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A process to achieve strengthening in an Al 6061 alloy by grain refinement to ~200 nm using
high-pressure torsion (HPT) and fine precipitation using aging treatment is studied. It is shown
that although aging of the HPT-processed sample is effective for extra strengthening of the
alloy, the imposed shear strain and the aging temperature should be selected carefully. The HPT
processing after 5 turns leads high saturation hardness and tensile strength of 163 Hv and
470 MPa, respectively. The hardness at the saturation level remains the same during aging at
373 K (100 �C), while the hardness decreases by aging at 423 K (150 �C). When the disks are
processed for 0.75 turns (lower shear strains) and aged at 373 K (100 �C), the hardness increases
above the hardness level at the saturation because of the formation of B¢ and b¢ precipitates.
Quantitative analyses indicate that three major hardening mechanisms contribute to the total
hardening: grain boundary hardening through the Hall–Petch relationship, dislocation hard-
ening through the Bailey–Hirsch relationship and precipitation hardening through the Orowan
relationship. This study shows that the contribution of different strengthening mechanisms can
be estimated using a linear additive relationship in ultrafine-grained aluminum alloys.
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I. INTRODUCTION

THE Al 6000 alloy series, which are alloyed with Mg
and Si, are known as typical age-hardenable alloys. A
renewed study on precipitation hardening of Al-Mg-Si
alloys has been led by industry especially in automotive
applications in recent years. The most probable se-
quence of the precipitates during age hardening of the
Al-Mg-Si alloys is supersaturate solid solution
(SSSS) fi clustering of Mg and Si atoms fi GP-I
zones fi GP-II zones (b¢¢ needle) fi Mg2Si (b¢
rods) fi Mg2Si (b plate).[1–7] In addition to this se-
quence, formation of some other intermediate phases of
precipitates is reported depending on the excess contents
of Si[8–12] or Mg.[13,14]

In addition toprecipitationhardening, another strategy to
improve the strength ofAl alloys is grain refinement through
the Hall–Petch relationship.[15,16] In order to achieve sig-

nificant grain refinement and produce bulk ultrafine-grained
(UFG) materials, severe plastic deformation (SPD) tech-
niques including high-pressure torsion (HPT), equal channel
angular pressing (ECAP), and accumulative roll-bonding
(ARB) are available.[17–30] Among the different SPD tech-
niques, theHPTprocess is anattractivemethodwhichcanbe
applied to control microstructures and phase transforma-
tions in various metallic materials,[23–25] hard-to-deform
materials,[26–29] and even in ceramics[30] by introducing
extremely large strains.
Since UFG alloys have a potential to exhibit high

strength from multiple strengthening mechanisms in-
cluding grain refinement, solid solution, dislocation
entanglements, and precipitation,[20,31,32] it is essential
to estimate the contribution of each of these factors to
the total strengthening of the alloys. It was demonstrat-
ed that it is feasible to achieve a combined effect of grain
refinement through the SPD process and fine precipita-
tions through post-SPD aging in an Al-Ag alloy, where
a combined effect was realized with a good strength and
reasonable ductility.[33] Kim et al. reported a positive
effect of aging on the strength of an ECAP-processed Al
6061 alloy.[34] They found that higher strength with a
moderate level of ductility was achieved after combina-
tion of ECAP processing with post-ECAP aging.[34]

The contribution of different strengthening mechan-
isms to the total strength of UFG materials was
investigated in different materials and rather contradict-
ing conclusions were reported. Takaki et al.[35] proposed
a strengthening model for UFG materials, in which the
contribution of strength from dislocation accumulation
should be ignored due to limitations in strain hardening.
They suggested that the strengthening in UFG materials
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is mainly due to grain boundary strengthening. In
accordance with the Takaki’s report, Edalati et al.[36,37]

also suggested that the grain boundary strengthening is
the main strengthening mechanism in UFG pure metals
and single-phase alloys. Gubicza et al.,[38] Starink
et al.,[24] and Joni et al.[27] reached a different conclusion
and suggested that the strengthening by dislocation
accumulation has the most significant impact on the
strength of UFG materials. Several other studies,
however, reported that the different strengthening
mechanisms contribute to the total strengthening
through a linear superposition relationship.[39–41] It is
of particular scientific and engineering importance to
find how the different strengthening mechanisms con-
tribute to the hardening of UFG Al-based alloys.

