain any second phase particles. However,
the SZ consisting of recrystallized grains was harder than
BM, which was related to Hall–Petch relation. %e hardness
profiles of the AA5083 weld were homogeneous which were
related to the Orowan hardening mechanism thus indicating
that the hardness profile is mainly influenced by the dis-
tribution of small particles in friction stir welds. In spite of
the wide applications of AA5754 in aerospace, automotive,
and marine industries, the lack of comprehensive research
for studying the effect of FSW parameters on the welded
joint properties was noted from the literature review. Hence,
the objective of the present work is to study the effect of
different feed rates (i.e., welding speeds) at constant rota-
tional speed on the microstructural and mechanical prop-
erties of the resulting friction stir welded joint.

2. Materials and Methods

%e BM used in this work was nonheat treatable AA5754-
H111 with chemical analysis shown in Table 1. %e treat-
ment H111 means that the BM was strain hardened through
cold working followed by a recrystallization anneal to retain
some softness and ductility.%e BM thickness was 6mm and
was sawed into samples (L×W: 110×100mm) by using a
horizontal milling machine to produce the butt joint-square
ended in which the welding line was on 110mm length edge.

Friction stir welding runs were conducted using a
Mo–W tool steel-cylindrical tool with a flat shoulder of
15mm diameter, and a concentric square pin with an edge
length of 6mm, as in Figure 1, and 4.8mm long.

%ree feed rates (i.e., welding speeds) of 36, 70, and
140mm/min were applied at a constant tool rotational speed
of 1070 rpm, where the tool axial pressure on the workpiece
was maintained constant during the entire experiments.
%ese parameters produced sound welds in which complete
intermixing between both base metals is achieved which
covered the entire weldment thickness as shown macro-
scopically in Figure 2.

%e welding setup shown elsewhere [6] was used in
which the attached sheets to be joined were firmly clamped
on the machine table, and the rotating tool starts welding
from one end to the other. After welding, the samples were
left to cool naturally in the air. Wire electrodischarge ma-
chining (EDM) was used to extract the samples for mi-
crostructure and mechanical tests where cutting was
conducted perpendicular to the weld direction, and the SZ
was centered within the gauge length. %e dimensions of the
tensile test specimens were taken according to the standard
tensile test (ASTM: E08). Tensile samples were further
ground from both sides to remove any scratches or dents
that might have aroused during welding or preparation and
to secure smooth surface finish free from any stress risers.
Room temperature tensile tests were conducted using the
Instron 3385H universal testing machine at a constant
crosshead speed of 2mm/min corresponding to the initial
strain rate of 10−3 s−1.

For microstructural testing of the weldments, optical
microscopy (OM) and electron backscattered diffraction
(EBSD) were used to study the microstructure of various
weldment zones and to obtain orientation imaging grain
boundary maps of the SZmicrostructure, respectively. EBSD
was performed using Oxford HKL system incorporated on a
scanning electron microscope (SEM) JSM-6610LV JEOL.
Energy dispersive spectroscopy (EDS) was conducted ten
times on each sample using INCA software, which is in-
corporated in the SEM, and was used to determine the
alloying elements present in the matrix and their distribu-
tion as well. %e specimens were prepared according to the
standard metallographic specimen preparation procedures
including grinding, polishing, and etching. Modified
Poulton’s etchant composed of 2ml HF, 3ml HCl, 20ml
HNO3, and 175ml water was used to reveal the specimen’s
microstructure, by immersion for 10 s. %e grain size was
measured by a linear intercept method that was applied ten
times for each microstructure to calculate the average grain
size. For EBSD, the same procedure of OM was applied and
then further polished using colloidal silica polishing sus-
pension. Microhardness measurements were taken on the
specimen’s transverse cross section on a line located at half
thickness using a Vickers microhardness tester at 500 g load
and 0.5mm incremental distance between successive
indentations.

3. Results and Discussion

3.1. Microstructural Testing

3.1.1. Optical Microscopy. %emicrostructure obtained with
all weldments was divided into three main zones, namely,

Table 1: Chemical composition in wt.% of 5754-H111 aluminum
alloy.

Alloying
element
(wt.%)

Si Fe Cu Mn Mg Cr Ni Zn Ti Al

0.2 0.4 0.05 0.4 3.2 0.04 0.05 0.06 0.05 Bal.

