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Abstract: Strengthening of aluminium alloys 7xxx through the imposition of severe plastic deformation supplemented
by ageing treatments is a challenge due to the limited workability of these alloys in cold deformation regimes. This
study aims to comprehensively investigate the strengthening of aluminium alloy 7005 through the imposition of severe
plastic deformation supplemented by two different ageing treatments: pre-deformation artificial ageing or post-
deformation natural ageing. For this purpose, microstructure evolutions of the alloy processed through mentioned
procedures were studied using X-ray diffraction and scanning electron microscopy while the alloy strengthening was
evaluated using Vickers hardness measurement. Results show that a superlative strengthening is obtained through the
imposition of severe plastic deformation supplemented by post-deformation natural ageing. For instance, the yield
strength of the alloy increases to more than 400 MPa, about one-third greater than the counterpart amount after the
usual T6 treatment. This superlative strength mainly occurs due to refinement of grains, an increase of dislocation
density and an increase of volume fraction of the precipitates that appeared during natural ageing. Considering the
applied models, it is inferred that the increase of volume fraction of precipitates that appeared during natural ageing has
a determinative role in the strengthening of the alloy.
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It has been shown that the GP zones appear at
1 Introduction ageing temperatures of 20—120 °C and they are

coherent with the aluminium lattice (SSS or a phase)

Aluminium alloys 7xxx (AA7xxxs) are known
attractive  properties such as
resistance to

due to their

age-hardening capability, stress
corrosion cracking and low density. These alloys
containing Mg, Zn and probably Cu as their main
alloying elements show the highest strength among
all of the aluminium alloys. In AA7xxxs, the
age-hardening usually occurs by the appearance of
MgZn, precipitates through subsequent steps
mentioned below:

Supersaturated solid solution (SSS)—

GP zones—n'—n

bearing a mismatch of a few percents. Additionally,
the #' precipitates appear at ageing temperatures
of 120-250 °C and they have a hexagonal lattice
characterized by a basal parameter (a) of 0.496 nm
and an orthogonal parameter (c¢) of 1.402 nm. This
hexagonal lattice is semi-coherent with the o phase
whereas (0001) planes of the 7’ lay in parallel to
(111) planes of the o phase by a mismatch of
less than 1%. Comparatively, the # precipitates
appear at ageing temperatures of 150—300 °C in a
form of the hexagonal Laves lattice and they are
incoherent with the a phase [1—6]. In addition to
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crystallographic differences, the atomic proportion
of Zn/Mg inside the mentioned precipitates is
different and it gradually increases during the
evolution of the GP zones to the # precipitates. As
an illustration, this proportion is evaluated to be
about 1 for the GP zones, 1.5 for the ' precipitates
and 2 for the # precipitates [1,7]. Among aluminium
alloys 7xxx, AA7005 is known for its attractive
properties such as natural age-hardening capability
and good weldability. Therefore, this alloy is used
in the fabrication of multiple parts of different
vehicles like bicycles and rapid trains. During the
natural age hardening of a coarse-grained AA7005,
an increase of the hardness is started after a few
minutes of remaining at room temperature as a
result of the formation of spheroidal GP zones.
Successively, the Vickers hardness (VHN) of this
material increases from about 50 to more than 80 at
the end of one year of natural ageing [7,8]. Despite
this attractive age hardening, the cold workability
of the alloy becomes limited after a few days of
natural ageing because of the occurrence of
dynamic strain ageing (DSA) as a result of the
appearance of GP zones [8].

During past decades, the imposition of severe
plastic deformation (SPD) processes has been
introduced as an excellent method for the
strengthening of metals and alloys. Usually, this
method is defined as the imposition of a plastic
strain greater than 2, which causes a remarkable
strain hardening, generally because of considerable
grain refinement and an extensive increase of
dislocations density [9,10]. While different
aluminium alloys have been subjected to this
method, the application of this method for
aluminium alloys 7xxx has been a challenge due to
their limited workability. As an illustration, the
supplement of SPD to age hardening of AA7005
has been a challenge investigated by a couple of
works [8,11—14]. While these works have proposed
different procedures for this purpose, the following
two procedures seem to be successful [8,12]:
(1) the immediate imposition of SPD on the SSS
(as-quenched alloy) supplemented by subsequent
exposure of it to ageing; (2) the imposition of SPD
on the artificially over-aged alloy which contains #’
or # precipitates. Nonetheless, there is no
comprehensive study that compares the effect of
these two procedures on the strengthening of
AAT005. Also, most of the previous studies on this

topic have qualitative approaches and they have
failed to quantitatively evaluate different
strengthening mechanisms arisen through the
proposed procedures. Moreover, while most of the
previous works have studied the artificial ageing of
solid-solution treated AA7005 after the imposition
of SPD, its natural-ageing after the imposition of
SPD has remained less considered.