In this work, HPT is adopted for grain refinement in
an age-hardenable Al 6061 alloy. Simultaneous
strengthening both by grain refinement and dislocation
accumulation as well as by fine precipitation through
subsequent aging is investigated, and the contribution of
various strengthening mechanisms to the total strength
is evaluated quantitatively.

II. EXPERIMENTAL MATERIALS AND
PROCEDURES

The material used in this study is a commercial Al
6061 alloy which contains 0.96 pct Mg, 0.59 pct Si,
0.29 pct Cu, 0.29 pct Fe, 0.02 pct Cr, 0.01 pct Zn, and
0.01 pct Ti with balance of Al in wt pct. The material
was received in a form of a cold-rolled sheet with 1 mm
thickness. Disks of 1 mm thickness and 10-mm diameter
were then cut from the sheet by a wire-cutting electric
discharge machine (EDM). They were solution treated
at 803 K (530 �C) for 4 hours in an air atmosphere and
then immediately quenched into ice water.

Each disk with 1 mm thickness was processed by HPT
at room temperature (RT) under an applied pressure of
6 GPa for 0.75, 1, and 5 turns at a rotation speed of
1 rpm. The thickness of the disks was reduced to 0.79 to
0.8 mm during the HPT processing and this thickness
was used for calculation of the equivalent strain. Zero
slippage between the anvils and the disk was confirmed
according to the measurement as described earlier.[42]

The HPT-processed disks were aged at 373 K or 423 K
(100 �C or 150 �C) in air for certain periods of time.

Vickers microhardness was measured by application
of 50 g for a dwell time of 15 seconds. The measure-
ments were made at equal distances from the disk center
to the edge along 8 different radial directions as
illustrated in Figure 1.

The HPT-processed samples throughN = 0.75 before
and after the aging treatment were polished to a thickness
of ~0.50 mm and tensile specimens were cut from the
polished disks using EDM as in Figure 1 with gage
lengths, widths, and thicknesses of 1.5, 0.7, and 0.5 mm,
respectively. Tensile tests were carried out at room
temperature with an initial strain rate of 2 9 10�3 s�1.

The HPT-processed disks before and after the aging
treatment were grounded to a thickness of 0.4 mm,
punched to small disks with 3 mm-diameters as shown

in Figure 1. They were further ground to a thickness of
0.12 mm and were thinned for perforation by a twin-jet
electro-polisher using a solution of 30 pct HNO3 and
70 pct CH3OH at a temperature of 260 K (�13 �C) with
an applied voltage of 10 V. The microstructural obser-
vations were performed in a conventional transmission
mode with parallel beam using a Hitachi H-8100
transmission electron microscope (TEM) at an acceler-
ating voltage of 200 kV. Selected area electron diffrac-
tion (SAED) patterns were taken around regions having
diameter of 6.3 lm. This diameter, which was measured
by inserting the selected area aperture and taking an
image, was selected to cover appreciable numbers of
grains. Scanning transmission electron microscopy
(STEM) images were recorded, and elemental mapping
was performed using energy-dispersive X-ray spec-
troscopy (EDS) with a JEM-3200FSK microscope at
an accelerating voltage of 300 kV.
The 3 mm disks prepared for the TEM samples were

also used for X-ray diffraction (XRD) analysis using the
CuKa radiationwith an accelerating voltage of 40 kVand
a current of 40 mA. The dislocation densities were
measured by employing the linear Williamson–Hall rela-
tionship[43] while excluding influence of the Ka2 radiation.

