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A B ST R AC T

The current study adopted a quantitative approach to investigating the mechanical properties, and
their relationship to the microstructural features, of precipitation-strengthened 6061 aluminum alloy
processed through accumulative roll bonding (ARB) and aging heat treatment. To serve this purpose, the
contributions of different strengthening mechanisms including grain refinement, precipitation, dislocation
and solid-solution strengthening to the yield strength of five-cycle ARB samples processed under preaged (ARBed) and aged (ARBed+Aged) conditions were examined and compared. Microstructural
characterizations were performed on the samples through the transmission electron microscope (TEM)
and X-ray diffraction (XRD). Also, the mechanical properties of the samples were investigated through
the tensile test. The obtained results showed that an equiaxed ultrafine grain structure with nano-sized
precipitates was created in the both ARBed and ARBed+Aged samples. The grain refinement was the
predominant strengthening mechanism which was estimated to contribute 151 and 226 MPa to the ARBed
and ARBed+Aged samples, respectively, while the dislocation and Orowan strengthening mechanisms were
ranked second with regard to their contributions to the ARBed and ARBed+Aged samples, respectively. The
overall yield strength, calculated through the root mean square summation method, was found to be in
good agreement with the experimentally determined yield strength. It was also found that the presence of
non-shearable precipitates, which interfered with the movement of the dislocations, would be effective for
the simultaneous improvement of the strength and ductility of the ARBed+Agedsample .
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1. Introduction
Different strengthening mechanisms such as
grain-boundary strengthening (Hall–Petch effect),
work hardening, solid-solution strengthening, and
precipitation strengthening are responsible for
the relatively high strength of metals and alloys
[1-3]. All of these mechanisms are concerned
with some microstructural features of materials.
It is well-known that some processes (e.g.,

plastic deformation and heat treatment) alter
the microstructural characteristics of materials,
which, in return, affects their related strengthening
mechanisms and mechanical properties. For
example, severe plastic deformation (SPD)
processes have been used for grain refinement
to a submicron scale and enhancement of the
mechanical properties of different metals and
alloys [4-7]. These refined materials have proved to
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be suitable candidates for engineering applications
such as structural materials and high-performance
and reliable parts in automobile, aircraft, and
electronic industries [8,9]. One of the most
important SPD techniques is accumulative roll
bonding (ARB) which can be applied to several
cycles of the production process in order to obtain
homogenous ultrafine grain structures in metallic
materials [10]. Some studies have combined the
aging heat treating processes, which are affective
for improving the mechanical properties of heat
treatable alloys, with the ARB processes in order
to acquire more preferable mechanical properties
[11,12]. Metastable structures developed through
the ARB processes can modify the precipitation
of the second phases in the microstructure of heat
treatable alloys with the help of the aging processes
[11]. For example, it has been shown that the size
and morphology of precipitates are influenced by
high-dislocation density regions created during the
ARB processes [13]. However, in the literature, the
effects of the microstructural features of materials
on the mechanical properties of severely deformed
and aged samples have been discussed only
qualitatively [14,15].
The AA6061 aluminum alloy is one of the Al
Mg Si (Cu) system alloys which can be significantly
strengthened via proper aging heat treatments.
This alloy is known for its medium strength and
excellent formability [16,17]. Thus, it is usually
considered as a suitable candidate for studying the
effects of combining ARB, as a forming process, and
aging heat treatment on the mechanical properties
of materials.
To the knowledge of the researchers, no attempt
has been undertaken till now to quantify the
strengthening mechanisms in the ARBed+Aged
alloys to be able to estimate the contributions of
relevant strengthening mechanisms and then,
provide reasonable models for prediction and
comparison of their strengths. It is argued that
quantitative approaches help design accurate
models of materials and processes which, in return,
help achieve desirable mechanical properties.
Hence, the aim of this study is to quantify the
contributions of all the effective strengthening
mechanisms and calculate the overall strengths
of the ARBed and ARBed+Aged 6061 aluminum
alloys by means of precise microstructural surveys
and related mathematical equations.

2. Experimental procedures
2.1. ARB and Aging processes
The material initially used in this study was the
6061 aluminum alloy which had been fully annealed
at 803K for 1.5 h. The strips of thematerial were cut
into 200mm×40mm×1mm pieces parallel to the
sheet rolling direction. Then, the cycles of the ARB
processing were consecutively performed on the
strips which included degreasing, scratch brushing,
and finally roll bonding . The last cycle was carried
out by using a labratoary roll mill with the reduction
equal to 50% (load capacity and rolling speed
were 20 tones and 2 m/min, respectively) . Once
each cycle was performed, the roll-bonded strips
were cut in half; the procedure was repeated five
times at an ambient temperature. Then, the aging
processing was performed on the five cyles of the
ARBed samples at 373 K for 48 hours, resulting in
the ARBed+Aged samples. As mentioned earlier,
this was the optimal heat treatment regime which
would enhance both the strength and ductility of
the ARBed sample [13].
2.2. Microstructure evaluation and mechanical
properties
The microstructre of the samples targeted in
this study was examined on the RD-TD plane of
the thin foil samples, preparad through twin jet
electropolishing in a A2 Struers solution, by using
a Philips CM12 transmission electron microscope
(TEM) operating at 120 kV and the microstructural
features were quantified by using a Clemex Vision
image analyzer. X-ray diffraction analysis was then
carried out to calculate the dislocation density of
the samples. The XRD pattern of the consolidated
composite between 20° and 90°was examined by
using a Philips X’PERT MPD diffractometer with
Cu Kα radiation. The following equations were
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
used to estimate the stored dislocation density
( (𝑑𝑑𝑑𝑑
) (r)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ) ( )
in the samples [18]:
𝑑𝑑𝑑𝑑
𝜌𝜌𝜌𝜌 =
𝜌𝜌𝑠𝑠 )1/2
1/2
(𝜌𝜌𝐷𝐷𝐷𝐷 ×
= (𝜌𝜌
(𝜌𝜌 × 𝜌𝜌𝑠𝑠 ) )1/2