Figure 1: End view of the tool showing its shoulder and the square
pin [6].
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SZ, TMAZ, and BM, as reported in all FSW literature.
Figure 3 shows an optical micrograph of the BM micro-
structure of AA5754-H111 used in this work, where the
grains are equiaxed of size around 36± 2 μm. %e parallel
lines seen in both figures are the slip bands that aroused
during cold working while manufacturing these sheets.

Within the SZ, the material undergoes SPD and also is
subjected to the highest temperature compared to the
neighboring zones in the weldment. Figure 4 shows the
dynamically recrystallized SZ microstructures correspond-
ing to the selected feed rates. %e microstructure at the
slowest feed rate; i.e., 36mm/min, has the largest grain size
of 12.6 μm, whereas it is 10.8 and 8.9 μm with the feed rates
of 70 and 140mm/min, respectively. %e reason is that
reducing the feed rate at constant rotational speed increases
friction heating/heat input per unit length affecting the
workpiece [7]. %is is due to that during welding at low feed
rate (i.e., 36mm/min), the specimen spends longer time
under the effect of friction heating compared to the fastest
feed rate (140mm/min). %is result was also reported in
previous work [8] which assumed that as the maximum
temperature reached within these feed rates, static grain
growth could take place after recrystallization.

Figure 5 shows an example (feed rate of 70mm/min) to
TMAZ, in which the material is plastically deformed and
heated but to a lesser extent where the BM grains are
elongated and rotated plastically due to the tool stirring
action. Also, due to plastic deformation, slip bands/strain
fields appear as parallel lines indicated by arrows as shown in
Figure 5.

3.1.2. Second Phase Particles and Precipitates in the SZ.
Al-Mg (5xxx series) AA is solid solution hardened systems
with Mg as the primary alloying element. %e maximum Mg
solubility in Al (14.9 wt.% at 450°C) results in aluminum-rich
solid solution; α, which determines the upper limit of solid
solution strengthening in such alloy [8]. Essentially 5xxx series
alloys are of the single-phase type, for example, Al3Mg2, A16

(Fe, Mn) [9] such as Al6Mn, A13Fe, and α-Al (Fe, Mn, Si)
which are dispersed as second phase particles within the
aluminum matrix [8, 10]. %e Al3Mg2 phase melts at 450°C
[11] and forms both intergranular as well as at the grain
boundaries causing preferential Mg depletion in the grain
boundary [8, 12]. Al6Mn is an intermetallic phase that has a
melting temperature of 705°C [11] which is higher than the
solidus temperature of AA5754 thus making it effective
particles type to prevent grain growth at high temperatures
[8]. Energy dispersive spectroscopy (EDS) was used to identify
the elements present in the matrix where Al, Mg, Si, Mn, and
Fe which were found to be present in the entire matrix of the
stir zones corresponding to the three feed rates. Figure 6 shows
an example of EDS analysis of the SZ of the sample welded at
140mm/min.%e elemental analysis presented in this figure is
almost identical to that presented in Table 1.

To further investigate the elemental distribution in the
microscale, EDS elemental mapping was taken within the
same zone of EDS quantitative analysis, presented in Fig-
ure 6. Results revealed and confirmed the presence of such
elements within the SZ matrix, as shown in Figure 7. %e
EDS elemental map evidences the homogeneous distribu-
tion of all elements found in the quantitative results.

EDS was further conducted at higher magnification, for
at least five times on the particles to solely identify their
elemental composition. Figures 8(a) and 8(b) show the
results obtained from the particles present in BM and SZ,
respectively. Compared to the chemical composition pre-
sented in Figure 6, it was noted that particles in both lo-
cations (i.e., BM and SZ) are second phase particles that are
composed of higher weight percents of Mg and Si and lower
Al. %e reason for the difference regarding the SZ as
compared to the BM may be due to the friction heating and
fragmentation of these particles, which favour the dissolu-
tion and diffusion of such elements into the matrix.

Figure 9 shows a generalized view at a low magnification
of polished and unetched weldments for the particles dis-
tribution found in BM and SZ of an example sample welded
at 70mm/min.%e BM possessed a combination of the large

(a) (b)

(c)

Figure 2: Macroscopic images of a friction stir welded sample showing (a) weldment top view (black line indicates the weld center), (b)
weldment bottom side (root), and (c) weldment thickness.
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50 µm

(a)

20 µm

(b)

Figure 3: Optical micrographs of BM of AA5754 at different magnifications for the same location.

