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High strength AA7050 aluminum alloy was processed by ECAP through route A in the 
T7451 condition. Samples were processed at 423 K, with 1 and 3 passes. The resulting microstructure 
was evaluated by optical microscopy (OM), scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). The phases were identified by X-ray diffraction (XRD) using 
monochromatic Cu Kα radiation. Rockwell B hardness and tensile tests were performed for assessment 
of mechanical properties. The microstructure was refined by the formation of deformation bands, with 
dislocation cells and elongated subgrains, with an average width of 240 nm, inside these bands. The 
number of deformation bands increased with the number of passes. A reduction of precipitates size 
was observed with increase in the number of passes, when compared to initial condition, probably 
resulting from particle fragmentation during ECAP. After three passes the precipitates tend to a more 
equiaxed morphology and have sizes smaller than 10 nm. Phases η’ and η coexist in the microstructure, 
but η is the dominant phase, mainly after three passes. The hardness of alloy after the first pass of 
ECAP is almost equal to the initial condition. After three passes the hardness showed a slight reduction 
which must be result from recovery process. There was a slight improvement in the yield strength 
and elongation after one pass, when compared to the initial T7451 condition. The improvement in the 
ultimate tensile strength was less significant.
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1.	 Introduction
Severe plastic deformation by Equal Channel Angular 

Pressing (ECAP) is one of the processing methods currently 
used to greatly refine microstructure and enhance mechanical 
behavior with higher strength and good ductility1-3. ECAP 
is especially attractive because it is the most cost effective 
and easiest to perform among the processes that result in 
nanostructured materials due to the simplicity of the process 
and tooling.

ECAP allows the metals to undergo severe shearing 
deformation, breaking the original texture into ultrafine 
or nanostructured material after a number of passes. The 
process imposes a high strain on the sample, introducing 
a high density of dislocations, which are re-arranged 
during the multiple passes of ECAP to form subgrains and 
subsequently new high-angle grain boundaries1,2,4-6.

Aluminum and its alloys can be considered as the 
most suitable material for ECAP process7-9. However, the 
age-hardenable alloys are generally difficult to process at 
room temperature because they normally fail by catastrophic 
cracking or segmentation10. This behavior results from the 
formation of precipitates in the solution treated Al alloys 
that leads to loss of deformability of the material. These 
problems may be avoided by increasing the processing 

temperature11,12, which however, can also bring additional 
problems such as a larger grain size and additional 
precipitation, leading to overaging of the material.

Despite this difficulty, as the age-hardenable Al alloys 
are of high performance in aerospace applications, there 
is a growing interest in process these alloys by ECAP 
and combining the nanocrystalline microstructure with a 
good control of the precipitation hardening11,13-16. Recently, 
Chinh et al.10 developed a strategy for processing these alloys 
by ECAP at room temperature and found that the pressing 
may be conducted successfully, without the formation 
of catastrophic cracking or segmentation, if performed 
immediately after quenching from the solution treatment 
temperature or at least within a very short pre-aging time12,17. 
Other authors have processed these alloys in the over aged 
condition18.

Besides the difficulty in processing, ECAP has also a 
complicated effect on the precipitation microstructure of 
age-hardenable Al alloys. It has been reported that at room 
temperature, ECAP generally suppresses precipitation 
in as-quenched samples15 and can cause dissolution and 
fragmentation of pre-existing phases19. ECAP can also 
affect the precipitation sequence and even suppresses 
certain phases during subsequent heat treatment20. On 
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the other hand, ECAP at elevated temperature promotes 
the precipitation, changes the precipitation kinetics and 
changes the morphology of precipitates11,15,21. Xu et al.21,22 
have demonstrated that the very high stresses imposed on 
an Al7034 alloy by ECAP at 473 K, are effective in leading 
to a fragmentation of the rod-like MgZn

2
 precipitates 

and produce an uniform distribution of fine spherical 
precipitates. This precipitate microstructure favors the 
structural stability even at high temperatures as 673 K21-23.

AA7050 aluminum alloy is a high strength Al-Zn-Mg-Cu 
alloy with a high content of alloying elements. This alloy is 
optimized to have a good response during artificial ageing 
by the precipitation of η’ and η MgZn

2
 phases resulting in a 

more common commercial condition (T7). In this condition 
the material presents a good combination of strength and 
stress corrosion resistance24. Although little information is 
available in literature concerning the effects of ECAP in 
this alloy25,26, it is supposed that additional strengthening 
could be obtained as result from the different hardening 
mechanisms that usually takes place during ECAP, as solid 
solution, grain refinement, dislocation strengthening and 
precipitation strengthening. The effect of these mechanisms 
depends on initial condition of alloy. In a previous work27 
ECAP performed in the as quenched condition resulted in 
significant strength improvement compared to the alloy 
in the commercial overaged condition, due the grain size 
refining and intense precipitation during ECAP.

