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Abstract

The present study investigated the effect of tool rotational speed on the microstructure
and mechanical behavior of friction stir processed AA 7050 aluminum alloy using an optical
micrograph, scanning electron microscope, tensile test, impact strength, and Vickers micro-
hardness. The alloy was processed at 40 mmmin−1 as a travel speed combined with three
tool rotational speeds, 800, 1200, and 1600 rpm. The visual inspection of the surfaces of the
samples revealed that the alloy could be successfully friction stir processed at any rotational
speed. The results indicated that the mean grain size of the stir zone decreases with increas-
ing the tool rotational speed (from 45 to 9 µm). The development of the precipitates θ, (η′

and η), (T′ and T), and S′ phases was significantly controlled by the tool rotational speed.
Consequently, the microhardness, tensile strength, and impact strength of the AA7050 alloy
were enhanced by friction stir processing due to the combination of grain refinement and pre-
cipitation strengthening. The optimum mechanical properties were obtained for the sample
processed with a tool rotational speed of 1600 rpm.

K e y w o r d s: friction stir processing, 7050 aluminum alloy, tensile properties, hardness, im-
pact

1. Introduction

Aluminum alloys such as the 7xxx series (Al-Zn-
-Mg-Cu) are widely used for fabricating high-strength
and lightweight structures in electrical engineering,
aerospace, and automotive industries owing to their
high strength-to-weight ratio, high conductivity, and
good corrosion resistance [1, 2].
It is well known that improving the alloy’s perfor-

mance can be achieved by grain refinement through
the Hall-Petch relation [3, 4]. Severe plastic de-
formation (SPD) processing is now considered the
most effective procedure for producing materials with
ultrafine-grained (UFG) microstructures [5]. In addi-
tion, it was demonstrated that SPD processing could
significantly alter the precipitation sequence and the
age-hardening response of UFG materials due to the
introduction of a high number of defects, such as
dislocations, grain boundaries, and vacancies that
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play preferential sites of precipitate nucleation [6, 7].
Consequently, the mechanical properties of the SPD-
-processed materials can be further controlled by the
combination of strengthening from grain refinement
and precipitation hardening.
Today, several SPD processing techniques are

available, such as equal channel angular processing
(ECAP) [8], accumulative roll bonding (ARB) [9],
high-pressure torsion (HPT) [10], and friction stir pro-
cessing (FSP) [11]. FSP is a solid-state process for
material consolidation derived from friction stir weld-
ing (FSW) [12]. FSW is a pioneering welding process
that can join aluminum-based alloys, which are usu-
ally extremely difficult to weld using traditional tech-
niques like fusion welding or arc welding [2].
FSP can produce UFG microstructure in a sin-

gle pass using a non-consumable rotating tool with a
shoulder and pin traversing along a specific workpiece
region, as illustrated in Fig. 1 [13]. Friction between
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Fig. 1. An illustration showing the friction stir processing.

the tool shoulder and the workpiece results in severe
plastic deformation introduced by the high-speed stir
tool and localized heating generated by the rotating
tool and the workpiece that softens and plasticizes the
processed zone, which eventually produces an ultrafine
grain structure with high-angle grain boundaries [11,
13, 14]. However, a complex microstructure is often
reported in the FSP materials, and it can be sepa-
rated into four distinct regions: (1) stir zone (SZ), (2)
thermomechanically affected zone (TMAZ), (3) heat
affected zone (HAZ), and (4) base metal (BM) [13].
The literature includes research by various re-

searchers on the evolution of the microstructure and
mechanical behavior of aluminum-based alloys after
FSP [15–22]. These investigations have demonstrated
that FSP parameters such as tool geometry, tool rota-
tion speed, and travel speed influence the microstruc-
ture and corresponding mechanical properties.
However, further research efforts are still needed to

optimize the FSP parameters and extend our knowl-
edge of controlling the design and manufacture of
aluminum-based alloys for different industrial appli-
cations. Hence, the present study aims to explore the
effect of tool rotational speed on the microstructural
characteristics of the stir zone of the AA7050 alloy
after FSP. In addition, the mechanical performances
were evaluated as a function of rotational speed using
the tensile test, impact strength, and Vickers micro-
hardness measurements.

