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Abstract

Friction Stir Processing (FSP) was applied on AA2024-T3 plates. The hardness and tensile
properties of the stir zone were tested, and a microstructure study was conducted. During the
FSP the coarse elongated grains of the parent material changed into fine equiaxed ones, re-
finement of the coarse precipitates detected at the parent material occurred at the same time.
The material subjected to FSP was found to be thermally unstable, as revealed by aging
experiments at 300◦C and precipitate chemical analysis. TEM study showed that the rolled
parent material contained low-angle sub-grains with dislocation network boundaries. During
FSP these were replaced by fine equiaxed grains with clear boundaries and no dislocation tan-
gles. This led to the conclusion that the material underwent Dynamic Recovery (DRV) during
the rolling process, as opposed to Dynamic Recrystallization (DRX) during FSP. Thus, FSP
appears to have the technological potential for improving the microstructure and mechanical
properties of AA2024.

K e y w o r d s: Friction Stir Processing (FSP), AA2024-T3, dislocations, dynamic recovery,
dynamic recrystallization

1. Introduction

Friction Stir Processing (FSP) is a severe plastic
deformation process derived from Friction Stir Weld-
ing (FSW), a process developed at The Welding In-
stitute (TWI) in the UK in 1991 [1, 2]. FSP aims to
obtain a stir zone with very fine grain size. As in FSW,
in FSP a non-consumable rotating tool with a shoulder
and a pin traverses the parent material and produces
intense plastic deformation. FSP was first reported by
Mishra et al. in 2000 [1].
The 2024 (Al-4%Cu-1.5%Mg) aluminum alloy is

one of the most widely used materials for airplane
structures [3] and as such has been investigated in
depth to clarify the relationships between its mi-
crostructure and its mechanical properties. Unlike the
case of FSW of the 2024 aluminum alloy, very few pub-
lications have investigated FSP of the 2024 aluminum
alloy. The following paragraph summarizes the pub-
lished studies in the field of FSP of the 2024 aluminum
alloy as of today.

*Corresponding author: e-mail address: michaelr@braude.ac.il

Nadammal et al. [2] applied a bottom-up approach
for optimizing the process parameters to obtain a
defect-free processed material. Their results included
mechanical properties and residual stress analysis to-
gether with grain size and precipitate studies con-
ducted using Scanning Electron Microscopy (SEM).
Charit and Mishra [3] studied the superplastic be-
havior of friction-stir-processed AA2024-T4. Based on
qualitative Transmission Electron Microscope (TEM)
examination, they claimed that the grain size obtained
at the stir zone was ∼ 3.9 µm. Cavaliere [4] also re-
ported on the superplastic behavior of friction-stir-
processed 2024 Al alloy and further studied the effect
of the addition of Sc and Zr, reporting on the average
grain size of ∼ 1 µm at the stir zone. Suri et al. [5]
reported that FSP yielded an improvement in tensile
strength of about 20%, while they observed a negli-
gible drop in yield strength with respect to the raw
material. Concerning elongation to fracture, Suri et
al. [5] pointed to a drop of approximately 40% in the
case of processed material. Nadammal et al. [6] stud-
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Ta b l e 1. Chemical composition of AA2024-T3 (wt.%) [11]

Cr max Cu Fe max Mg Mn Si max Ti max Zn max Al Other, each max Other, total max

0.1 3.8–4.9 0.5 1.2–1.8 0.3–0.9 0.5 0.15 0.25 Bal. 0.05 0.15

ied microstructure and texture evolution during single
and multiple pass FSP. They reported on the forma-
tion of equiaxed grains with an average size of 4–5µm
at the stir zone, claiming that Dynamic Recrystalliza-
tion (DRX) was the dominant mechanism while Par-
ticle Stimulated Nucleation (PSN) was a participating
nucleation mechanism. Ren et al. [7] studied crack re-
pairing by FSP in the 2024 aluminum alloy. They used
optical microscopy for their microstructure study and
provided microhardness profiles, but they did not con-
duct any quantitative analysis of the microstructure at
the repaired zone.
Nevertheless, they did indicate that dynamic re-