This work aims to comprehensively investigate
the effect of SPD supplemented by pre/post-
deformation ageing treatments on the strength of
AA7005. For this purpose, the alloy is subjected to
two different heat treatments and afterwards, it is
rolled at the ambient temperature until the
imposition of an equal strain of about 3. After
rolling, the alloy is kept at room temperature for up
to 24 months to pursue its natural ageing. During
this period, the hardening of the alloy is evaluated
using VHN measurements while its microstructure
evolutions are observed by scanning electron
microscopy (SEM) and X-ray diffraction (XRD).
Finally, the results of these experiments are
compared with a few of the generally accepted
strengthening models to obtain a better insight into
the strengthening effect of SPD supplemented by
age-hardening treatments.

2 Experimental

The aluminium alloy is received in form of a
warm-rolled slab halving a thickness of 15 mm.
Table 1 lists the chemical composition of the
received slab evaluated using spark emission
spectroscopy. As can be seen in Table 1, the
evaluated chemical composition of the received slab
is very close to that of the AA7005. The received
slab was cut into different pieces and then, two
different types of specimens were prepared by
planning the different heat treatments before SPD
as follows.

(1) Solid solution treated and rolled (SSR):
Solution treated at 753 K for 1.5 h, quickly
quenched in water and then immediately subjected
to the SPD.

(2) Aged and rolled (AGR): Solution treated at
753 K for 1.5h, quickly quenched in water,
artificially aged at 473 K for 2 h and then subjected
to the SPD.

It has been reported that the mentioned
solution treatment causes the formation of
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supersaturated alloy through the dissolution of
MgZn, precipitates while the mentioned artificial
ageing results in the wide-spread formation of 7'
precipitates inside the alloy [11-14]. SPD
processing of the alloy is accomplished through
rolling at room temperature. During rolling, when
the thicknesses of AGR and SSR specimens reached
15, 3 and 0.8 mm, different pieces were separated
from them to pursue metallurgical studies
mentioned below. Hereafter, AGR, and SSR, refer
to two different specimens cold rolled to a thickness
of ymm through AGR and SSR procedures,
respectively. The tolerance of the thickness of
specimens was £10% of their nominal thickness.
Notably, the equivalent plastic strains imposed
by cold rolling on specimens with thicknesses of 15,
3 and 0.8 mm are equal to 0, 1.8 and 3.4,
respectively. It is noteworthy that the received slab
was subjected to a plastic strain of about 3 during
its previous warm rolling.

Different AGR and SSR specimens were kept
at room temperature for up to 24 months after cold
rolling. During this period, the VHN of specimens
were measured using an indentation load of 4.9 N.
Also, tensile tests were achieved on SSR0.8 and
AGRO0.8 specimens after 24 months of remaining at
room temperature using a strain rate of 2x107 s\,
After 0.25, 5 and 24 months of remaining at
room temperature, XRD characterization of each
specimen was accomplished by the Unisantis-
XMD300 and D8-Bruker machine using Cu K,
X-ray over a range of diffraction angle (26) from
20° to 90° by a step size of 0.01°. Considering the
results of XRD, Williamson—Hall (WH) method
was applied for the estimation of the dislocation
density of specimens while the Debye—Scherer
(DS) method was applied for the calculation of the
average radius of the precipitates. Details of the
WH and the DS methods were presented in
previous works [15—18].

Observations of the microstructure of
specimens were accomplished by the TESCAN
MIRA3-XMU FESEM machine using different
magnifications in a range of 5000—75000. During
FESEM studies, the chemical composition of
precipitates was measured using energy-dispersive
X-ray spectroscopy (EDXS). Also, MIP5 software
was applied for the evaluation of precipitates
fractions through analyzing SEM images. Moreover,
the electron backscattering diffraction (EBSD)

observations of the microstructure of specimens
were accomplished by JSM—7001F EBSD equipped
with SEM machine under an acceleration voltage of
15kV. INCA 4.09 software was applied to
analyzing the results of EBSD observations. More
details about the method of EBSD observations
were presented elsewhere [19].