2. Experimental procedure

An industrial rolled plate of AA7050 alloy was
slashed into the required form of a rectangular plate of
200 × 120mm2 and 5 mm in thickness. The chemical
composition of the alloy, as determined by emission
spectroscopy by ASTM B247, is shown in Table 1.
The friction stir processing was performed using

Ta b l e 1. Chemical composition in weight percentage
(wt.%) of the as-received AA7050 alloy

Cu Zn Mg Zr Fe Si Mn

2.3 6.2 6 0.12 0.08 0.1 0.09

Fig. 2. (a) Cylindrical pin FSP tool, (b) FSP experimental
setup, and (c) sampling direction cut for the tensile tests.
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Fig. 3. Optical micrograph of the longitudinal cross-section
of Al 7050 alloy after FSP and the microstructural and
microhardness measurements positions. AS and RS mean

advancing and retreating sides, respectively.

a non-consumable tool with a cylindrical pin made
from high-speed steel (HSS-Co5). As shown in Fig. 2a,
the tool has a shoulder diameter, pin diameter, and
pin length of 16, 5, and 4mm, respectively. The ex-
perimentation was carried out on equipment consist-
ing of a modified vertical milling machine (HURON),
as demonstrated in Fig. 2b, in which the fixture was
made to ensure rigid clamping of the plates during the
processing.
The cinematic parameters of FSP for the AA 7050

alloy were fixed at a constant speed of 40mmmin−1

and different rotation speeds: 800, 1200, and 1600 rpm.
FSP was performed several times by moving in 20mm
increments toward the advancing side.
Figure 3c shows the sample cutting preparation for

the tensile test. The processed plates were cut using
an electro-discharge machine according to the ASTM
B557M-14 specifications with dimensions of a gauge
length of 25 mm, a thickness of 5 mm, and a gauge
width of 6 mm. Tensile tests were performed on each
sample until the failure was achieved using a hydraulic
testing machine at room temperature and a strain rate
of 10−3 s−1. Three samples were tested for each rota-
tional speed condition, and the average data was pre-
sented.
Impact strength tests were conducted at room tem-

perature using an impact testing machine type (In-
stron Wolpert) with a maximum capacity of 300 J.
Under-sized Charpy impact V-notch test specimens
of 55 × 10 × 5mm3 were cut from the plates. At least
three samples were tested for each rotational speed
condition, and the average value was presented.
The microhardness profile was measured along the

cross-section of the stir zone, from the top to the bot-
tom and from the center to the outside line of the stir
zone, as shown in Fig. 3. The microhardness measure-
ments were carried out using a Vickers microhardness

Fig. 4. Top surface morphologies of the processed zone at
rotation speeds of (a) 800, (b) 1200, and (c) 1600 rpm.

tester type (TUKON 2500) with a 0.5 N load and a
dwell time of 15 s.
The stir zones of the processed samples were sub-

jected to microstructural observations using an opti-
cal metallographic microscope, as illustrated in Fig. 3.
The stirred surfaces were first polished and then
etched using Keller’s reagent: 190 ml H2O, 5 ml HNO3,
3 ml HCl, and 2 ml HF.
Additional microstructural observations and struc-

tural investigations were jointly performed by a scan-
ning electron microscope (SEM) combined with en-
ergy dispersive X-ray (EDX) analyses.
X-ray diffraction (XRD) patterns were recorded

using an X’PERT PRO MPD diffractometer operat-
ing at a voltage of 35 kV and a current of 40 mA, using
Cu-Kα (1.5418Å) radiation. The data were collected
over a range of 2θ = 30◦–90◦ with a scanning step of
0.02◦.