III. RESULTS

A. Mechanical Properties

Figure 2(a) shows a plot of Vickers microhardness
against the distance from the disk center for 0.75, 1, and
5 turns under a pressure of 6 GPa. The hardness
increases with increasing the distance and saturates to
a constant level when approaching the edge of the disk.
The plots also show that the hardness increases with
increasing the number of turns, especially at shorter
distances from the disk center.
In Figure 2(b), all hardness values in Figure 2(a) are

re-plotted as a function of equivalent strain. Here, the

Fig. 1—Schematic illustration of HPT disk and locations for hard-
ness measurements, tensile specimen, and TEM and XRD disks.
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equivalent strain imposed on each disk is calculated by
the following equation[44]:

e ¼ ð1� sÞ
Z N

0

2prffiffiffi
3

p
tðNÞ

dN ½1�

where r is the distance from the disk center, N is the
number of turns, s is the fraction of slippage, and t(N)
is the disk thickness after HPT processing for N turns.
Since the thickness reached a constant value of 0.79 to
0.8 mm after any turns and no slippage occurred be-
tween the sample and the anvils, Eq. [1] may be simpli-
fied in the following form[45]:

e ¼ 2prNffiffiffi
3

p
t

½2�

Now, all hardness values fall well on a single monotonic
line represented by a unique function of the equivalent
strain in Figure 2(b). The hardness increases with
straining, levels off at an equivalent strain of ~20 and
saturates to 163 Hv with further straining. A similar
behavior of the hardness with respect to straining was
reported in many pure metals and alloys.[26,30, 44–54]

The steady-state hardness after HPT processing in
Figure 2(b) is almost 170 pct higher than that in the
Al 6061 alloy processed by solution treatment, and this
hardness increase is twice as high as the hardness

increase after processing by ECAP for four passes.[32] It
should be noted that the steady state at large strains is
reached by a balance between the hardening due to
lattice defects generation and the softening due to lattice
defects and dislocations annihilation through dynamic
recovery and dynamic recrystallization.[24,46,50]

To examine the aging behavior, the samples after HPT
processing forN = 5were aged at temperatures of 373 K
(100 �C) and 473 K (200 �C) for total periods up to
14 days as in Figure 3. It should be noted that this
examination was carried out at the saturation region
where the steady state was established with straining. The
results show that the hardness decreases from the begin-
ning when the sample is aged at 423 K (150 �C). When
aged at 375 K (102 �C), there are no appreciable changes
in the hardness even after prolonged aging for 10 days.
The material processed up to saturation level is

softened from an initial stage of aging and this is
considered to be not only due to dislocation recovery
and grain growth but also due to coarsening of pre-
cipitates with a stable form. Based on earlier
reports,[34,55–57] it is envisaged that metastable phases
which are essential for strengthening in age-hardenableAl
alloys are evolved quickly when the alloy is severely
deformed before aging because of abundance of lattice
defects and fast atomic diffusion. Moreover, heteroge-
neous nucleation and coarsening of stable precipitates
become predominant in SPD-processed alloys, which
result in suppression of transgranular precipitation of fine
metastable particles. Because the precipitation process is
competitive among the nucleation sites in grain bound-
aries, dislocations, and thematrix, optimization should be
important in selecting imposed strain and aging tem-
perature in order to achieve simultaneous strengthening
by grain refinement and fine precipitation.
Thus, aging was further carried out at a reduced

temperature of 375 K (102 �C) using samples processed
for lower numbers of turns as N = 0.75 with reduced
equivalent strain. Figure 4(a) shows that the aging
behavior after HPT processing for N = 0.75 at five
different positions with equivalent strains of e = 0.3,
3.5, 6.9, 10.4, and 13.9. At the positions with higher
equivalent strains of e = 10.4 and 13.9, the hardness
increases above the value of the as-HPT-processed state

Fig. 2—Vickers microhardness plotted against (a) distance from disk
center and (b) equivalent strain for samples processed by HPT
through 0.75, 1, and 5 turns.

Fig. 3—Variation of hardness with aging time for samples processed
by solution treatment and HPT through 5 turns.

2666—VOLUME 46A, JUNE 2015 METALLURGICAL AND MATERIALS TRANSACTIONS A



from the beginning of aging and reaches a peak after
15 minutes to the hardness level of ~175 Hv. This value
is appreciably higher than the hardness level of 163 Hv
at the steady state. Thereafter, the hardness decreases
with aging and increases again after 8 hours of aging. At
lower equivalent strains as e = 0.3 and 3.5, the hardness
after the HPT processing is low but increases gradually
from the beginning of the aging. Meanwhile, at the
intermediate range of equivalent strain (e = 6.4), the
hardness behavior exhibits a trend between those of
e = 0.3 and 13.9.