𝜌𝜌 =

𝐷𝐷

3
𝜌𝜌𝐷𝐷 = 32
𝜌𝜌𝐷𝐷 = 𝐷𝐷 23
𝜌𝜌 =𝐷𝐷
𝐷𝐷

× 𝜌𝜌𝑠𝑠

𝐷𝐷2

6𝜋𝜋𝜀𝜀 22
𝜌𝜌𝑠𝑠 = 6𝜋𝜋𝜀𝜀
𝜌𝜌𝑠𝑠 = 𝑏𝑏 22 2
𝑏𝑏
6𝜋𝜋𝜀𝜀

(eq. 1)

(eq. 2)
(eq. 3)

𝜌𝜌𝑠𝑠 Where
= 2 D and e are the average values of the
𝑏𝑏
crystallite size and lattice microstrain, respectively,
and b is the
𝐾𝐾𝐾𝐾 Burgers vector. The Williamson-Hall
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 = 𝐾𝐾𝐾𝐾+ 4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 = 𝐷𝐷 + 4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃
𝐷𝐷
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𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 =

𝐾𝐾𝐾𝐾
+ 4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃
𝐷𝐷
3/2

∆𝜎𝜎𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀𝑠𝑠𝑠𝑠3/2√𝑐𝑐
∆𝜎𝜎𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀𝑠𝑠𝑠𝑠 √𝑐𝑐

𝜀𝜀𝑠𝑠𝑠𝑠 = |𝜀𝜀́𝐺𝐺 − 𝛽𝛽𝜀𝜀𝑏𝑏 |3/2
|𝜀𝜀́𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀
| √𝑐𝑐
𝜀𝜀∆𝜎𝜎
==
− 𝛽𝛽𝜀𝜀𝑏𝑏𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠
𝜀𝜀́ =

𝜀𝜀𝐺𝐺

(

𝜌𝜌 = (𝜌𝜌𝐷𝐷 × 𝜌𝜌𝑠𝑠 )1/2
𝜌𝜌𝐷𝐷 =

3
𝐷𝐷2

𝑑𝑑𝑑𝑑
)
𝑑𝑑𝑑𝑑

(1)
(2)

Rezaei MR, J Ultrafine Grained Nanostruct Mater, 50(2), 2017, 152-160

(3)

6𝜋𝜋𝜀𝜀 2
𝜌𝜌𝑠𝑠 = 2
𝑏𝑏 was
equation

used to calculate the crystallite size
and lattice microstrain as follows [19]:
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 =

𝐾𝐾𝐾𝐾
+ 4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃
𝐷𝐷

tensile test were oriented along the rolling direction
while the gauge length and width of the samples
were respectively 25 and 6 mm. The tensile test was
repeated 3 times for (4)
each of the samples.

(eq. 4)

3. Results
3.1. Microstructure observation
TEM microstructures and the corresponding
(5)
selected area diffraction
patterns (SAD) of the
ARBed and ARBed+Aged samples are illustrated
in Fig. 1. Fig. 1(a)(6)shows that the ARBed sample
consisted of submicron grains with an average
size of 240 nm and that almost all the grains were
(7) grain boundaries. According
separated by clear-cut
Fig. 1(a), some of the grey precipitates with a
volume fraction of 0.01 and an average diameter of
71 nm were created in the microstructures.
(8)
Fig. 1(b) shows that, once the aging processing
was performed, the average grain size of the
ARBed+Aged sample changed (i.e., it reached
280 nm) and its (9)
microstructure was filled with
some white and grey precipitates with a spherical