crystallization was the process taking place under-
neath the shoulder of the tool. Ghanbari et al. [8] re-
ported on single- and multi-pass FSP of AL2024/SiC
composite. They noted that optical microscopy re-
vealed fine equiaxed grains at the stir zone but did
not report on the size of these grains. Also, they re-
ferred to the influence of the number of passes, be-
tween 1 and 4, on the hardness of the processed mate-
rial, noting a decrease in hardness as the number of
passes increased. El-Mahallawi et al. [9] reported on
an increase in hardness, from 94 HV in the case of
the non-processed material to 114.7 for material after
undergoing FSP, while the UTS values were 196 and
211MPa, respectively. According to these researchers
[9], the elongation to fracture changed from 2.7% in
the case of non-processed material to 4.1 % for mate-
rial after undergoing FSP. Nadammal et al. [10] stud-
ied microstructure evolution during FSP of AA2024,
AA2219 and AA5086 using X-ray diffraction and elec-
tron back-scattered diffraction techniques. They em-
phasized the role of strain-induced grain boundary
migration (SIMB) and particle-stimulated nucleation
(PSN) that acted simultaneously as the nucleation
mechanisms for DRX in Al alloys during FSP, while in
the case of AA2024 PSN, large particles of Al2CuMg
became nuclei for DRX.
In addition to the limited number of publications

examining FSP of the 2024 aluminum alloy, it should
be noted that only two of them [6, 8] deal with multi-
ple pass and its effect on the microstructure and me-
chanical properties of the stir zone. Moreover, it seems
that none of these publications conducted an analyt-
ical TEM study of the material undergoing FSP, nor
did they study its thermal stability, namely its aging
behavior. Also, it is well known that the nugget zone
of a friction stir weld has a wedge shape – it is as wide
as the diameter of the shoulder at the upper surface of

Fig. 1. The FSP machine.

the weld and markedly narrower near its opposite sur-
face – not to mention the differences between the ad-
vancing side and the retreating surface. For these rea-
sons, it is impossible to obtain a uniform cross-section
as far as the microstructure and mechanical proper-
ties are concerned. Hence the current paper offers a
new approach in which the material was processed
on both sides, thus yielding a wider, rectangular and
more homogenous stir zone. Aging experiments of the
processed material were conducted at 300◦C through-
out 250 h, and High-Resolution Scanning Electron Mi-
croscope (HRSEM) together with Energy Dispersive
X-ray Spectroscopy (EDS) were used to study the mi-
crostructure of the stir zone of both the processed and
the aged material. Mechanical properties, namely, ten-
sion and hardness, were studied in both conditions as
well. A quantitative TEM study compared the par-
ent material and the stir zone of the FSP processed
material to consider the question of whether a mate-
rial with high Stacking Fault Energy (SFE), such as
aluminum, is prone to DRX.

2. Experimental procedure

The material used for this study was commercial
AA2024-T3 aluminum alloy in the form of 200mm
× 100mm plates, 3.175mm thick. The chemical com-
position of AA2024-T3 is given in Table 1.
The above plates were subjected to FSP processing

using a SHARNOA CNC milling machine, see Fig. 1.
The H-13 steel welding/processing tool used con-
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Fig. 2. Drawing of a tensile specimen.

sisted of a pin of 4.5 mm diameter and 3mm height
and a 20mm diameter shoulder. A single pass was
made on one side of the plate. The plate was then
flipped and processed once again right above the first
pass, which was on the bottom side of the plate. The
second pass was made so that the advancing side of the
first pass became the retreating side of the second, and
vice versa. The motivation was to make the stir zone
as symmetrical and uniform as possible while achiev-
ing an almost rectangular cross-section. The optimal
processing parameters according to visual inspection,
metallography, and finally radiography were found to
be a rotational speed of 800 rpm and a transverse
speed of 80 mmmin−1 as described in detail elsewhere
[12]. EDS analysis was conducted on the stir zone and
the parent material on both sides of the stir zone to
check the chemical composition.
The metallographic study was conducted using a

Zeiss AX10 optical microscope and a Zeiss Ultra Plus
HRSEM. The tensile specimens were extracted from
the stir zone parallel to its longitudinal axis so that
the entire gage length of the specimen was made of the
processed material. A drawing of a tensile specimen is
given in Fig. 2. Ten tensile specimens were tested, five
prepared from the parent material and the other five
from the processed material. TEM investigation was
conducted using an FEI Tecnai G2 T20 TEM. The
thermal stability of the microstructure was studied
by means of aging experiments conducted at 300 ◦C
for up to 280 h. Vickers microhardness measurements
were taken using a Seiki Matsuzawa microhardness
tester under a load of 200 gf, while tension tests were
conducted both on parent material and on processed
specimens using an Instron 3369 machine.

Fig. 3. Optical micrograph of the parent metal.

Fig. 4. Optical micrograph of the stir zone.