50 µm 20 µm

(a)

50 µm 20 µm

(b)

50 µm 20 µm

(c)

Figure 4: %e microstructure of the stir zone (SZ) for friction stir welded samples at 1070 rpm and three feed rates: (a) 36mm/min; (b)
70mm/min; (c) 140mm/min. Left and right columns correspond to the same location but different magnifications.
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SZ

50 µm

TMAZ

(a)

20 µm

(b)

Figure 5: Optical micrographs of TMAZ of the sample welded at 70mm/min, at different magnifications.

Al: 95.76; Mg: 3.11; Si: 0.27; Mn: 0.43; Fe: 0.43. wt. (%)
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Figure 6: Example of EDS analysis at SZ of sample welded at 140mm/min. (a) Scanned area; (b) element histogram; (c) quantitative EDS
results.
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Figure 7: Lowmagnification observations and EDS elemental mapping analysis of the SZ of the sample welded at 140mm/min showing the
distribution of various elements. (a) Scanned area; (b) Al; (c) Mg; (d) Si; (e) Mn; (f ) Fe.
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and small size of particles gathered in the form of parallel
bands shown by straight dotted lines in Figure 9(a). %ese
bands might be due to annealing during production where
they cluster/segregate alternately in bands and absent in the
neighbor one. Figure 9(b), on the contrary, shows the small-
sized and homogeneously distributed particles within the
entire SZ. %is is due to the stirring action of the FSW tool,
which caused fragmentation of them during welding.

Higher magnification was used to better visualize the
population andmorphology of particles present in BM and SZ
of the three welded samples, as shown in Figure 10. %e
population/area fraction of these particles concerning the

matrix was measured using a software attached to the optical
microscope, where five measurements were taken for each
location at the SZ center.%is softwaremeasures the dark spot
areas compared to that of the light matrix. %e difference
between particles morphology and population of particles in
the BM and SZ is seen in Figure 10. Generally, the particles in
the SZ are mechanically fragmented/fractured, smeared, and
mixed to different geometries because of the tool stirring [13].
In the BM, on the contrary, the particles have a larger size
(coarse) when compared to that found in other zones, assume
almost round shape, and heterogeneously distributed within
the aluminum matrix giving area fraction of 14.4± 1.4%. In
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Figure 8: High magnification EDS elemental analysis of the second phase particles present in (a) base metal and (b) stir zone.
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Figure 9: Comparison between morphology and population of precipitates found in (a) BM and (b) SZ.
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the SZ, the particles were fragmented and became much
smaller and still assume round shape but more homogenously
distributed within the matrix. %is is because of the stirring
action of the tool pin combined with the workpiece ad-
vancement during welding, as reported earlier in FSW of 5xxx
AA series [5, 9, 13–15]. Figure 10 also shows that increasing
the feed rate reduces the particles size and their density
leading to smaller area fraction % (i.e., 12.1± 1.4, 9.54± 1.1,
and 7.73± 0.7% corresponding to 36, 70, and 140mm/min,
respectively) due to fragmentation and redistribution within
the entire matrix. %is result is similarly reported in different
earlier publications [10, 11, 13, 16, 17].

3.1.3. EBSD Microstructural Analysis. Figures 11(a)–11(c)
show orientation imaging grain boundary maps and their
corresponding histogram for the misorientation angle and
subgrain size distributions taken at the SZ of the three
samples investigated. As stated above, the sample welded at
36mm/min is exposed to the highest heat input among other
samples welded at higher speeds. %is increased heating and
natural cooling leave the grain size of dynamically recrys-
tallized grains in the SZ of 9.4, 5.7, and 5.2 μm corresponding
to feed rates of 36, 70, and 140mm/min, respectively, as
presented in Figure 11.

It is already confirmed in all literature that FSW exhibits
localized SPD within the SZ, leading to dynamic re-
crystallization and hence grain refinement with equiaxed
microstructure. %erefore, it can be stated that exposure to

the highest temperature and thus the highest deformation
occur at the SZ compared to the neighboring zones. On the
contrary, decreasing the feed rate increases plastic de-
formation which in turn increases the average mis-
orientation angle of the evolved microstructure. %is can be
noted in Figure 11 for average misorientation angles of 26°,
24°, and 21° at feed rates of 36, 70, and 140mm/min, re-
spectively. Also, the application of SPD normally leads to the
evolution of large subgrain boundaries, which is expressed as
a percentage of low-angle grain boundaries (LAGBs).