Where b represents the full widths at the half
maximum (FWHM) of a diffraction peak, q is the
3/2
diffraction
angle,
l is the wave length of X-rays
∆𝜎𝜎𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀𝑠𝑠𝑠𝑠 √𝑐𝑐
and k is a constant. The Williamson–Hall method
requires that two variables equation system be solved
|
𝜀𝜀𝑠𝑠𝑠𝑠 =it|𝜀𝜀́𝐺𝐺needs
− 𝛽𝛽𝜀𝜀𝑏𝑏 at
and
least two diffraction peak angles.
Here, b cosq is plotted versus sinq by considerng
𝜀𝜀𝐺𝐺
four intensity
peaks belonging to the (111), (200),
𝜀𝜀́𝐺𝐺 =
1 (311) crystallographic planes where the
(220),
and
1 + |𝜀𝜀𝐺𝐺 |
2
intercept and slope of the trend line present the
crystallite size and lattice microstrain, respectively.
1 𝑑𝑑𝑑𝑑
the ASTM E8M standard, the
𝜀𝜀𝐺𝐺 Following
=
𝐺𝐺 𝐷𝐷𝐷𝐷
mechanical properties of the samples were
examined through the standard tensile test by using
1 𝑑𝑑𝑑𝑑
=
a𝜀𝜀𝑏𝑏Houndsfield
H50KS testing machine running at a
𝑎𝑎 𝑑𝑑𝑑𝑑
strain rate of 1.67 × 10−4 s−1. The samples in the

∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 =

0.8𝑀𝑀𝑀𝑀𝑀𝑀
𝑥𝑥
ln ( )
2𝑏𝑏
2𝜋𝜋𝜋𝜋(1 − 𝜐𝜐)1/2

(10)

1

3 samples.
2
Fig. 1- TEM micrographs
and the matching SAD patterns of (a) the ARBed and (b) ARBed+Aged
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(almost lower than 10 vol% as was the case for the
precipitates in the present study) they could not be
detected through the XRD technique.
It is clear from Fig. 2 that some little changes in
the peak intensity and width of the samples have
occurred. Based on the Williamson-Hall equation,
the stored dislocations density was calculated to
be 3.32×1014 and 2.75×1014 m-2 for the ARBed and
ARBed+Aged samples, respectively.

morphology. Following the ASTM E 1245
standard that the volume fraction of each phase
of a microstructure would be equivalent to its area
fraction, the volume fraction and mean diameter of
the precipitates were respectively calculated to be
0.07 and 65 nm. These precipitates were created as
a result of the depletion of alloying elements such
as Mg and Si from the saturated solid solution. The
SAD patterns of the both samples (Figs. 1 (a) and
(b)) contain many spots situated around Debye–
Scherrer circles that confirms the presence of a
large number of grains separated with high angle
boundaries in the selected area.

3.3. Mechanical properties
The engineering stress-strain curves belonging
to the ARBed and ARBed+Aged samples are
shown in Fig. 3. Table 1 represents the mechanical
properties obtained from these curves. The results
obtained showed that the yield and tensile strength
of the ARBed sample respectively increased to 101
and 92 MPa after aging process was performed.
Also, the elongation of the ARBed+Aged sample
was 2.5% higher compared to that of the ARBed
sample. It should be emphasized that, as shown
in Table 2, the improvement in the ductility of the
samples can be largely attributed to the increase in
the uniform elongations.

3.2. Dislocations density calculations
The X-ray diffraction patterns and WilliamsonHall plots of the ARBed and ARBed+Aged samples
are presented in Fig 2. For both samples, only the
diffraction peaks that belonged to Al appeared
in the patterns. Because the diffracted waves
would come from the phases with low quantity

4. Discussion
The mechanical properties of the ARBed and
ARBed+aged samples can be related to their
microstructural features and these properties
can be quantified through corresponding
strengthening mechanisms. The contributions of
various strengthening mechanisms to the total

.

Thepatterns
XRD patterns
and (b) Williamson–Hall
plots
the
Fig. 3- The engineering stress-strain curves of the ARBed and
Fig. 2Fig.
(a) 2The(a)
XRD
and (b) Williamson–Hall
plots of the ARBed
andof
ARBed+Aged
Fig.
3 The engineering stress-strain curves of the ARBed and ARBed+Aged
ARBed and ARBed+Aged samples.

ARBed+Aged samples.

samples

5
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(

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
(( 𝑑𝑑𝑑𝑑))
𝜌𝜌 = (𝜌𝜌𝐷𝐷 × 𝜌𝜌𝑠𝑠 )1/2
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(
)
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Rezaei MR, J Ultrafine 𝑑𝑑𝑑𝑑
(Grained
) Nanostruct Mater, 50(2), 2017, 152-160