3. Results

Figure 3 depicts an optical micrograph of the par-
ent AA2024-T3, while Fig. 4 shows an optical mi-
crograph taken from the middle of the stir zone of
the friction-stir-processed material. Both micrographs
were taken under the same magnification.
Figures 3 and 4 indicate that the microstructure

changed markedly during the FSP. The processed
material consists of equiaxed fine grains where each
grain has an average diameter of a few microns, in-
stead of the elongated coarse grains of the parent
material. The elongated grains of the parent material
are due to the rolling process in this direction.
Tensile test results at room temperature for both

the parent metal and the processed materials are listed
in Table 2. As stated earlier, in the case of the pro-
cessed material the specimens were extracted from the
stir zone parallel to its longitudinal axis so that the
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Ta b l e 2. Tensile properties

Condition Average yield
stress
(MPa)

Yield stress
SD
(MPa)

Average
tensile stress
(MPa)

Tensile stress
SD
(MPa)

Average
elongation to
fracture
(%)

Elongation to
fracture SD
(%)

Parent material 362 3.5 463.6 1.5 20.9 1.9
Processed material 282.8 13.9 354.6 49 6.1 2.7

Ta b l e 3. EDS analysis results (wt.%)

Cu Fe Mg Mn Si Ti Zn Al

Stir zone 4.69 0.18 1.32 0.57 – 0.09 – 93.15
Parent – left 4.42 0.12 1.42 0.72 – – 0.19 93.13
Parent – right 4.85 0.12 1.48 0.66 0.11 0.04 0.17 92.56

Fig. 5. Microhardness profiles of the stir zone.

entire gage length of the specimen was made of the
processed material, while in the case of the parent
material the longitudinal axis of the specimens was
parallel to the rolling direction of the material.
As can be seen from Table 2, the tensile properties

of the FSP processed material are inferior to those of
the parent material. The average yield stress of the
processed material was about 22% lower than the av-
erage yield stress of the parent material, while the ten-
sile stress and the elongation to fracture dropped by
about 25 and 71%, respectively. It should be noted
that the scattering of the results, namely, the stan-
dard deviation, is much larger in the case of the FSP
processed material compared to the parent material.
Figure 5 shows three microhardness profiles of the FSP
processed material: profile 1 was taken as close as pos-
sible to the upper surface, profile 2 was taken at the
middle of the cross-section and profile 3 was taken near
the lower surface. All the measurements were taken
across the stir zone, namely, perpendicular to its lon-
gitudinal axis, while the distance from one indentation
to another was 0.25mm. As can be seen in Fig. 5, the
hardness values vary across the stir zone between 105

Fig. 6. HRSEM micrograph of the AA2024-T3 parent
metal.

and 145 HV, while the maximum differences between
the upper and lower surfaces were measured at about
4 mm from the center.
EDS analysis results of the stir zone and the parent

material on both sides of the stir zone metal are listed
in Table 3; it can be seen that the chemical composi-
tion fulfills the requirements of Table 1.
Figure 6 depicts an HRSEM image of the par-

ent material, while Figs. 7 and 8, respectively, show
HRSEM images under the same magnification of the
FSP as-processed material and the FSP processed
material after 280 h at 300◦C.
In the case of the parent material, two kinds of pre-

cipitates are obvious – very coarse ones that are tens
of microns in size (type A in Fig. 6) and evenly dis-
persed nano-sized precipitates (type B). In the case of
the FSP as-processed material, the coarse precipitates
are not discernible, and the average size of the precipi-
tates is within the range of 0.1–1µm (type C in Fig. 7),
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Fig. 7. HRSEM micrograph of the FSP as-processed mate-
rial.

Fig. 8. HRSEM micrograph of the FSP processed material
after 280 h at 300◦C.

while the nano-sized precipitates can be seen as well
(type D). As shown in Fig. 8, after exposure to 300◦C,
grain boundary decoration (type E in Fig. 8) becomes
discernable, and fine platelet-like precipitates appear
inside the grains (type F). Systematic precipitation
analysis of aged AA2024-T3 specimens conducted by
using TEM indicated that these precipitates contain
either Al, Cu and Mg or just Al and Cu, as reported
elsewhere [12, 13]. After quantitative TEM study, a
clear sub-grain structure was observed in the case of
the parent material (for further details see [12]). Fig-
ure 9a is a Bright Field (BF) TEM micrograph of the
parent material taken near <001> Z.A. showing the
dislocation structure comprising the sub-grain walls,
while Fig. 9b shows the respectively selected area elec-
tron diffraction pattern.
A TEM study of the processed material yielded

very low dislocation density. Besides, very few dislo-
cation structures similar to those comprising the sub-

Fig. 9. (a) BF TEM micrograph of AA2024-T3 parent
material taken near <001> Z.A. and (b) selected area elec-

tron diffraction pattern of <001> Z.A.