3. Results and discussion

3.1. Microstructural evolution

Figure 4 illustrates the surface of the stirring AA
7050 aluminum alloy after processing at 800, 1200,
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Fig. 5. Optical micrographs of (a) unprocessed alloy and stirred zone at rotational speeds of (b) 800, (c) 1200, and (d)
1600 rpm.

and 1600 rpm. The visual analyses of the processed
surfaces show that the surface areas of the stirred
zones are uniformly mixed without any cracks or de-
fects. However, the surface quality is dependent on the
tool rotational speed parameter. It can be seen from
Figs. 4a,b that the surface appearance is less smooth
at low rotation speeds (800 and 1200 rpm).
The roughness fluctuation in the stirred surfaces

is due to the variation in heating amount generated
during stirring caused by the rotation speed level. By
reducing the tool rotation speed from 1600 to 800 rpm,
the heat generated during stirring increases the plas-
ticity of the material. It can be observed that the in-
ternal resistance of the material increases due to the
reduction in the particle size of the stirred zones in
the material, which results in an improvement in the
roughness of the surfaces as a function of the rotation
speed.
Figure 5 presents the microstructure of the unpro-

cessed sample and the stir zones of the FSP samples
at 800, 1200, and 1600 rpm. As shown in Fig. 5a, the
as-received sample comprises globular grains with a
mean grain size of 45 µm and intermetallic phases in

the form of dendrites along the grain boundaries. The
microstructure of the stir zone at 800 rpm is very sim-
ilar to the unprocessed sample, except that the mean
grain size seems smaller (about 28 µm). The amount
of deformation and the heat generated at 800 rpm
seem insufficient to change the dendritic microstruc-
ture of the alloy. While increasing rotational speed
from 1200 to 1600 rpm results in visible grain refine-
ment, the mean grain size reached a value of 9 µm at
the rotational speed of 1600 rpm (Fig. 5d). The de-
velopment of fine microstructure in the stir zone is at-
tributed to the occurrence of dynamic recrystallization
(DRX). The combination of severe plastic deformation
and heating during stirring allowed the accumulation
of dislocations, leading to low-angle grain boundaries
and their transformation into high-angle grain bound-
aries [23]. Figure 5 shows that the distribution of in-
termetallic phases along the grain boundaries signifi-
cantly changes with increasing rotational speed.
SEM micrographs and EDS analysis shown in

Fig. 6 and Table 2 were used to identify the intermetal-
lic phases present in the unprocessed sample and the
stir zone of the processed samples at 800, 1200, and
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Fig. 6. SEM micrographs of (a) unprocessed alloy and stirred zone at rotational speeds of (b) 800, (c) 1200, and (d)
1600 rpm.

Ta b l e 2. EDS analysis in atomic percentage (at. %) of phases present in the unprocessed and processed samples at 800,
1200, and 1600 rpm

Condition Spot Al Mg Cu Zn Si Mn O Fe Possible phase

1 21.91 64.26 1.93 11.18 0.34 0.27 0.11 – T-(AlZn)49Mg32
Unprocessed alloy

2 50.72 – 48.97 – 0.22 – – 0.09 θ-Al2Cu

3 – 5.33 1.28 93.31 – 0.08 – – η′-Mg2Zn11
FSP at 800 rpm

4 – 67.11 – – 32.79 0.03 – 0.07 β-Mg2Si

5 23.14 61.98 1.78 12.64 0.25 0.21 – – T-(AlZn)49Mg32

FSP at 1200 rpm 6 91.47 4.61 0.58 3.23 – – – 0.11 T′-AlMg2Zn

7 34.21 – 65.34 – 0.14 – – 0.31 θ-Al2Cu

8 – 5.97 1.09 92.94 – – – – η′-Mg2Zn11
FSP at 1600 rpm

9 71.15 11.83 15.06 1.86 0.06 – – 0.04 S′-Al6CuMg4

1600 rpm. As summarized in Table 2, the as-received
alloy contains two kinds of intermetallic phases with

different compositions. A coarse particle with a length
of 34 µm and thickness of 18 µm (spot 1) has a chem-
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Fig. 7. XRD patterns of the AA 7050 alloy: (a) unprocessed, (b) processed at 800 rpm, (c) processed at 1200 rpm, and (d)
processed at 1600 rpm.