This work aims to investigate the effects of ECAP 
on the microstructural evolution of the high strength 
AA7050 aluminum alloy in the commercial overaged 
condition T7451. The pressings were performed at 423 K 
by route A. The influence of ECAP on the grain structure, 
precipitation state and mechanical properties are discussed 
in order to contribute to a better understanding of the 
behavior of high strength Al-Zn-Mg-Cu alloys during ECAP.

2.	 Experimental Procedures
AA7050 aluminum alloy, with nominal composition 

shown in Table 1[28], was received as a plate in the condition 
T7451. Prior to ECAP, short billets were machined from the 
plate, with a length of 90 mm (parallel to the rolling direction 
of the plate) and a diameter of 10 mm. The billets were 
processed by ECAP at 423 K, with one and three passes. 
The heating of die and samples to 423 K was done using 
a set of resistances integrated to the die. A thermocouple 
inserted in the die close to the intersection of the channels 
controlled the temperature.

The die had an internal angle of 120° and an additional 
angle of 60° at the outer concordance radius, where the two 
channels intersect each other. This configuration resulted 
in a theoretically effective strain of approximately 0.6 

on each pass, not considering the attrition contribution. 
The ECAP processing was performed at 0.5 mm/s using 
a 30  tonnes mechanical press and MoS

2
 as a lubricating 

media. The pressings were done by route A, in which the 
sample does not undergo rotation between the passes.

Microstructural characterization of the samples after 
ECAP was performed by optical microscopy (OM), 
scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). Samples for OM and SEM 
were prepared by conventional techniques of metallographic 
preparation. For TEM characterization, thin foils of the 
material were cut from the cross-section of each billet 
(perpendicular to the pressing direction). The foils were 
thinned up to 100 µm by conventional grinding. Then, 3 mm 
discs were punched from the specimens and subsequently 
ion-milled in a Gatan Dual Ion Milling System with 
beam energy of 5 keV under an argon atmosphere. X-ray 
diffraction (XRD) measurements, using Cu Kα radiation, 
were performed in order to identify the alloy phases.

Rockwell B hardness tests were performed on all 
samples for a preliminary assessment of mechanical 
properties. Seven measurements were taken from each 
sample and the average value of five measurements, 
excluding the highest and lowest values, were recorded. 
Samples in the initial condition and after one pass of ECAP 
were subjected to tensile tests. Samples having 4  mm 
diameter and 25 mm length at the thinner gauge section 
were tested in a universal testing machine with a crosshead 
speed of 0.5 mm/min. Three samples of each condition were 
tested and the average values for yield and ultimate strength, 
as well as elongation, were recorded. Variance analysis 
(ANOVA) was used to compare statistical differences among 
the mean values of hardness and tensile properties of the 
samples with a confidence interval of 95%.

3.	 Results and Discussion
TEM micrographs of the as received AA7050-T7451 alloy 

in Figure 1 show a large amount of precipitates with different 
morphology and sizes. Elongated particles of about 50 nm 
are observed at grain boundaries, Figure 1a, while inside 
the grains most of precipitates are of plate shape with 
sizes smaller than 20 nm, Figure 1b. Some particles with 
a needle shape with lengths of about 20 nm and thickness 
of about 4 nm are also observed. The diffraction pattern of 
selected area (SAD) related to the micrograph of Figure 1b 
was taken with the beam parallel to the zone axis 112   . 
Multiple spots appear near 1/3 (220) and 2/3 (220) along 
the 111  direction resulting from metastable η’ and variants 
of η phase (MgZn

2
). Other weaker diffraction reflections 

of η’ also are present, as exemplified by spots surrounded 

by white circles. The diffraction pattern 112    also shows 

Table 1. Nominal Composition of AA7050 aluminum alloy (AMS 4050 specification28).

Composition  
(wt. (%))

AA7050

Zn Cu Mg Zr Fe Si Mn Ti Cr
Others 
(total)

Min. 5.7 2.0 1.9 0.08 - - - - - -

Max. 6.7 2.6 2.6 0.15 0.15 0.12 0.10 0.06 0.04 0.15
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a spotted ring pattern around the transmitted beam that has 
been attributed to the appearance of each variant of the 
orientation relationship of η phase with the matrix29.

Figure  2 shows magnified X-ray diffraction pattern 
of the alloy in the initial condition and after ECAP. The 

peaks related to precipitates are not well defined and their 
positions are deviated from the equilibrium η phase in the 
diffraction pattern of alloy in the initial condition, Figure 2a, 
which seems to confirm the presence of the metastable η’ 
phase in addition to the η phase. Figures 2b and 2c show 

Figure 1. TEM micrographs of AA7050 alloy in the T7451 a) STEM bright field; b) TEM bright field with corresponding SAD.