( 𝑑𝑑𝑑𝑑)
𝜌𝜌 = (𝜌𝜌𝐷𝐷 × 𝜌𝜌𝑠𝑠 )1/2
𝑑𝑑𝑑𝑑
1/2
𝜌𝜌 = (𝜌𝜌𝐷𝐷 × 𝜌𝜌𝑠𝑠 )
1/2
𝜌𝜌𝜌𝜌 =
× 𝜌𝜌𝑠𝑠 )1/2
yield
of the both samples are discussed
𝐷𝐷
(𝜌𝜌strength
= (𝜌𝜌
𝐷𝐷
3 × 𝜌𝜌𝑠𝑠 )
below.
𝜌𝜌𝐷𝐷𝐷𝐷 = 2
𝐷𝐷3
𝜌𝜌𝐷𝐷 = 33 2
𝜌𝜌𝜌𝜌𝐷𝐷𝐷𝐷 =
𝐷𝐷22
=Solid-solution
4.1.
(solute) strengthening
𝐷𝐷
𝐷𝐷
2
6𝜋𝜋𝜀𝜀
This
strengthening
mechanism occurs due to
𝜌𝜌𝑠𝑠𝑠𝑠 = 2 2
2 atmosphere of solute elements around
6𝜋𝜋𝜀𝜀
the
Cottrell
2
𝑏𝑏
𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 =
= 6𝜋𝜋𝜀𝜀
𝜌𝜌
lattice
dislocations
that impede the movement
2
22
𝑏𝑏𝑏𝑏
of dislocations [20]. In other words, solute atoms
that differ from matrix atoms in size and/or shear
𝐾𝐾𝐾𝐾 variations in the strain fields around
modulus cause
𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 =𝐾𝐾𝐾𝐾 In+the
4𝜀𝜀 field
dislocations.
of materials engineering,
𝐷𝐷+ 4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠
𝐾𝐾𝐾𝐾
𝛽𝛽
𝜃𝜃𝜃𝜃 𝜃𝜃
𝛽𝛽
𝑐𝑐𝑐𝑐𝑐𝑐
𝜃𝜃
=
4𝜀𝜀
𝑠𝑠𝑠𝑠𝑠𝑠
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐
𝜃𝜃 = 𝐷𝐷 equation
+ 4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠
the
Fleischer
is
accepted to provide a
𝐷𝐷
good estimate of solid-solution strengthening
mechanism even in ultrafine grain structures
[21,22]:
3/2
3/2
∆𝜎𝜎𝑠𝑠𝑠𝑠
= 𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀
𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀3/2
√𝑐𝑐𝑐𝑐
∆𝜎𝜎
𝑠𝑠𝑠𝑠 =
𝑠𝑠𝑠𝑠 √
3/2
𝑠𝑠𝑠𝑠
∆𝜎𝜎𝑠𝑠𝑠𝑠
= 𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀
𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀𝑠𝑠𝑠𝑠
√
𝑠𝑠𝑠𝑠 =
∆𝜎𝜎
√𝑐𝑐𝑐𝑐
𝑠𝑠𝑠𝑠3/2

|𝜀𝜀́𝐺𝐺𝐺𝐺𝐺𝐺−−
𝜀𝜀𝑠𝑠𝑠𝑠
=|𝜀𝜀́
−𝛽𝛽𝜀𝜀
𝛽𝛽𝜀𝜀|𝑏𝑏 ||
|𝜀𝜀́
|𝜀𝜀́
𝑠𝑠𝑠𝑠 =
=
=
𝛽𝛽𝜀𝜀
𝑠𝑠𝑠𝑠
𝜀𝜀𝜀𝜀𝜀𝜀𝑠𝑠𝑠𝑠
𝐺𝐺 − 𝛽𝛽𝜀𝜀𝑏𝑏𝑏𝑏 |𝑏𝑏
𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
1
1|𝜀𝜀𝐺𝐺 |
11
11++2
|𝜀𝜀| |
1
++ 𝜀𝜀2𝐺𝐺|𝜀𝜀|𝜀𝜀
1
22 𝐺𝐺 𝐺𝐺𝐺𝐺 |
𝜀𝜀́𝐺𝐺 =

=
=
𝜀𝜀́𝜀𝜀́𝜀𝜀́𝜀𝜀́𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =
=

(6)

(eq. 6)

𝜀𝜀𝑠𝑠𝑠𝑠 = |𝜀𝜀́𝐺𝐺 − 𝛽𝛽𝜀𝜀𝑏𝑏 |

3
𝐷𝐷2

(1)
(1)
(1)
Where M is the Taylor factor(1)(equal to 3.06 for
(1)
2
(2)
(2)
6𝜋𝜋𝜀𝜀
polycrystalline
fcc materials such as aluminum
𝜌𝜌𝑠𝑠 = 2
[23]),
(~25.4(2)GPa for
𝑏𝑏G is the shear modulus
(2)(2) factor vector
aluminum [24]), b is the Burgers
(3)
(3)
strain, c is
(equal to 0.286 nm [25]), ess is the lattice
the atomic concentration of a solute,
β
is
a
constant
(3)
(3)(3)
𝐾𝐾𝐾𝐾
equal
is 𝜃𝜃the lattice parameter of the
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃to= 3, and
+ 4𝜀𝜀a𝑠𝑠𝑠𝑠𝑠𝑠
matrix. It 𝐷𝐷is assumed that solute atoms entirely
deplete from solid solutions under aged conditions
and hence, this strengthening mechanism was only
(4)
(4)Si are the
deployed to the ARBed sample. Mg and
3/2
(4)
(4)
(4)solution
∆𝜎𝜎
=
𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀
𝑐𝑐
√
𝑠𝑠𝑠𝑠 effective
most
𝑠𝑠𝑠𝑠 solute atoms in the solid
strengthening of the 6061 aluminum alloy. By
substituting
values for the parameters in the above
𝜀𝜀𝑠𝑠𝑠𝑠 = |𝜀𝜀́𝐺𝐺 − 𝛽𝛽𝜀𝜀𝑏𝑏 |
equations, the increase in the strength resulting
from Mg and Si was calculated to be(5)
35.92 and 0.52
(5)
(5)(5)
𝜀𝜀𝐺𝐺
MPa, respectively.
Thus, the
solute strengthening
𝜀𝜀́𝐺𝐺 =
(5)
1
contributed
1 + |𝜀𝜀𝐺𝐺a| total increase of 36.45 MPa for the
2
ARBed sample.
(6)
(6)
(6)
𝜌𝜌𝐷𝐷 =