ical composition close to the stable T-(AlZn)49Mg32
phase. The second intermetallic phase (spot 2) has
a needle-shaped form with a length of 3.3 µm and a
thickness of 1.8 µm (spot 2). Based on the EDS anal-
ysis, this phase is enriched with Cu element, and its
stoichiometry is close to that of the θ-Al2Cu phase.
The presence of different intermetallic phases in the
unprocessed sample is a consequence of its manufac-
turing process history.
FSP at 800 rpm led to the development of differ-

ent intermetallic phases than the unprocessed sample,
as shown in Fig. 6b and Table 2. The stoichiometry
of the first phase (spot 3) is close to the metastable
η′-Mg2Zn11 phase, while the second phase (spot 4)
belongs to the β-Mg2Si phase. Both phases have di-
mensions of a length of 2.4–3 µm and a thickness of
1–1.2 µm. Figure 6c and Table 2 demonstrated that
the sample processed at 120 rpm contains the same
phases already present in the unprocessed sample,
T-(AlZn)49Mg32 phase in spot 5 and θ-Al2Cu phase
in spot 7. Besides, the chemical elements in spot 6
suggest the formation of the metastable T′-AlMg2Zn
phase. It is interesting to note that the sizes of the sta-

ble T-(AlZn)49Mg32 phase are visibly smaller (3.7 µm
in length and thickness of 2 µm) than those present
in the unprocessed sample (Fig. 6a), which indicates
their fragmentation during the stirring. The SEM in
Fig. 6d shows the microstructure of the processed sam-
ple at 1600 rpm. The EDS analysis of spots 8 and 9 re-
veals the development of different intermetallic phases
than in the unprocessed and other processed samples.
As mentioned in Table 2, the chemical compositions of
spots 8 and 9 are close to the metastable η′-Mg2Zn11
and S′-Al6CuMg4 phases, respectively. It is apparent
that the metastable η′-Mg2Zn11 phase has a small rod-
like form with a diameter of 1 µm while the metastable
S′-Al6CuMg4 phase appears as needle-shaped parti-
cles with a length of 2.6 µm and a thickness of 0.8µm.
Figure 7 shows the XRD patterns of the unpro-

cessed sample and the stir zones of the AA 7050 alu-
minum alloy under different tool rotational speed con-
ditions. As can be noticed, the XRD patterns confirm
the presence of different phases in the samples, and
their identifications are in good agreement with the
SEM results (Fig. 6 and Table 2). It must be men-
tioned that the precipitation sequence in the 7xxx al-
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loy is complicated and may contain simultaneously dif-
ferent metastable and stable phases such as θ, (η′ and
η), (T′ and T) phases, or (S′ and S) phases depending
on the Cu content and the Zn/Mg ratio [24].
The SEM observations and XRD patterns demon-

strated that the nature of intermetallic phases strongly
depends on the tool’s rotational speed. The heat gen-
erated from stirring is certainly not the same at 800,
1200, and 1600 rpm, which causes the dissolution and
precipitation of different metastable and stable phases
in the processed samples. Indeed, the heat generated
during the stirring increases with increasing the tool’s
rotational speed. It was reported that the stir zone
suffers from SPD and heat generation with maximum
temperatures in the range of 0.6–0.95 Tm (Tm is the
melting temperature) [13]. Unfortunately, the tempe-
rature measurement in the stir zone could not be made
during the present investigation. Moreover, the gen-
eration of dislocations and vacancies during stirring
serves as a rapid diffusion path to the solute atoms,
accelerating the development of precipitate phases [6].
It was shown in many investigations that increas-

ing the rotational speed and decreasing the travel
speed result in high heating generation, which pro-
motes the grain growth of the dynamically recrys-
tallized grains in the stir zone and eventually causes
the coarsening of the microstructure [25–27]. However,
the present investigation shows completely the oppo-
site behavior. In the present case, the travel speed
was kept the same, but the increase in the rotational
speed reduced the mean grain size of the stir zone
of the present AA 7050 alloy (see Fig. 5). This be-
havior can be attributed to the development of dif-
ferent intermetallic phases during stirring at different
rotational speeds (Figs. 6 and 7, Table 2). Figure 5
shows that the precipitate phases are mostly at grain
boundaries. It is well known that the second phase
generally prevents the migration of grain boundaries,
leading to restricted grain growth. It can, therefore, be
concluded that increasing rotational speed produces
smaller grain sizes due to the simultaneous occurrence
of DRX and the development of precipitate phases.
Consequently, the evolution of mechanical properties
as a function of rotational speed is discussed in the
next section.