grain walls of the parent material were recorded. It
seems that the microstructure consisted of ultrafine
grains. In support of this claim, the TEM specimen
was tilted to arbitrary zone axes of certain grains.
This action was based on the fact that when a crystal
is tilted to a certain zone axis, its BF image becomes
darker because more energy goes from the incident
beam to the diffracted beams. This phenomenon can
be used to distinguish between two adjacent grains as
well as to measure grain size. Figure 10a shows a BF
TEM micrograph of the FSP processed material in
its as-processed condition after grain 1 was tilted to
<011> Z.A. Figure 10b shows the respective selected
area electron diffraction pattern taken from grain 1.
The selected area electron diffraction pattern taken
from grain 2 at the same time appears to be far from
<011> Z.A., not to mention that under these condi-
tions grain 2 is very bright compared to grain 1. Based
on repetition of this procedure on a sufficiently large
number of grains, it seems that both the absence of
sub-grain walls and the results of these tilting exper-
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Fig. 10. (a) BF TEM micrograph of AA2024-T3 parent
material taken when grain 1 tilted to <011> Z.A., (b) se-
lected area electron diffraction pattern of <011> Z.A., and
(c) selected area electron diffraction pattern taken from

grain 2.

iments show that the processed material is composed
mostly of ultrafine grains created during FSP.

4. Discussion

As stated earlier, the aim of FSP is to obtain a
stir zone with very fine grain size and hence improved
mechanical properties. As Table 2 shows, in the cur-
rent study, the tensile properties of the material after
FSP are inferior to those of the parent material. How-
ever, the scattering of the results was much higher
in the case of the FSP processed material, as can be
seen from the standard deviations. For example, the
standard deviation in the case of the tensile stress of
the material that underwent FSP was about 33 times
higher than the standard deviation of the tensile stress
of the parent material. The high degree of scattering
can be related either to non-homogeneity of the pro-
cessed material or to defects introduced during FSP,
indicating that further investigation is still required
to determine the reason for this large scattering. The
highest tensile stress measured for the material that
underwent FSP was 419MPa, which is 90.5% of the
average tensile stress of the parent material, while the
highest yield stress measured in case of material pro-
cessed by FSP was 295MPa, which is 81.5% of the
average yield stress of the parent material. The best
tensile results obtained by Nadammal et al. [2] reached
93% of the tensile strength of the parent material,
compared to 90.5% in the current study. It should
be noted that these values reported by Nadammal et
al. [2] refer to bulk tensile specimens having a gage
length of 60mm, a width of 6 mm and thickness of
5.6–5.7mm. In the current study that tested micro
tensile specimens having a gage length of 6 mm, width
of 2 mm and thickness of about 1.8 mm, the measured
tensile stress was 30 % higher than that of the par-
ent material. This, in turn, leads to the conclusion
that the mechanical properties change across the gage
length and that higher tensile strength is expected
when measured within ± 1mm from the center. This
conclusion is further supported by the hardness pro-
file, which shows hardness variation between 114.9 and
125.3 HV0.2 within the range of ± 1mm from the cen-
ter, compared to 107.8 to 129.9 HV0.2 within ± 2 mm
from the center. These differences become markedly
higher when reaching 4mm from the center. Similar
behavior was reported by Ghanbari et al. [8]. Keeping
in mind that the hardness measured in the case of the
parent metal was about 99 HV0.2 parallel to its rolling
direction, it appears that although the hardness val-
ues within ± 12mm from the center varied with the
depth, they were always higher than those of the par-
ent metal. Thus, as has already been suggested, this
contradiction between improved hardness and inferior
tensile properties may be related to the introduction
of defects during the FSP.
A comparison between Figs. 6 and 7 shows that

in the refinement process the precipitates underwent
during the FSP, the coarse precipitates observed in
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the parent material were broken into evenly dispersed
precipitates 0.1–1 µm in size. Improved mechanical
properties at the stir zone may be related to the uni-
formity in size and homogenous dispersion of the pre-
cipitates. Figure 8 shows that the material that has
undergone FSP is unstable. The precipitation process
observed in Fig. 8, namely, grain boundary decora-
tion, together with the appearance of fine platelet-like
precipitates inside the grains and the chemical com-
position of these grains are similar to those observed
at the parent material [12]. As stated elsewhere by the
authors [12], the precipitate study of AA2024 contin-
ues to this day. Nevertheless, researchers seem to agree
that two aging sequences take place. The first one is
the θ aging sequence:

α(ssss)→ GP zones→ θ′′(Al3Cu)→ θ′(Al2Cu)→
→ θ(Al2Cu). (1)