(eq. 5)

∆𝜎𝜎𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑀𝑀𝑀𝑀𝜀𝜀𝑠𝑠𝑠𝑠 √𝑐𝑐

𝑑𝑑𝑑𝑑
)
𝑑𝑑𝑑𝑑

(6)
1Orowan
𝑑𝑑𝑑𝑑
4.2.
strengthening (Precipitation
𝜀𝜀𝐺𝐺 =
𝐺𝐺
𝐷𝐷𝐷𝐷
Strengthening)
(7)(7)
(7)
(7)

(eq. 7)

This strengthening mechanism originates from
the interaction
between nano-sized(7)precipitates
1 𝑑𝑑𝑑𝑑
𝜀𝜀𝑏𝑏 =
and 𝑎𝑎lattice
dislocations. Hence, the Orowan
𝑑𝑑𝑑𝑑
strengthening mechanism(8) mainly works with
(8)
(8)
aged samples. The strengthening (8)through this
(eq. 8)
mechanism can be quantified through(8)
the following
equation [2]:
(9)
The tensile mechanical properties of(9)the ARBed
and ARBed+Aged
(9)
(9)
(eq. 9)

1
1 + |𝜀𝜀𝐺𝐺 |

1 𝑑𝑑𝑑𝑑 2
1𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝜀𝜀𝐺𝐺 = 11
𝑑𝑑𝑑𝑑
𝜀𝜀𝜀𝜀𝜀𝜀𝐺𝐺𝐺𝐺 =
= 𝐺𝐺 𝐷𝐷𝐷𝐷
𝐺𝐺 = 𝐺𝐺𝐺𝐺𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

𝐺𝐺
1 𝐷𝐷𝐷𝐷
𝑑𝑑𝑑𝑑
1𝐺𝐺𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷
𝜀𝜀𝑏𝑏 = 11𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
Table 1
sam
𝑎𝑎
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝜀𝜀𝜀𝜀𝑏𝑏 =
=𝑎𝑎1𝑑𝑑𝑑𝑑
𝜀𝜀𝑏𝑏𝑏𝑏 =
0.8𝑀𝑀𝑀𝑀𝑀𝑀
𝑥𝑥
𝑎𝑎
𝑑𝑑𝑑𝑑
𝑎𝑎
𝑑𝑑𝑑𝑑
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 =
ln ( )
1 𝑑𝑑𝑑𝑑
(eq. 10)
2𝑏𝑏 Uniform(9)
2𝜋𝜋𝜋𝜋(1
𝜐𝜐)1/2
Yield strength
Tensile−strength
elongation
Total elongation
𝜀𝜀𝑏𝑏 =
𝑎𝑎 𝑑𝑑𝑑𝑑
Table 1 The tensile mechanical properties of the ARBed and ARBed+Aged samples

𝜀𝜀𝐺𝐺 =

Table 1- The tensile mechanical properties
ARBed+Aged samples
(MPa) of the ARBed and (MPa)

Yield strength
0.8𝑀𝑀𝑀𝑀𝑀𝑀
𝑥𝑥ARBed
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 =
ln ( 𝑥𝑥 )
0.8𝑀𝑀𝑀𝑀𝑀𝑀
1/2
− 𝜐𝜐)
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 = 2𝜋𝜋𝜋𝜋(1
ln(MPa)
(2𝑏𝑏 )𝑥𝑥
0.8𝑀𝑀𝑀𝑀𝑀𝑀
2𝑏𝑏
2𝜋𝜋𝜋𝜋(1
− 𝜐𝜐)1/2 ARBed+Aged
0.8𝑀𝑀𝑀𝑀𝑀𝑀
∆𝜎𝜎
=
ln
(( 𝑥𝑥 ))
𝑂𝑂𝑂𝑂𝑂𝑂 =
1/2 ln
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂
2𝑏𝑏
2𝜋𝜋𝜋𝜋(1
−
𝜐𝜐)
ARBed
299
1/2
2𝑏𝑏
2𝜋𝜋𝜋𝜋(1 − 𝜐𝜐)

Tensile strength
299

0.8𝑀𝑀𝑀𝑀𝑀𝑀
𝑥𝑥
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 =
ln ( )
ARBed+Aged
2𝜋𝜋𝜋𝜋(1 − 𝜐𝜐)1/2 4002𝑏𝑏

(MPa)
400

(%)

Uniform elongation
Total elongation
357
3.9 1
(10)
(%)
(%)
(10)
449
5.7

357

3.9

(10)
(10)
4.2

1 449
1

5.7

6.7

6.7

Table
1 2 Estimated contributions of the strengthening mechanisms to the samples
ARBed

1

ARBed+Aged

Table 2 Estimated contributions of the strengthening mechanisms to the samples
Solid solution, ∆𝜎𝜎𝑠𝑠𝑠𝑠 (MPa)
36.45
ARBed
ARBed+Aged
Precipitates, ∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 (MPa)
38.45