Table 1 Evaluated chemical composition of received slab
(wt.%)

Ctr Cu Zr Fe Mg Mn Si Ti Zn Al
0.2 0.07 0.1 029 1.2 0.08 0.11 0.03 4.72 Bal.

3 Results

3.1 Effect of applied treatment on evolution of
microstructure

Figure 1 shows the XRD patterns of AGR and
SSR specimens which are remained at room
temperature for 8 d after rolling. As can be seen
here, different peaks related to MgZn, precipitates
are present in the XRD patterns which illustrate the
of these precipitates
specimens. Considering the applied heat treatments
and the ageing behaviour of AA7005 mentioned
above, one may infer that the mentioned peaks
inside XRD patterns of AGR specimens are related
to n' precipitates formed during artificial pre-
deformation ageing. Also, regarding the above
mentioned explanations about the natural ageing
behaviour of the alloy, MgZn, related peaks inside
XRD patterns of SSR specimens can be associated
with the GP zones formed during the post-
deformation natural ageing. Also, the broadening of
XRD peaks related to aluminium (o phase) by the
increase of rolling strain can be seen in Fig. 1.
Similar results have been seen inside XRD profiles
of both types of specimens subjected to longer
remaining time at room temperature.

Figure 2 compares variations of the average
radius of MgZn, precipitates of different specimens
during the period of remaining at room temperature.
As can be seen from Fig. 2, precipitates of SSR
specimens show considerable growth during the
period of remaining at room temperature attributed
to the decomposition of solid solution. It is also
notable that the precipitates of SSR specimens
are coarser than those observed during the natural
ageing of unstrained AA7xxx alloys. As an
illustration, it is reported that the radius of GP zones

existence inside these
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Fig. 1 XRD patterns of SSR (a) and AGR (b) specimens
remaining at room temperature for 8 d, and XRD pattern

of as-received specimen (c)

appeared during the natural ageing of unstrained
coarse-grained AA7xxx alloys is in order of a few
nanometers [5,6,20,21].  Correspondingly, the
appearance of coarser precipitates during ageing of
severely strained supersaturated aluminium alloys
has been previously reported and it is attributed to
the extensive increase of diffusion rate as a result
of grain refinement and increase of dislocation
density [22—24]. Similar to what seen for SSR
specimens, the evaluated average radius of pre-
cipitates of AGR specimens is remarkably coarser
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Fig. 2 Variation of average radius of precipitates of
SSR (a) and AGR (b) specimens remaining at room
temperature for different time

than 5 nm reported for the radius of #' precipitates
appeared during similar artificial ageing of
unstrained Al-Mg—Zn alloys [12,14]. This
phenomenon can be clearly explained by the
formation of precipitates of AGR specimens during
artificial pre-deformation ageing of a warmly rolled
received slab that has relatively fine grains as
discussed below. It is also notable that the average
radius of precipitates of both types of specimens
decreases by the increase of rolling strain. For SSR
specimens, this effect could be explained by the
appearance of more nucleation sites of precipitation
since the area of grain boundaries and the
dislocations pile-ups are increased by rolling [9,10].
On the other hand, the decrease of radius of
precipitates inside AGR specimens through rolling
can be attributed to a limited dissolution of 7’
precipitates inside aluminium (o phase) as a result
of the imposition of SPD according to the previous
works [12,25].

Figure 3 shows the variations of dislocation
densities of different specimens during the period of
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Fig. 3 Variation of dislocation densities of SSR (a) and
AGR (b) specimens remaining at room temperature

remaining at room temperature. As can be seen,
dislocation densities of different specimens after

imposition of SPD range from 3x10" to 8x10"* m™.