The increase in hardness with aging at various
equivalent strains is more clearly demonstrated in
Figure 4(b). The hardness at e = 10.4 and 13.9 reaches
the peak earlier, while the hardness at e = 0.3 and 3.4
shows no clear peak. Kim et al.[34] also reported a
similar aging behavior in an Al 6061 alloy after
processing by ECAP. This behavior can be attributed
to an increase in dislocation density and rapid diffusion
at higher equivalent strain which lead to the rapid
formation of precipitates.[57,58]

Figure 5 shows the stress–strain curves after tensile
testing of the samples processed by HPT for N = 0.75
and subsequent aging at 373 K (100 �C). The tensile
testing was carried out at room temperature with an
initial strain rate of 2 9 10�3 s�1. The strength sig-
nificantly increases by the HPT processing (460 MPa)

and becomes almost twice as high as the solution-treated
state (225 MPa) with an elongation to failure retained to
a reasonable extent of 17 pct. The tensile strength
increases to 470 MPa at the peak aging for 15 minutes
and decreases to 460 MPa after 8 hours of aging.
However, the tensile strength increases to a higher value
as 485 MPa when the aging is prolonged to 64 hours. It
should be noted that the trend of the tensile strength
(Figure 5) and the increasing in hardness (Figure 4(b))
during the aging are consistent to each other.

B. Microstructure Evolution

Figures 6(a) through (c) show TEM microstructures
of the samples after HPT processing at room tem-
perature. They correspond to microstructural evolutions
at the initial, intermediate, and steady-state stages of
straining, respectively. For the initial straining of
e = ~1 (N = 0.75, r = 0.3 mm) in Figure 6(a), the
bright-field and dark-field TEM images show mi-
crostructures with rather low dislocation density within
the grains. The SAED pattern displays less spots in
Figure 6(a) when compared to those in Figures 6(b) and
(c). Since the diameters of selected area were the same
(6.3 lm) in three SAED patterns, the presence of less
spots in the SAED pattern of Figure 6(a) demonstrates
the presence of larger grains at low strains. The presence
of larger grains in Figure 6(a) is apparent from the dark-
field images as well. It should be noted that the dark-
field images were taken with the diffracted beams
indicated by arrows in the SAED patterns.
When the equivalent strain is increased to e = ~16

(N = 1, r = 3.5 mm), the grain size is refined to an
average size of ~310 nm as in Figure 6(b). With further
straining to e = ~80 (N = 5, r = 3.5 mm), the grain
size reaches a steady-state level of ~200 nm as in
Figure 6(c). The appearance of extra diffracted beams
which are distributed in a ring form in the SAED
pattern suggests that the microstructural change is
dominated by conversion of low-angle to high-angle
boundaries at large strains.
Figure 7 shows bright-field and dark-field images

including SAED patterns after the HPT processing for

Fig. 4—Variation of (a) hardness and (b) hardness increase with
aging time for sample processed by HPT through 0.75 turns.

Fig. 5—Nominal stress vs nominal strain curves for samples pro-
cessed by HPT for 0.75 turns and subsequently aged at 353 K
(80 �C) for 15 min, 8, and 64 h including solution-treated sample.
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N = 0.75 and subsequent aging at 373 K (100 �C) for
(a, b) 15 minutes and (c, d) 64 hours, where (a) and (c)
were taken from the center of disk (r = 0.3 mm,
e = ~1) and (b) and (d) were taken from the edge of
disks (r = 3.5 mm, e = ~12). When compared with the
microstructures after HPT processing as shown in
Figures 6(a) and (b), there appear to be no appreciable
changes in the grain size after 15 minutes of aging. No
appreciable grain growth occurs even after prolonged
aging for 64 hours. The grain size distribution, as shown
in Figure 8, indicates that the grain sizes remain
reasonably the same after the aging process.