The second one is the S aging sequence:

α(ssss)→ GPBzones→ S ′′(Al2CuMg)→
→ S ′(Al2CuMg)→ S (Al2CuMg). (2)

Both sequences begin with a Super Saturated Solid
Solution (SSSS) and end with stable precipitates. Ag-
ing experiments and chemical analysis of the precipi-
tates showed that the precipitates are of both types –
Al-Cu-Mg and Al-Cu – leading to the conclusion that
both S and θ aging sequences took place.
Until the 1990s it was believed that DRX does not

occur in Al due to its high stacking fault energy. In
turn, this high stacking fault energy is responsible for
the appearance of a stable dislocation arrangement
created by dynamic recovery [14, 15]. This perspec-
tive changed at the beginning of the 1990s. Prasad and
Ravichandran [15] were among the first investigators
to state that DRX does occur in Al. FSW, which was
introduced at the same time [1, 2] and implied both
high strain rates and high temperatures, is therefore
expected to cause DRX. As of now researchers exam-
ining DRX during FSW or FSP of various Al alloys
[10, 16–21] agree on the occurrence of DRX in Al al-
loys during FSW but mention different mechanisms
as being responsible for its occurrence. Among these
mechanisms are Strain-Induced Grain Boundary Mi-
gration (SIMB) acting simultaneously with PSN as the
nucleation mechanisms for DRX [10]; Continuous Dy-
namic Recrystallization (CDRX) process based on dis-
location glide assisted sub-grain rotation [16]; recrys-
tallization via PSN [17]; Dynamic Recovery (DRV)
followed by DRX without specifying the exact DRX
mechanism [18, 19]; CDRX [20]; Discontinuous Dy-
namic Recrystallization (DDRX) [17, 20]; Geometric
Dynamic Recrystallization (GDRX) [17, 20]; CDRX
during which low angle sub-grain boundaries trans-
formed to high angle boundaries [21].

The emergence of the fine equiaxed grains from the
coarse elongated ones (Figs. 3, 4) as well as the disap-
pearance of the dislocation networks and the sub-grain
structure (Figs. 9, 10) indicate that a DRX process
is taking place during FSP of AA2024 in the current
study. It can be concluded that the high stacking fault
energy of Al is responsible for the occurrence of DRV
during thermo-mechanical processing of the 2024 alu-
minum alloy, in turn leading to the arrangement of
dislocations into sub-grain boundaries as observed in
the parent material after rolling. When, as in the case
of FSP, high strain rates are applied, the material un-
dergoes DRX. Certain discrepancies were found in the
literature regarding the exact mechanism responsible
for the DRX process. Hence it seems that further re-
search is still required to fully understand the kinetics
of the DRX process.
As for the technological potential of the process, it

seems that FSP does improve the mechanical proper-
ties of the AA2024, as the hardness values achieved
show. This claim is further supported by the mi-
crostructure obtained during FSB, which at the same
time is grain refined and exhibits evenly dispersed uni-
form precipitates. Some additional improvements of
the process are still required to eliminate the defects
introduced during FSP and hence to achieve improved
tensile properties.

5. Conclusions

– FSP was conducted on both sides of AA2024-T3
3.125mm thick plates. The processed material showed
improved hardness but inferior tensile properties rela-
tive to the parent material. The inferior tensile prop-
erties together with their wide scattering are related
to defects introduced during the FSP.
– During the FSP the coarse elongated grains of

the parent material changed into fine equiaxed ones.
Two kinds of precipitates were observed – very coarse
precipitates tens of microns in size and evenly dis-
persed nano-sized precipitates. In the case of the mate-
rial that underwent FSP, the coarse precipitates were
broken into uniformly dispersed 0.1–1µm precipitates.
– The microstructure of the processed materials

was found to be thermally unstable. After 280 h of ex-
posure to 300◦C, grain boundary decoration was de-
tected together with the appearance of fine platelet-
like precipitates inside the grains.
– TEM study revealed a low angle sub-grain struc-

ture with dislocation network boundaries in the case
of the parent metal. During FSP these were replaced
with fine equiaxed grains having clear boundaries with
no dislocation tangles.
– The high stacking fault energy of Al is assumed to

be responsible for DRV during the thermo-mechanical
processing of the 2024 aluminum alloy. In the case
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of the parent material after rolling, this leads to the
arrangement of dislocations into sub-grain boundaries,
while the high strain rates of the FSP lead to DRX.
Further research is still required to determine which
mechanism is responsible for DRX.
– FSP seems to offer the technological potential for

improving the microstructure and mechanical proper-
ties of AA2024.
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