These results are comparable with those of
previous works which have reported the dislocation
density of SPDed AA7xxx in a range of
3x10"=5x10" m™ [13,15]. It is also notable that
the dislocation densities of different specimens
decrease during the period of remaining at room
temperature. This decrease of dislocation density
happens because of the occurrence of dislocations
annihilation inside aluminium even at ambient
temperature as a result of high mobility of
dislocations of this metal [26,27]. Also, by
comparison of Figs. 3(a) and (b), it is clear that the
dislocation densities of AGR specimens are
remarkably lower versus the SSR counterparts. This
phenomenon is interpreted as a higher susceptibility
for dislocation multiplication inside SSR specimens
in comparison to what is seen inside AGR
specimens. During SPD of SSR specimens, the
alloying elements like Mg and Zn mainly remained

in the solute form inside aluminium (a phase).
Despite this, the alloying elements of AGR
specimens mainly precipitated before SPD which
indicates depletion of a phase of AGR specimens
from these elements. Considering that the
dislocation multiplication is mainly activated
through the Frank-Read dislocation sources
performed by anchored dislocations [28], one may
infer that the anchoring effect of solute atoms on
dislocations is more effective in comparison to a
similar effect of precipitates. This phenomenon
could be explained by the more overall anchoring
effect of solute atoms in comparison to the local
anchoring effect of precipitates. Notably, the solute
atoms can play their anchoring effect through the
formation of a solute atmosphere around edge
dislocations and/or segregation on stacking faults
(SF) between Shockley partial dislocations [29—31].
Since the sizes of these solute atmospheres and/or
SF are remarkably finer in comparison to those of
precipitates, one can infer that the anchoring effect
of solute atoms is more overall in comparison to a
similar effect of precipitates.

Figures 4—6 compare microstructures of
different specimens observed by FESEM. Table 2
compares the volume fractions of precipitates of
different specimens evaluated by the analysis of
Figs. 4 and 5. As shown in Table 2, the volume
fractions of precipitates of different specimens vary
in a range of a few percents. Correspondingly,
previous works have reported the volume fraction
of precipitates of similar Al-Mg—Zn alloys
subjected to different thermomechanical treatments
in a range of 1%—13.4% [12,32,33]. As can be seen
in Table 2, the volume fractions of precipitates of
SSR specimens considerably increase with the
increase of remaining time at room temperature.
This result indicates the progression of natural
ageing of these specimens. In comparison, the
volume fractions of precipitates of AGR specimens
are almost constant during the period of remaining
at room temperature. This result can be attributed to
a near-complete depletion of the alloying elements
from the a phase during pre-deformation artificial
ageing of AGR specimens. A limited increase of
volume fractions of precipitates of AGR specimens
during the period of remaining at room temperature
could be explained by re-precipitation of solute
atoms dissolved during SPD and/or precipitation
of the solute atoms remained in the o phase after
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Fig. 4 Microstructures of SSR specimens observed by SEM: (a, b) SSRO0.8; (c, d) SSR3; (e, f) SSR15 ((a, c, e) are
obtained after 5 months, and (b, d, f) are obtained after 24 months. EDXS chemical compositions of the precipitates

indicated by white arrows are presented in related tables)

indicated by white arrows are presented in related tables)

pre-deformation artificial ageing. As shown in
Figs. 4 and 5, the sizes of precipitates of both types
of specimens are in order of tens of nanometers.
These results are in agreement with the above-
mentioned XRD results about the presence of the
MgZn, precipitates inside different specimens. Also,
one may see that precipitates of the SSR specimens
mainly have spheroidal shapes attributed to the GP

Fig. 5 Microstructures of AGR specimens observed by SEM: (a, b) AGRO0.8; (c, d) AGR3; (e, f) AGR15 ((a, c, ) are
obtained after 5 months, and (b, d, f) are obtained after 24 months. EDXS chemical compositions of the precipitates

zones. In comparison, precipitates of the AGR
specimens mainly have elliptical shapes attributed
to the n' precipitates [1-3,12]. It is also notable
that relatively coarse AlFeSi particles are observed
in the microstructures of specimens similar to
that shown in Fig. 6. These particles were probably
formed during the casting of the alloy as a result of
the presence of iron and silicon in the alloy. Since
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Fig. 6 Microstructures of SSR15 (a) and AGR15 (b)
specimens showing the presence of AlFeSi particles

Table 2 Volume fraction of precipitates of specimens
remaining at room temperature for different time