3.2. Mechanical properties

The evolution of microhardness in the stir zone
along the horizontal and vertical distances of the pro-
cessed samples at 800, 1200, and 1600 rpm is shown
in Fig. 8. The microhardness of the unprocessed alloy
was 148 HV, and it is also presented in the plots for
comparison.
The microhardness evolution through horizontal

and vertical distances exhibits similar behavior in all
processed samples. The microhardness value is higher

Fig. 8. Evolution of microhardness in the stir zone of the
processed samples at 800, 1200, and 1600 rpm: (a) hori-

zontal and (b) vertical distance.

in the center of the stir zone and then decreases with
increasing horizontal and vertical distances. It should
be mentioned that the decrease in the microhardness
of the processed samples from 8 to 10mm through the
horizontal distance (Fig. 8a) does not belong only to
the stir zone but to the TMAZ and/or HAZ rather
than to the BM. The material in the TMAZ is charac-
terized by a deformed microstructure caused by plastic
deformation and insufficient heating for DRX to oc-
cur [28]. This explains the minor decrease in the mi-
crohardness along the distance from 8 to 9mm in all
processed samples, see Fig. 8a. In contrast, the HAZ
is only affected by heat generated during FSP, and its
microstructure is usually similar to that of the BM
[28]. Hence, the microhardness of HAZ is expected to
be similar to that of the BM (148 HV). Concerning the
heterogeneity of microhardness distribution through
the vertical distance (Fig. 8b), it was expected that
the microhardness would be higher at the top surface
of the stir zone since the tool shoulder is in direct
contact with the top surface of the workpiece, which
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Ta b l e 3. UTS, YS, yield ratio (YS/UTS), El, IS, HVmax, mean grain size (d) values, and detected phases of unprocessed
and FSP samples at 800, 1200, and 1600 rpm

Condition UTS YS YS/UTS El IS HVmax d Detected phases
(MPa) (MPa) (%) (J mm−2) H (µm)

Unprocessed 557 471 0.84 8.4 0.51 148 45 T-(AlZn)49Mg32 + θ-Al2Cu
FSP at 800 rpm 576 482 0.83 8.0 0.61 156 28 η′-Mg2Zn11 + β-Mg2Si
FSP at 1200 rpm 642 465 0.72 6.3 0.56 159 11 T-(AlZn)49Mg32 + T′-AlMg2Zn + θ-Al2Cu
FSP at 1600 rpm 673 458 0.68 5.8 0.54 171 9 η′-Mg2Zn11 + S′-Al6CuMg4

Fig. 9. Nominal stress-strain curves of the unprocessed AA
7050 sample and after FSP at 800, 1200, and 1600 rpm.

brings an additional strain at the top of the stir zone.
The maximum microhardness value of the sam-

ple processed at 800 rpm was found to be 156 HV at
the center of the stir zone, and it decreased slightly
through the distance to reach values of 151 and 148
HV at the outside and the bottom of the stir zone,
respectively. It can be noticed that the difference be-
tween the microhardness values of the sample pro-
cessed at 1200 and 800 rpm is not high. The micro-
hardness at the center of the stir zone increases slightly
to 159 HV after processing at 1200 rpm and then de-
creases to 156 and 148 HV at the outside and bottom
of the stir zone, respectively. A significant increase in
microhardness value to 171 HV is found in the center
of the stir zone in the sample processed at 1600 rpm.
Then, the microhardness decreases to 162 and 152 HV
at the outside and bottom of the stir zone, respecti-
vely. It is evident that FSP at 1600 rpm provides the
best microhardness evolution.
Figure 9 displays the nominal stress-strain curves

of the unprocessed 7050 aluminum alloy and after
FSP at 800, 1200, and 1600 rpm. Tensile properties
such as ultimate tensile strength (UTS), yield stress
(YS), yield ratio (YS/UTS), and percentage elonga-
tion (El%) of the samples are summarized in Table 3.
The unprocessed sample exhibits a tensile strength of