Nevertheless, the highest heat input corresponding to the
feed rate of 36mm/min causes more recovery to the mi-
crostructure, which can be depicted from three micro-
structural features noted in Figure 11.%ey are, namely, first,
the lowest LAGB (31°); second, highest high-angle grain
boundary (HAGB) (69°); and third, the largest average
subgrain size; i.e., 9.4 μm, proving that a greater extent of
recovery has occurred with the lowest feed rate. Here, it is
worth comparing the grain size obtained from OM with
EBSD, which is found that the grain size obtained from the
latter is smaller than the former. %is is because back-
scattered electrons in EBSD are more sensitive to surface
details than light in OM. In addition, the chemical etching
produces steps at the grain boundaries, which do not provide
well-defined grain structure that can be resolved in the light
microscope and finally grain boundary precipitates may
delineate the grain boundaries upon chemical etching, which
makes it difficult or impossible to produce any grain contrast
as reported by Gao et al. [18].

50µm

(a)

50µm

(b)

50µm

(c)

50µm

(d)

Figure 10: Particle morphology and populationmeasured at (a) BM (14.4%) and SZ for samples welded with different feed rates: (b) 36mm/
min (12.1%), (c) 70mm/min (9.54), and (d) 140mm/min (7.73%).
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Furthermore, SPD contributes to high strain energy to
subgrain boundary microstructures thus provideing a driving
force for recovery and recrystallization during higher/longer
heating. Hence, low-angle, low-energy boundaries are re-
duced by recovery mechanisms, whereas, high-angle, high-
energy boundaries are rearranged by grain coarsening
mechanisms. Here, it should be noted that the misorientation
angle distribution histogram (Mackenzie plot) shown in
Figure 11(a) indicates full recrystallization in the SZ, whereas,
in Figures 11(b) and 11(c), partial recrystallization is deduced
in spite of the fact that complete recrystallization and con-
sequent grain refinement was observed in the OM tests.

3.2. Mechanical Properties. As mentioned above, FSW re-
sults in significant microstructural changes within and next

to the SZ.%is probably leads to variations in the mechanical
properties of the weldments.

3.2.1. Hardness Distribution. %e Vickers microhardness
measurements were conducted on the traverse cross
section of the weldment at a line inscribed at its half
thickness. Generally, the hardness profile across all
weldments gave a similar trend in which the hardness is
maximum at the SZ and is then gradually reduced to-
wards the BM as in Figure 12. %is profile is similar to that
found in the earlier literature [4, 10, 19–22] that applied
FSW on AA5xxx series alloys. %e reason why the SZ is
hardest compared to the BM is because of the finer grain
size than in the BM as mentioned above in the metal-
lographic section. Since the grain boundaries are one of
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Figure 11: Orientation imaging grain boundary maps (left column), their corresponding histogram for the misorientation angle dis-
tribution (middle column), and subgrain size distributions (right column) for friction stir welded joints welded at 1070 rpm and different
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the major obstacles to the slip of dislocations, smaller
grain size would have a higher resistance to the localized
plastic deformation giving rise to strength and conse-
quently hardness during the penetration of the micro-
hardness test indenter [23].

Furthermore, the presence of particles with homoge-
neous distribution and small size, which was noted in the
SZ, as well as the greater postweld natural aging, maybe also
other reasons for the higher hardness in the SZ compared
to that in the BM. A similar result is reported in the earlier
work [13, 15, 22]. %e average hardness values of the three
samples measured in the SZ were 67± 1, 70± 1, and 73± 2
HV0.5 corresponding to 36, 70, and 140mm/min re-
spectively. Although this trend indicates that SZ hardness
increases with increasing feed rate as reported earlier [8],
these values are close to each other. %us it can be stated
that there is a minor effect of varying the feed rate on SZ
hardness.