Detailed inter-atomic d-spacing analysis on the SAED
pattern, as shown in Figure 9 for a sample processed
through e = ~12 and aged for 64 hours at 373 K
(100 �C), reveals that two kinds of precipitates form
after aging: hexagonal Mg2Si precipitates (b¢) and
Mg9Al3Si7 precipitates (B¢). EDS mapping, as shown
in Figure 10, also suggests that there are many Mg-rich
and Si-rich precipitates which can be Mg2Si and
Mg9Al3Si7 precipitates. Besides such common particles,
the EDS mapping also reveals that there are particles
rich in Si, Fe, Cr, and Mn as marked by an yellow arrow
in Figure 10. EDS mapping after solution treatment, as
shown in Figure 11, confirmed that such particles were
also present in the solution-treated sample as well as in
the HPT-processed sample and they were not formed
during the aging process. The fraction of these particles,
however, significantly decreases after the HPT process-
ing due to their dissolution in the matrix (see EDS
mapping after HPT in Figure 12).

C. Dislocation Density

Dislocation density can be calculated from the XRD
peak broadening using the Williamson–Hall method[43]

b cos h
k

¼ 0:9

D
þ 2e sin h

k
½3�

q ¼ 14:4
e2

b2
½4�

where b is the full width at half maximum in rad, k is the
wavelength of X-ray beam (0.1542 nm for Cu Ka), D is
the crystallite size, e is the lattice strain, h is the Bragg
angle, q is the dislocation density, and b is the Burgers
vector (0.286 nm for Al). The values of q are plotted
against the aging time in Figure 13 for several samples
processed by HPT processing for different levels of
strain. There are more dislocations in the early stage of
straining (e = ~1), but less dislocations with further
straining to e = ~12. During aging at 373 K (100 �C),
the dislocation density decreases significantly but the
reduction is more intense at e = ~12 than e = ~1. The
relatively low dislocation density at the large strain is
established as a result of dislocation absorption at high-
angle grain boundaries.[51,59] Moreover, this can be

Fig. 6—TEM bright-field images (left), dark-field images (right), and
corresponding SAED patterns for samples processed by HPT for (a)
e = 1 (N = 0.75, r = 0.3 mm), (b) e = 16 (N = 1, r = 3.5 mm),
and (c) e = 80 (N = 5, r = 3.5 mm). Dark-field images were taken
with diffracted beams indicated by arrows in SAED patterns.

Fig. 7—TEM bright-field images (left), dark-field images (right), and
corresponding SAED patterns for samples processed by HPT for (a,
c) e = 1 (N = 0.75, r = 0.3 mm) and (b, d) e = 12 (N = 0.75,
r = 3.5 mm) and subsequently aged at 373 K (100 �C) for (a, b)
15 min and (c, d) 64 h. Dark-field images were taken with diffracted
beams indicated by arrows in SAED patterns.
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explained by an increase in the stored energy which is
proportional to imposed strain. An increase in the
stored energy leads to an increase in driving force for
atomic diffusion and hence for enhanced recovery
process to expedite dislocation annihilation.

IV. DISCUSSION

The high strength of this age-hardenable Al 6061 alloy
may be attributed to (1) solid solution strengthening, (2)
grain refinement strengthening, (3) dislocation strength-
ening, and (4) precipitation strengthening. As demon-
strated in this study, with reduced deformation
(N = 0.75) and reduced aging temperature [T = 373 K
(100 �C)], it is possible to realize further strengthening

the ultrafine-grained Al 6061 alloy by aging. This
indicates that it is possible to achieve simultaneous
strengthening due to grain refinement and fine precipita-
tion through HPT processing and subsequent aging.
Table I gives contributions from not only grain refine-
ment (DHVGB) and fine precipitation (DHVP) but also
dislocations (DHVDis) and solid solution (DHVSS) for the
Al 6061 alloy as well as for two other Al alloys (Al 2024
and Al-4 pctCu). It should be noted that the data for the
Al 2024 and Al-4 pctCu alloys were taken from other
works of the authors.[60,61] In Table I, HV0 represents the
hardness of coarse-grained annealedAlwith a purity level
of 99.999 pct[62] and HVTotal represents the sum of four
different strengthening mechanisms which is calculated
by[63]

Fig. 8—Grain size distribution for sample processed by HPT for
0.75 turns and subsequently aged at 373 K (100 �C) for (a) 0, (b)
15 min, and (c) 64 h.