Precipitate content/vol.%

Specimen
After 5 months After 24 months

SSR15 2.4 3.9
SSR3 23 3.7
SSR0.8 2.1 3.5
AGRI15 6.6 6.9
AGR3 6.5 6.9
AGRO0.8 6.1 6.8

the solution of these particles in the o phase is
negligible, they have an insignificant role in the
heat treatment of the alloy. However, they could be
fragmented into smaller particles due to the
imposition of SPD as reported in Refs. [34,35].
Figures 7(a—f) compare the microstructures of
different specimens observed by SEM-EBSD. The

colour of each grain represents its pole regarding
the inverse pole figure triangle presented in
Fig. 7(g) and therefore, neighbour grains can be
characterized from each other. As can be seen in
Figs. 7(a) and (b), the microstructure of the alloy
after initial solution treatment consists of grains
elongated toward the rolling direction. This
microstructure was developed during the initial
warm rolling of the received slab due to the absence
of dynamic recrystallization. Delayed occurrence
of static recrystallization in AA7xxx alloys is a
well-known phenomenon attributed to the pinning
effect of insoluble dispersoids at grain boundaries
and it is usually called the Zener effect. Usually,
these pinning dispersoids are intermetallic
compounds of aluminium with Sc, Zr, Mn and Cr
elements [36,37]. As shown in Figs. 7(c) and (e),
while the elongated grains are still present in the
microstructures of AGR3 and SSR3 specimens, a
partial formation of relatively equiaxed grains in
these specimens is noticeable. Formation of the
equiaxed grains occurs through fragmentation of
the initially elongated grains through the incidence
of micro-shear bands and cell bands. This
phenomenon, usually called continuous dynamic
recrystallization (CDRX), occurs during the
imposition of SPD on metals and alloys even at
clod regimes [9,10]. As shown in Figs. 7(d) and (f),
the microstructures of AGR0.8 and SSRO.8
specimens are almost occupied by the equiaxed
grains, indicating that the CDRX has impressively
progressed in both specimens. Table 3 compares the
grain size of different specimens evaluated by
SEM-EBSD observations. As can be seen here, a
remarkable grain refinement occurred through the
imposition of SPD on both types of specimens. For
instance, the grain size of the alloy decreases from
about 12 um before the SPD to about 1 um after the
imposition of a plastic strain of about 3. Also, it is
notable that the degree of grain refinement versus
the amount of plastic strain inside both types of
specimens is similar. This result demonstrates a
negligible effect of the pre-deformation heat
treatments on the grain refinement of the alloy
through the imposition of SPD.

3.2 Variation of mechanical properties through
applied treatments
Figure 8 compares variations of the Vickers
hardness of different specimens during the period of
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Fig. 7 Microstructures of different specimens observed by SEM-EBSD: (a, b) 15 mm-thick slab after solution treatment
in different magnifications; (c) SSR3; (d) SSRO0.8; (e) AGR3; (f) AGRO.8; (g) Inverse pole figure triangle

Table 3 Average grain size of different specimens

Specimen Average grain size/um
Recelvedtiz‘i) rzitnetr solution 1245
AGR3 1.8+0.4
SSR3 1.5+0.3
SSR0.8 1.1£0.3
AGRO.8 1.1£0.2

remaining at room temperature. As can be seen here,
the SSR specimens show greater hardness in
comparison with their AGR counterparts. The
observation of this phenomenon immediate after
rolling could be attributed to the higher dislocation
densities of SSR specimens. However, the
differences in the hardness of both types of
specimens increase during the period of remaining
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specimens during period of remaining at room

temperature

at room temperature in opposition to variations of
their dislocation densities shown in Fig. 3.
Considering different heat treatments of two types
of specimens before rolling, the increase of
difference of their hardness can be attributed
to the strengthening effect of GP zones that
appeared through the natural ageing of SSR
specimens [5—7,20,21]. It is also notable that the
increase of hardness of SSR15, SSR3 and SSRO0.8
during 24 months of natural ageing is equal to 36.5,
29 and 24 VHN, respectively. Considering similar
natural ageing behaviours of these specimens, one
may relate the smaller increase of hardness through
natural ageing of SSR3 and SSR0.8 to a
considerable decrease of their dislocation densities
during the natural ageing period shown in Fig. 3. In
contrast to SSR specimens, the hardness of AGR
specimens shows a slight increase during the first
few months of natural ageing which could be
related to the limited formation of GP zones from
solute atoms of the a phase. After this slight
increase, the hardness of AGR specimens remains
almost constant, which indicates the relative
stability of their microstructures in agreement with
that presented in Fig. 3, Fig. 5 and Table 2.