Nevertheless, because of the higher heat input and
temperature exposure occurring with a low feed rate of
36mm/min compared to higher ones, this consequently
promotes recovery and reduces the fraction of subgrain
boundaries; i.e., LAGBs 31° all of which reduce the SZ
hardness. Grain size is another probable reason for hardness
variation within the SZ. As already known in grain boundary
strengthening, dislocation propagation is impeded and
hindered by grain boundaries; hence, the yield strength (YS)
of the material is increased. Decreasing the grain size in-
creases the amount of applied stress necessary to move a
dislocation across the grain boundary [13]. %erefore, the
inverse relation between grain size and YS, demonstrated by
Hall–Petch, indicates that smaller grain size create more
obstacles to the dislocation movement and hence
strengthens the material as reported in [13]. %e relationship
between hardness and the SZ grain size d−1/2 [3] is presented
in Figure 13 showing the relationship which mostly yielded a
straight line.

In the TMAZ, the hardness is then reduced in the
TMAZ, which was subjected to less plastic deformation

hence incomplete dynamic recrystallization. Another zone
appeared next to the TMAZ, which possesses minimum
hardness between 57 and 60 HV0.5. Although this zone was
not distinguished microstructurally, it can be considered as
the heat affected zone (HAZ), beyond which the hardness
increases towards the unaffected BM giving the value of
around 60 HV0.5. It was reported [24] that the difficulty of
distinguishing the HAZ indicates that this zone did not
experience any plastic deformation but is subjected only to
the weld thermal cycle [13].

3.2.2. Tensile Properties. %e engineering stress-strain curves
corresponding to the three feed rates along with that of the
BM are shown in Figure 14. FSW slightly strengthens the
weldments because of the refined-dynamically recrystallized
grains within the SZ. %is consequently led to an increase in
the ultimate tensile (UTS) and yield (YS) strengths and re-
duction in ductility compared to BM.%e variation of the feed
rate has a minor influence on both the UTS and YS and also
ductility. However, it is worth mentioning that the gauge
length of the tensile samples included SZ, TMAZ, HAZ, and
BM. Increasing the feed rate is accompanied by a slight in-
crease in UTS and a decrease in ductility, whereas the YS is
almost unchanged. On the contrary, the effect of varying the
feed rate on the engineering stress-strain plots is minimal
where the UTS and the YS are almost similar, whereas,
nevertheless, ductility is highest with the slowest feed rate
36mm/min. %is may be due to the relatively higher heat
input accompanying the slowest feed rate, which results in
reduced strain hardening behavior, a greater extent of re-
covery and grain coarsening all of which promote ductility.

To investigate the influence varying feed rate on the
resulting strain hardening behavior of the welded samples,
true stress-true strain relation was plotted on a log-log scale
as in Figure 15. %is figure shows that the sample corre-
sponding to 36mm/min possessed highest strain hardening
exponent n� 0.324 when compared to that of 70 and
140mm/min having values of 0.3053 and 0.2977, re-
spectively. %e reason for this result may be due to the
highest particles density present in the SZ of the sample
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welded at 36mm/min in comparison with other feed rates.
Bauri and Yadav [26] reported the effect of particles in the
nonheat treatable AA on the strength and strain hardening
behaviors. Higher amounts of particles lead to higher pin-
ning effect within the grains and on their boundaries thus
leading to more resistance to further plastic deformation
hence higher stain hardening. Another reason may also play
a role in increasing the strain hardening is the grain size.
Earlier findings [26] indicated that dislocation annihilation

rate is low in coarser grained structures due to the larger
distance between boundaries thus promoting more strain
hardening with these grains. %is is reflected on the higher
strain hardening exponent with coarser grain size.

4. Conclusions

%e influence of increasing the feed rate at constant rotational
speed on microstructural characteristics and mechanical
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Figure 15: True stress-true strain plot log-log scale of FSW samples welded at different feed rates: (a) 36mm/min; (b) 70mm/min; (c)
140mm/min.
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properties in FSW of AA5754 was investigated in this study.
Increasing the feed rate is accompanied by reduction in the
friction heating and thus reduction in the grain and subgrain
sizes as well as a reduction in the extent of recovery in the SZ.
Furthermore, it reduces the average misorientation angle,
whereas it increases the low-angle grain boundaries. In-
creasing the feed rate also increases the fragmentation and
homogenizes the second phase particles within the SZ matrix
and therefore reduces the values of ductility and strain
hardening exponent of the joint. In addition, it enhances the
YS and UTS of the weldments compared to that of BM and
also slightly increases the SZ hardness.
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