Fig. 9—TEM (a) bright-field image, (b) dark-field image, and (c)
corresponding SAED patterns for sample processed by HPT for 0.75
turns and subsequently aged at 373 K (100 �C) for 64 h. Dark-field
image was taken with diffracted beam indicated by arrow in SAED
pattern.
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DHVTotal ¼ HV0 þ DHVSS

þ ðDHVn
GB þ DHVn

Dis þ DHVn
PÞ

1=n
½5�

where n has a value between 1 and 2. Table I indicates
that HVTotal calculated using n = 1 (linear superposi-
tion) is reasonably consistent with the experimental
measurements (HVMeasured), but HVTotal calculated
using n = 2 (pythagorean superposition) is lower than
the experimental levels. More details on calculations are
discussed below.

In general, the solid solution strengthening may be
estimated by the Fleischer equation[64] or by the
Labusch equation[65]

DsSS ¼
G e0G �meb
�� ��3=2c1=2

a
½6�

DsSS ¼
G e02G þ ð15ebÞ2
h i2=3

c2=3

/
½7�

where DsSS is the increase in shear stress due to solution
hardening which can be converted to normal stress or
hardness using the well-known relationships of
Dr = 3Ds and DHV � 3Dr, G is the shear modulus,
e0G is the modulus mismatch parameter, m is the mean

orientation factor for fcc polycrystalline matrix, eb is the
atomic size mismatch, c is the solute atom concentra-
tion, and a and / are two constants. For the present Al
6061 alloy, the estimation has used as G = 26 GPa,
m = 3, a = 700, and / = 550. Furthermore, for a
major alloying element of Mg, c = 0.011, e0G = 0.71,
and eb = 0.10 and for the second major alloying
element Si, c = 0.0056, e0G = �0.21, and eb =
�0.04.[66] Since c is as low as 0.0014, 0.0010, 0.0012,
<0.0001, <0.0001 for Fe, Cr and Cu, Ti and Zn,
respectively, the effect of these elements on solution
hardening was neglected. Thus, it follows that DHSS for
solution hardening by Mg is 1 and 5 Hv using the
Fleischer and Labusch equations, respectively. DHSS for
solution hardening by Si is as small as 0.07 and 0.7 Hv
using the Fleischer and Labusch equations, respectively,
and can be reasonably neglected. The contribution of
solution hardening to the total hardening appears to be
small in this 6061 alloy in consistency with an earlier
report on HPT processing of several alloys.[37]

Fig. 10—(a) STEM bright-field image and corresponding EDS map-
pings with (a) Al, (b) Mg, (c) Si, (d) Fe, (e) Cr, and (f) Mn for sam-
ple processed by HPT for 0.75 turns and subsequently aged at 373 K
(100 �C) for 64 h.

Fig. 11—(a) STEM bright-field image and corresponding EDS map-
pings with (a) Al, (b) Mg, (c) Si, (d) Fe, (e) Cr, and (f) Mn for solu-
tion-treated sample.
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The grain refinement strengthening, DrGB, is
described by the Hall–Petch equation[15,16]:

DrGB ¼ ry � r0 ¼
kyffiffiffi
d

p ½8�

where ry is the Hall–Petch strength, d is the average
grain size, r0 is the friction stress, and ky is the Hall–
Petch slope (0.166 MNm�3/2[20]). The grain refinement
to ~310 nm by HPT processing at N = 0.75 leads to
strengthening by 91 Hv. This contribution remains
unchanged since the ultrafine grains are retained with
the same size even after prolonged aging for 64 hours.
Meanwhile, the XRD analyses detected a high dislo-

cation density in the alloy after HPT processing.
Dislocation tangles and networks within the grains
and near grain boundaries make dislocation glide more
difficult and hence increase the strength. It is then
derived that the dislocation strengthening comes to the
strength enhancement by ~22 Hv after HPT processing
for N = 0.75. However, this hardening is followed by
softening with aging, as shown in Figure 12, due to
annihilation of dislocation. It should be noted that the
strengthening by dislocations, DsDis, is calculated as[67]