Solid solution, ∆𝜎𝜎𝑠𝑠𝑠𝑠 (MPa)
36.45
Grain refinement, ∆𝜎𝜎𝐻𝐻−𝑃𝑃 (MPa)

Precipitates, ∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 (MPa)
38.45
126.22
Dislocations, ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 (MPa)

Dislocations, ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 (MPa)

4.2

(10)

Table 2- Estimated contributions of1the strengthening mechanisms to the samples

Grain refinement, ∆𝜎𝜎𝐻𝐻−𝑃𝑃 (MPa)

(%)

151.05

226.78

97.21

88.47
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126.22

151.05

226.78

97.21

88.47

2
𝜋𝜋
𝜆𝜆 = √ (√ − 1) 𝑑𝑑𝑃𝑃
3
4𝑓𝑓
2

𝑥𝑥 = √ 𝑑𝑑𝑃𝑃
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described by the Hall-Petch equation shown to be
valid in the case ultrafine grain sizes [26]:

Where υ is the Poisson’s ratio that is about 0.33,
λ is the interparticle distance, and is the mean
diameter of the precipitates on the slip plane. The
parameters λ and x can be calculated through the
following equations:
2

𝜋𝜋

𝜋𝜋
𝜆𝜆 = √2 (√
− 1) 𝑑𝑑
𝜆𝜆 = √ 3(√ 4𝑓𝑓
− 1) 𝑑𝑑𝑃𝑃 𝑃𝑃
3
4𝑓𝑓

∆𝜎𝜎𝐻𝐻−𝑃𝑃 = 𝑘𝑘𝑑𝑑−1/2

Where k is the Hall-Petch slope that is ~ 74 and
120 MPa(mm)-1/2 for the age hardenable aluminum
(11)
alloy in solid solutions
and under aged conditions,
(11)
respectively
[25] √
and
∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝜌𝜌 d is the average grain size
determined in section 3.1. After substituting values
2
𝜋𝜋
for
in 𝑑𝑑the
equation, the increase
√ parameters
𝜆𝜆 =the
(√ − 1)
𝑃𝑃
3
4𝑓𝑓
in the strength (12)
resulting from
(12) the grain refining
mechanism was calculated to be 81.65 and 75.59
MPa
ARBed
and ARBed+Aged samples,
𝜎𝜎𝑦𝑦 =for
𝜎𝜎0 the
+ ∆𝜎𝜎
𝑠𝑠𝑠𝑠 + ∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 + ∆𝜎𝜎𝐻𝐻−𝑃𝑃 + ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷
respectively.

(eq. 11)

22
𝑥𝑥𝑥𝑥 ==√√ 𝑑𝑑𝑃𝑃𝑑𝑑𝑃𝑃
33

(eq. 12)

2
𝑥𝑥 = √ 𝑑𝑑𝑃𝑃
3 hardening or dislocation strengthening
4.4. Work

Where f is the volume fraction and dp is the mean
diameter
of the precipitates already determined
∆𝜎𝜎𝐻𝐻−𝑃𝑃 = 𝑘𝑘𝑑𝑑−1/2
by
the
TEM
observation (see section 3.1). In this
∆𝜎𝜎𝐻𝐻−𝑃𝑃 = 𝑘𝑘𝑑𝑑 −1/2
study,
DsOrowan was calculated to be 38.45 and
126.22 MPa for the ARBed and ARBed+Aged
samples,
respectively.
∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
√𝜌𝜌

(13)

The Strengthening through
(13) this mechanism
arises from the interaction between the strain
2
2
𝜎𝜎𝑦𝑦 =around
𝜎𝜎0 + ∆𝜎𝜎
+ ∆𝜎𝜎
fields
moving
dislocations
that
hinder
their
𝑠𝑠𝑠𝑠 + ∆𝜎𝜎
𝐻𝐻−𝑃𝑃 + √∆𝜎𝜎
𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷𝐷𝐷𝐷𝐷
movement, resulting
(14) in the strengthening of the
−1/2 in the strength of the material
material.
Increase
∆𝜎𝜎𝐻𝐻−𝑃𝑃 = 𝑘𝑘𝑑𝑑
(14)
through𝑑𝑑𝑑𝑑
the dislocation strengthening
mechanism
𝜎𝜎 ≥ be
( calculated
)
can
through the Bailey–Hirsch
𝑑𝑑𝑑𝑑
equation as follows
(15) [27]:

∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷
= 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
√𝜌𝜌
4.3.
Grain
refinement
strengthening
This is another important strengthening
𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + ∆𝜎𝜎𝑠𝑠𝑠𝑠 that
+ ∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂
∆𝜎𝜎𝐻𝐻−𝑃𝑃 + ∆𝜎𝜎
mechanism
is +caused
by𝐷𝐷𝐷𝐷𝐷𝐷the change in
the direction of moving dislocations when the
dislocations
from
𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + ∆𝜎𝜎pass
+ ∆𝜎𝜎grain
∆𝜎𝜎neighboring
𝑠𝑠𝑠𝑠 + ∆𝜎𝜎
𝑂𝑂𝑂𝑂𝑂𝑂 one
𝐻𝐻−𝑃𝑃 +to
𝐷𝐷𝐷𝐷𝐷𝐷
grains along grain boundary regions which restrict
2 refinement
their
The process2 of grain
𝜎𝜎𝑦𝑦 = 𝜎𝜎movements.
0 + ∆𝜎𝜎𝑠𝑠𝑠𝑠 + ∆𝜎𝜎𝐻𝐻−𝑃𝑃 + √∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 + ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷
up to the ultrafine level would lead to the higher
density of the grain boundaries, resulting in the
𝑑𝑑𝑑𝑑
2
strengthening
material.
This
is
∆𝜎𝜎𝐻𝐻−𝑃𝑃
+ √∆𝜎𝜎
+ ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 2
𝜎𝜎𝜎𝜎𝑦𝑦≥=
( 𝜎𝜎0) + ∆𝜎𝜎𝑠𝑠𝑠𝑠of+the
𝑂𝑂𝑂𝑂𝑂𝑂 phenomenon

∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀√𝜌𝜌

𝑑𝑑𝑑𝑑
)
𝑑𝑑𝑑𝑑

(eq. 14)

(15)

Where a is a (16)
constant equal to 0.24 and r is the
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
dislocation density stored in the lattice as calculated
in section 3.2. In this study, the contribution of
(16)
the
dislocation
strengthening
to the+ARBed
𝜎𝜎 =
𝜎𝜎 + ∆𝜎𝜎 (17)
+ ∆𝜎𝜎 +
∆𝜎𝜎
∆𝜎𝜎 and
𝑦𝑦

𝑑𝑑𝑑𝑑

𝜎𝜎 ≥ (

(eq. 13)

0

𝑠𝑠𝑠𝑠

𝑂𝑂𝑂𝑂𝑂𝑂

𝐻𝐻−𝑃𝑃

𝐷𝐷𝐷𝐷𝐷𝐷

(17)
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + ∆𝜎𝜎𝑠𝑠𝑠𝑠 + ∆𝜎𝜎𝐻𝐻−𝑃𝑃 + √∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 2 + ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 2

∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝜎𝜎 ≥ (

2

𝑑𝑑𝑑𝑑
)
𝑑𝑑𝑑𝑑

2

∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

2

Fig. 4- Comparison of the experimental and theoretical strengths for the ARBed and ARBed+Aged samples.
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ARBed+Aged samples was calculated to be 97.21
and 88.47 MPa, respectively.

would indirectly influence the grain refinement
strengthening mechanism and exert a dual effect
2
𝜋𝜋
on
√ (strength
𝜆𝜆 = the
𝑑𝑑𝑃𝑃 the ARBed+Aged sample.
√ − 1)of
3
4𝑓𝑓
According to the previous research [25], for an
ultrafine grain 7075 aluminum alloy (produced
through consolidating the nanocrystalline powder)
which 2subsequently aged at 393 K for 24 h,
𝑥𝑥 = √ 𝑑𝑑mechanism
Orowan
was determined as the most
3 𝑃𝑃
effective strengthening mechanism. In the abovementioned research, the grain size and mean
diameter of precipitates was about 422 nm and 4
nm, respectively.
Thus, based on Eq. 10 and 13, the
∆𝜎𝜎𝐻𝐻−𝑃𝑃 = 𝑘𝑘𝑑𝑑 −1/2
Orowan
strengthening mechanism could play a
more effective role (compared to grain refinement)
in strengthening of the 7075 aluminum alloy.
The overall yield strength of the ARBed and
∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀√
𝜌𝜌
ARBed+Aged
samples
can be calculated through
linear addition of the contributions of the effective
mechanisms as follows [29,30]:

Table 2 summarizes the contribution of each
of the strengthening mechanisms examined in
this study to the both ARBed and ARBed+Aged
samples. According to the table, grain refinement
is the most effective strengthening mechanism for
increasing the strength of ARBed and ARBed+Aged
samples. On the other hand, the second effective
strengthening mechanisms for ARBed and
ARBed+Aged samples are respectively dislocation
strengthening and precipitation strengthening .
Hence, it can be concluded the ultrafine grains
created through the process of continuous
recrystallization highly interfere with the motion of
dislocations, which results in significant increase in
the yield strength of ARBed samples. The process
of continuous recrystallization accompanied by
the annihilation of the stored dislocations caused
the role of the strain hardening to decrease during
the process of strengthening the ARBed sample.
Although some grain growth occurred after the
aging process, the process of the grain refinement
still made the most contribution to the increase in
the strength of the ARBed+Aged sample. It should
be mentioned that, in addition to the constructive
role of the nano-sized precipitates in the Orowan
strengthening mechanism, these precipitates have
the ability to pin the grain boundaries during the
aging process [28]. Thus, non-shearable precipitates

𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + ∆𝜎𝜎𝑠𝑠𝑠𝑠 + ∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 + ∆𝜎𝜎𝐻𝐻−𝑃𝑃 + ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷

(eq. 15)