557MPa, yield stress of 471MPa, and an elongation
of 8.4%. According to the results, the UTS increased
from 576MPa in the sample processed at 800 rpm
to 673MPa in the sample processed at 1600 rpm. A
slight improvement in YS can be noted in the sam-
ple processed at 800 rpm, which then decreases with
further increasing the tool rotational speed. However,
the yield ratio decreases with increasing rotational
speed (see Table 3), indicating a good resistance per-
formance of the processed samples, especially those
processed at high rotational speed (1600 rpm). The
elongation depends on the rotational speed, where the
elongation continuously decreases from 8.1% in the
unprocessed sample to 5.8% in the sample processed
at 1600 rpm. Thus, the processed samples present low
ductility compared to the unprocessed sample. This
indicates an increase in the deformation resistance
of the processed samples due to the microstructural
changes, as noticed earlier in Section 3.1. Table 3
presents the values of the impact strength test for all
samples. The impact strength reflects the amount of
energy absorbed in the fracture and determines the
impact toughness of the sample. As can be noticed,
all the processed samples have a slightly higher im-
pact strength than the unprocessed sample. At the
same time, an increase in the tool rotational speed
causes a reduction in the impact strength (IS) from
0.61 Jmm−2 at 800 rpm to 0.54 Jmm−2 at 1600 rpm.
It is apparent that impact strength and yield stress
share the same behavior.
The variation in mechanical properties of the

AA7050 alloy is the direct consequence of the mi-
crostructural variation during FPS. The maximum
microhardness, mean grain size, and detected precip-
itate phases in all samples are presented in Table 3
to determine whether there is any correlation between
the mechanical properties and the corresponding mi-
crostructural evolutions. As can be noticed, the in-
crease in tensile strength and microhardness values
and the lowing in the yield ratio and IS values when
the rotational speed increases can be directly associ-
ated with the decrease in mean grain size and the pre-
cipitation of metastable phases such as η′-Mg2Zn11 at
800 rpm, T′-AlMg2Zn at 1200 rpm, and η′-Mg2Zn11
and S′-Al6CuMg4 at 1600 rpm.
Hence, it can be concluded that the FSP at
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1600 rpm is the best rotational tool parameter for opti-
mizing the mechanical properties of the AA7050 alloy
owing to the small grain size (9 µm) and the precip-
itation of metastable η′-Mg2Zn11 and S′-Al6CuMg4
phases.

4. Conclusions

The surface of the AA 7075 alloy was modified by
friction stir processing. Three tool rotational speeds,
800, 1200, and 1600 rpm, were used to evaluate their
influence on the microstructural characteristics and
the mechanical performance of the processed alloy.
The main findings can be drawn as follows:
– AA7050 alloy can be successfully processed by

friction stir processing with tool rotational speeds
ranging from 800 to 1600 rpm.
– The surface quality of the FSP sample is im-

proved with increased rotational speed.
– FSP resulted in fragmentation of initial phases

(T-(AlZn)49Mg32 and θ-Al2Cu) and precipitation of
several metastable phases, including η′-Mg2Zn11 at
800 rpm, T′-AlMg2Zn at 1200 rpm, and η′-Mg2Zn11
and S′-Al6CuMg4 at 1600 rpm.
– The mean grain size of the stir zone decreased

with increasing the tool rotational speed from 45µm
in the initial state to 9 µm after FSP at 1600 rpm.
– The microhardness value of all processed sam-

ples was higher in the center of the stir zone and then
decreased with increasing horizontal and vertical dis-
tances.
– The mechanical properties of the AA7050 al-

loy were enhanced by friction stir processing due to
the combination of grain refinement and precipitation
strengthening.
– The optimum microstructure and mechanical

properties were obtained for the sample processed at
a rotational speed of 1600 rpm.
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