DsDis ¼ a0Gb
ffiffiffi
q

p ½9�

where a¢ = 0.2 for fcc metals.
The precipitation strengthening results from the

precipitate’s ability to obstruct dislocation movement.
For small and coherent precipitates, a dislocation
cutting mechanism is dominant.[68]

DsC ¼ pcrP
k0b

½10�

where DsC is the stress needed to cut a dislocation, c is
the surface energy (0.98 J/m2 for Al[69] ), rP is the
radius of particles, and k¢ is the inter-particle spacing
given by k¢ = L � dP (L is the distance between parti-
cles and dp is the particle diameter). Estimation of the
strengthening may be given by the following Orowan
equation through the bowing mechanism, when the
particle sizes are higher than a critical value:[70]

DsP ¼ Gb

k0
½11�

where DsP is the Orowan stress. The critical radius, rC,
for transition from the cutting mechanism to the Orowan
mechanisms is given by the following equations.[68]

rC ¼ 2Gb2

pc
½12�

rC ¼ 20b ½13�

Estimations using Eqs. [12] and [13] yield to rC = 14
and 6 nm, respectively. Since the average particle size in
this study is 30 nm (rP = 15 nm), the dominant mechan-
ism for precipitate hardening should be bowing through
the Orowan relationship. The method of estimating the
contribution from the particle strengthening is adopted
from a previous report.[71] Assuming that there are 3

Fig. 12—(a) STEM bright-field image and corresponding EDS map-
pings with (a) Al, (b) Mg, (c) Si, (d) Fe, (e) Cr, and (f) Mn for sam-
ple processed by HPT for 0.75 turns.

Fig. 13—Variation of dislocation density with aging time for samples
processed by HPT at e = 12 and subsequently aged at 373 K
(100 �C).
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particleswithin a grain, as shown inFigure 9, and they are
equally distributed, the average distance between two
neighboring particles including the distance from one
particle to the adjacent grain boundary is k¢ = 138 nm
based on the observation that the particle size is ~30 nm
and the grain size is ~200 nm. From Eq. [4], the calcula-
tion gives rise toDsP = 54 MPa or a hardness increase of
DHVP = 49 Hv.

Therefore, the cooperative interaction of pre-
cipitates, grain boundaries, and dislocations results in
the appreciable strengthening of ultrafine grain Al
6061 alloy. It should be noted that the hardness
increase due to precipitation (30 Hv) is smaller than
the calculated value of hardness (49 Hv). Hence, it is
suggested that this smaller value is due to the presence
of some grains that are free of precipitates. If only
~60 pct of the total grains contain 3 precipitates, it is
adequate to reach measured value of 30 Hv in this
study. It is consistent with overall microstructure
observation that the distributions of particles are not
homogeneous among all grains because of preferable
nucleation of precipitation at dislocations and grain
boundaries.

V. CONCLUSIONS

1. The Vickers microhardness data for an Al 6061 al-
loy after High-pressure torsion (HPT) processing
for 0.75, 1, and 5 turns lie well on a single curve
when they are plotted against equivalent strain. The
hardness increases with straining and saturates to a
constant level of 163 HV at large strains.

2. TEM observation reveals that the grain size is re-
fined to ~200 nm at the saturation.

3. The saturation hardness remains almost unchanged
during aging at 373 K (100 �C) but gradually de-
creases by aging at 423 K (150 �C), suggesting that
the aging temperature of 423 K (150 �C) is too high
to achieve extra hardening through precipitation of
fine particles.

4. Simultaneous strengthening by fine precipitation
and grain refinement occurs when the sample pro-
cessed at relatively low strains is aged at low tem-
peratures as 373 K (100 �C).

5. The tensile test shows that the strength significantly
increases to more than 400 MPa with some ductility
reserved after HPT or after post-HPT aging.

6. Three hardening mechanisms as grain refinement
hardening, dislocation hardening, and precipitation
hardening contribute significantly to the total hard-
ening, while the effect of solution hardening is small.

7. The contribution of different hardening mechanisms
to the total hardness can be estimated using a linear
additive relationship in ultrafine-grained aluminum
alloys.
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