Where s0 is the friction stress that is about
20 MPa for aluminum [23]. The values of the
experimental and theoretical strengths
(calculated
2
2
𝜎𝜎𝑦𝑦 = 𝜎𝜎0 +
∆𝜎𝜎15)
∆𝜎𝜎𝐻𝐻−𝑃𝑃
+ √∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂
+ ∆𝜎𝜎
𝑠𝑠𝑠𝑠 +are
through
Eq.
compared
in Fig
4 𝐷𝐷𝐷𝐷𝐷𝐷
in which a
significant difference of about 13 % can be observed
between
𝑑𝑑𝑑𝑑 the theoretical and experimental yield
𝜎𝜎 ≥ ( ) for both the ARBed and ARBed+Aged
strengths
𝑑𝑑𝑑𝑑
samples.
It is argued that it is not appropriate to add
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

2

Fig. 5- True stress/true strain and strain hardening rate/true strain curves of the ARBed and ARBed+Aged samples.
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3
4𝑓𝑓
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strengthening
contributions of dislocations and
2
𝑥𝑥 = √ 𝑑𝑑𝑃𝑃
precipitates
in
a linear fashion, especially when
3
the spacing of dislocations and precipitates is very
small [2]. If the average spacing of dislocations
is considered equal to r-1/2, then, based on the
dislocation
densities calculated, the average spacing
∆𝜎𝜎𝐻𝐻−𝑃𝑃 = 𝑘𝑘𝑑𝑑 −1/2
2
𝜋𝜋
of
a
dislocation
𝜆𝜆 = √ (√ −for
1) the
𝑑𝑑𝑃𝑃 ARBed and ARBed+Aged
3 would
4𝑓𝑓 be ~ 55
samples
and ~ 60 nm, respectively.
Also, based on Eq. 11, the average spacing between
the
∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷precipitates
= 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀√𝜌𝜌 was calculated to be ~ 124 nm for
the ARBed+Aged sample. In this situation, the
2
strengthening
performed through the precipitation
𝑥𝑥 = √ 𝑑𝑑𝑃𝑃
3
and dislocation
mechanisms was calculated via the
𝜎𝜎𝑦𝑦 = 𝜎𝜎mean
+
∆𝜎𝜎
+
∆𝜎𝜎
+ ∆𝜎𝜎𝐻𝐻−𝑃𝑃 + ∆𝜎𝜎instead
root
square
of linear
0
𝑠𝑠𝑠𝑠
𝑂𝑂𝑂𝑂𝑂𝑂summation,
𝐷𝐷𝐷𝐷𝐷𝐷
addition. Alternatively, the following model can be
used to predict the strength of the material [2]:
∆𝜎𝜎𝐻𝐻−𝑃𝑃 = 𝑘𝑘𝑑𝑑 −1/2

𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + ∆𝜎𝜎𝑠𝑠𝑠𝑠 + ∆𝜎𝜎𝐻𝐻−𝑃𝑃 + √∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 2 + ∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 2

positive influences
(12)of the fine precipitates on the
strain hardening capacity which results in the
higher uniform elongation of the material.
5. Conclusions
In this study, the mechanical properties of
(13)
the 6061 aluminum
alloy(11)
under ARBed and
ARBed+Aged conditions with respect to different
strengthening mechanisms were investigated.
The main results(14)
and conclusions of the study are
summarized as follows:
(12)
1. The predominant strengthening mechanism
in this study for both the ARBed and ARBed+Aged
samples was grain
refinement.
(15)
2. The yield strength calculated via the
root mean square summation method fits the
experimental values reasonably well for the ARBed
(13)
and ARBed+Aged
samples.
(16)
3. The increase in the strength of the ARBed+Aged
sample, compared to that of the ARBed sample, was
coincident with the
(17)improvement of the ductility.

(eq. 16)

The values of the yield strength for the ARBed
𝑑𝑑𝑑𝑑
and
samples, calculated through Eq.
𝜎𝜎 ≥ (ARBed+Aged
)
∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷𝑑𝑑𝑑𝑑= 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀√𝜌𝜌
16, are also illustrated in Fig. 4. The figure shows
that the yield strength is in reasonable agreement
with the experimental values for both the ARBed
and ARBed+Aged samples. Thus,
it can be
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + ∆𝜎𝜎
+ ∆𝜎𝜎
+ ∆𝜎𝜎𝐻𝐻−𝑃𝑃the
+ ∆𝜎𝜎
concluded
that
16
estimates
yield
𝑠𝑠𝑠𝑠 Eq.
𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷𝐷𝐷𝐷𝐷 strength
of the ARBed and ARBed+Aged samples much
better than Eq. 15.
The simultaneous increase in the strength and
ductility of the ARBed+Aged sample with respect
𝜎𝜎𝑦𝑦the
= 𝜎𝜎ARBed
+ ∆𝜎𝜎𝐻𝐻−𝑃𝑃
∆𝜎𝜎𝑂𝑂𝑂𝑂𝑂𝑂 2 + through
∆𝜎𝜎𝐷𝐷𝐷𝐷𝐷𝐷 2 the
to
sample
can +
be√calculated
0 + ∆𝜎𝜎𝑠𝑠𝑠𝑠
following relation [31]:
𝜎𝜎 ≥ (

𝑑𝑑𝑑𝑑
)
𝑑𝑑𝑑𝑑

2

(14)
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