Figure 9 compares the results of tensile tests of
AGRO0.8 and SSR0.8 after 24 months of remaining
at room temperature. As can be seen here, the
SSR0.8 shows a greater strength in comparison
with the AGRO.8. This result is in agreement with
the results of the VHN measurement shown in
Fig. 8. It is also notable that the fracture strain of
the SSRO.8 is lower in comparison to that for the
AGRO0.8. This phenomenon can be related to the
occurrence of DSA as a result of the appearance of
GP zones during the natural ageing of SSR0.8 as
discussed above [8]. Also, one can see that the yield
strength of the SSRO0.8 specimen is one-third
greater than that of the AA7005 subjected to the
usual T6 treatment.

Engineering stress/MPa

L L L 1 1

0 12 3 4 5 6 7
Engineering strain/%
Fig. 9 Result of tensile test for AGRO0.8 and SSRO0.8 after
24 months of remaining at room temperature

4 Discussion

Considering the above-mentioned results, one
may investigate the correlation of microstructure
evolution of the alloy and its strengthening through
the applied treatments. For this purpose, four
different strengthening mechanisms involved during
the mentioned treatments should be considered: the
refinement of grains, the increase of dislocation
density, the solid solution and the precipitation. The
strengthening effect of grain refinement (Aogg) can
be measured using the Hall-Petch equation
presented as

Aoge=KD * (1)

where D is the grain size of the alloy, and K is a
constant evaluated as 0.083 for AA7005 [38]. Also,
the strengthening effect of the increase of
dislocation density (Aopiy) is measured as follows:

AO’DisleO!Gbpl/z (2)
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where p is the dislocation density, M is Tailor factor
evaluated as 2.7 for rolled AA7xxx alloys, o is a
constant of about 0.25, G is the shear module
of aluminium considered as 26 GPa, and b is
the Burgers vector magnitude of aluminium equal
to 0.28 nm [12,13,15]. Also, the solid solution

strengthening (Aoss) can be evaluated as
follows [12]:
Aogs = M(20.5Cy,; +3.1C37) (3)

where Cy, and Cz, are concentrations of Mg and Zn
elements in mass fraction.

As shown by GLADMAN [39], when
dislocations traverse precipitates by cutting, the
coherency strengthening of precipitates (Aocen) can
be evaluated by one of the following equations:

1/2

Aoy =4.1MGS? [%J 4)
b 3/4

Aoy, =0.7MGS"* £ [;] 5)

where o is the relative mismatch between the
dislocation glide plane of o phase and its
counterpart inside precipitates, » is the precipitate
radius, and f'is the volume fraction of precipitates.
GLADMAN [39] demonstrated that Eq. (4) should
be applied for fine precipitates while Eq. (5) is
proper for coarser precipitates. A critical precipitate
radius (#") for the transition of its coherency
strengthening from Eq.(4) to Eq.(5) can be
calculated as follows:

« b
ro=—
46

On the other hand, considering the mole ratio
of Zn/Mg equal to 1 for GP zones and regarding the
metallic radii of Al, Mg and Zn equal to 0.142,
0.160 and 0.134 nm, the mismatch of GP zones
with a phase is evaluated as 0.035. Also, the
mismatch of (0001) plane of the ' with (111) plane
of the a phase has been reported as 0.003 [3].
Regarding these numbers, the r* values of GP zones
and #" would be calculated as 2.0 and 23.3 nm,
respectively. Therefore, considering the average
radius of precipitates of SSR specimens evaluated
by the DS method and supposing that these
precipitates are GP zones, one can infer that
Eq. (5) is suitable for the calculation of the
coherency strengthening of SSR specimens.

(6)

Similarly, supposing precipitates of the AGR
specimens as #' and regarding their average radius
evaluated by the DS method, it can be inferred that
Eq. (4) is proper for calculation of the coherency
strengthening of AGR specimens. On the other
hand, when dislocations bypass precipitates through
the Orowan mechanism, the strengthening effect of
precipitates can be calculated as follows [13]

oy = 0.85MGb In 2r )
2n(L —2r) b
where L is the average distance between

precipitates calculated as follows [40]:

41
L= i/;r (8)

Combining Egs. (4)—(7), the precipitation
strengthening (Aoyp,) of the alloy can be evaluated as

Aop=Min{Accen, Acgp} )

Considering what mentioned above, Egs. (1)—
(9) can be applied to measuring a hypothetical
strength (a?lyp ) for each specimen regarding its
observed microstructural characteristics as follows:

Hyp _
Oyi' =0, +A0 s +ACp +ACy+AC, (10)

where oy is the frictional strength of aluminium
lattice considered as 1 MPa [41]. On the other hand,
an equation has been proposed to estimate the yield
strength of aluminium alloys 7xxx regarding their
Vickers hardness (VHN, Hy) as follows [42]:

oy =0.383H,,-182.3 (11)

Considering Eq.(11) and the measured
hardness of specimens shown in Fig. 8, the yield
strengths of AGRO0.8 and SSR0.8 specimens after
24 months of remaining at room temperature are
evaluated about 327 and 415 MPa, respectively.
These results are very close to those of tensile tests
of the specimens shown in Fig. 9. Therefore, one
can use Eq.(11) to compare the experimentally
estimated yield strength of a specimen (o3, ) with
its hypothetical yield strength (" ).

Tables 4 and 5 compare the hypothetical yield
strengths of specimens with their experimentally
estimated yield strength. As can be seen in Tables 4
and 5, there is a general agreement between the
hypothetical strength of specimens on one side and
their experimentally estimated yield strength on
another side. This general agreement can verify the
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Table 4 Comparison of oi* and ov; of SSR specimens after different remaining time at room temperature

Specimen Remaining time/month  Aopig/MPa  Agge/MPa  Aop/MPa  Agss/MPa  oi??/MPa ot /MPa
SSR15 0 83 24 0 86 194 157
SSR15 5 83 24 139 47 294 270
SSR15 24 80 24 173 8 286 296
SSR3 0 99 68 0 86 254 262
SSR3 5 95 68 149 49 362 354
SSR3 24 94 68 179 16 358 373
SSRO.8 0 136 79 0 86 302 323
SSR0.8 5 109 79 174 53 416 400
SSRO.8 24 102 79 225 22 429 415

Table 5 Comparison of o{'* andoy; of AGR specimens after different remaining time at room temperature

Specimen Remaining time/month  Aop;g/MPa  Aogg/MPa  Aop/MPa  Aoss/MPa o-gf'p /MPa 0'513 /MPa
AGRI15 5 79 24 89 26 219 195
AGRI15 24 79 24 98 22 224 192
AGR3 5 90 62 86 27 266 268
AGR3 24 90 62 92 22 267 267
AGRO0.8 5 97 79 78 32 287 325
AGRO.8 24 94 79 84 23 281 327

applied method to associate the yield strengths
of the specimens with their microstructural
characteristics. Comparing Tables 2, 4 and 5, one
can see that although the volume fraction of
precipitates inside naturally aged SSR specimens is
lower in comparison to that in AGR specimens, the
precipitation strengthening of naturally aged SSR
specimens is considerably greater than that of AGR
specimens. Similarly, it has been reported that the
natural ageing of the SPD processed Al-4Zn—2Mg
alloy causes a greater strengthening effect in
comparison to a similar effect caused by its
artificial ageing. This phenomenon is despite what
is seen for the unstrained Al-4Zn—2Mg alloys
which show more strength through the formation of
n' during artificial ageing [14]. The enhanced
strength of SSR specimens can be explained by the
increased volume fractions of their GP zones that
appear during the natural ageing of these
specimens. The volume fraction of GP zones of
unstrained Al-Zn—Mg alloys subjected to natural
ageing is reported about 2.1% [33]. These results
are considerably smaller than those in this work for
the SPD processed AA7005. The appearance of a
greater volume fraction of GP zones during natural

ageing of Al-Zn—Mg alloys after SPD has also
been reported in previous work [43], and it can be
explained by the increase of diffusion rate of the
alloying elements as a result of the imposition of
SPD [10,24].

5 Conclusions

(1) Grain refinement of the alloy through the
imposition of SPD is not dependent on the applied
pre-deformation heat treatments. For instance, the
grain sizes of both artificially aged material and
solution treated material equally decrease to about
1 um after imposition of an equivalent plastic strain
about 3 at room temperature.

(2) The solution treatment, the immediate
imposition of SPD combined with the following
exposure to several months of natural ageing are
excellent procedures for the strengthening of
AA7005. As an illustration, the alloy can be
strengthened to about 400 MPa, which is one-third
greater than the strength of the alloy after the usual
T6 treatment.

(3) The superlative strengthening of the alloy
through the mentioned procedure occurs due to a
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considerable refinement of grains and an extensive
increase of dislocation density through SPD as well
as a significant increase of volume fraction of GP
zones appeared during subsequent natural ageing of
the SPDed alloy.
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