Figure 2. X-ray patterns for 7050 Al alloy: (a) as-received condition T7451 and; processed by ECAP (b) one pass, (c) three passes.
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the x-ray diffraction patterns taken on the cross-sections of 
samples after ECAP at 423 K. Peaks from the equilibrium 
η phase were identified after one and three passes. These 
peaks become more defined and intense with the increase 
in the number of passes to three indicating that some of 
the η’ phase had transformed into η phase during ECAP.

Figure 3 shows optical and SEM micrographs of 7050 Al 
alloy after ECAP at 423 K. It was observed that after the first 
pass the microstructure does not undergo appreciable change 
except for the appearance of deformation bands inside 
the grains, as showed by SEM micrograph of Figure 3b. 
The increase in the number of passes to three leads to a 
refinement in the microstructure with grain elongation and 
increase in the number of deformation bands, Figures 3c 
and 3d.

TEM micrographs of the alloy after ECAP are showed 
in Figure  4. Elongated subgrains with average width of 
240 nm and high density of dislocations at their boundaries 
are formed during the processing, Figures  4a and 4c. A 
higher amount of dislocations was created and accumulated 
at subgrain boundaries with the increase in the number of 
passes to three, Figure 4c. Concerning the precipitation state, 
ECAP seems to affect the size and morphology of particles. 
Although no quantitative analysis had been made in this 
work, observations seem to indicate that after the first pass 

the precipitates are larger than those at initial condition, 
which could be result of coarsening of small particles 
during ECAP at 423 K, Figure 4b. The particle size tends 
to decrease and the morphology to be more spherical with 
the increase in the number of passes to three, Figures 4e and 
4f, which should be the result of fragmentation process due 
to the very high stresses imposed by ECAP. The precipitate 
fragmentation by ECAP was observed in other 7xxx series 
alloys20,22 and was also reported during equal-channel 
angular rolling (ECAR) of an AA7050 aluminum alloy30. 
The selected diffraction patterns in Figures 4b and 4d show 
spots scattered randomly that match with a simulated ring 
pattern of the η phase showed superimposed over the SAD 
pattern in Figure 4b. This result shows that the major phase 
after ECAP is the η phase, what is in agreement with X-ray 
diffraction results, indicating that the temperature and time 
of the ECAP processing was sufficiently high to cause the 
transformation of the metastable η’ phase to stable η phase.

Table 2 shows the mechanical properties of the alloy 
after ECAP obtained by Rockwell B hardness and tensile 
tests. As a reference, the properties of the as received 
material (temper T7451) are also presented. The sample 
after three passes was not tested in tension because it already 
showed signs of cracking during ECAP. The results show 
a statistically significant increase in hardness after 1 pass 

Figure 3. a) Optical and; b) SEM micrographs of 7050 Al alloy after one pass of ECAP at 423K. c) Optical and; d) SEM micrographs 
of 7050 Al alloy after three passes of ECAP at 423K. All the images were obtained from longitudinal section of the cylindrical rods.
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of ECAP (p < 0.05) followed by a significant reduction in 
this property after three passes (p < 0.05). Although a slight 
increase could be observed in the average values of ultimate 
and yield strength of sample after 1 pass of ECAP when 
compared to the initial T7451 condition, this increase was 
not statistically significant (p > 0.05). The elongation seems 
to increase after ECAP (p < 0.05), again in comparison with 
the initial condition.

The grain refinement by ECAP has been explained1,2,4-6 
by the increase of dislocation density, formation of a 
cellular or sub-grain structure and subsequent formation 
of high angles grain boundaries by partial annihilation of 
dislocations. Second phase particles, as Al

3
Zr, normally 

present in the AA7050 alloy, can hinder the movement of 
dislocations and act as dislocation sources which can affect 
the grain size refinement30. Nam et al.30 showed that large 
platelet MgZn

2
 precipitates can also act as obstacles to 

dislocations and provide favorable sites for the development 
of grain boundaries. However, the same authors showed 
that small spherical particles cannot play the same role. 
Murayama et  al.20 verified that grain refinement was not 
observed until the fifth pass in an Al-Cu alloy containing 
θ’ particles. According to these authors, during the first pass 
the alloy hardness increases due to the work hardening, and 
after that the strain energy transferred to the sample is used 
for fracture, fragmentation or dissolution of the θ’ particles. 

Figure 4. TEM micrographs of 7050 Al alloy after ECAP at 423K. (a), (b) and (e) one pass; (c), (d) and (f) three passes.
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Only after this stage the grain refinement takes place. The 
authors postulated then that the grain refinement is retarded 
in a two-phase alloy when compared to a single phase 
pressed by the same number of passes. The effect of second 
phase particles on grain refinement by ECAP was also 
discussed by Berta et al.31 that found that in the dispersoids-
containing alloy, coarse particles has been found to increase 
the rate of grain refinement and the homogeneity of the 
submicron grain structure. In contrast, the presence of fine 
particles inhibits the development of new high-angle grain 
boundaries and the formation of a fine grain structure. This 
behavior, according the authors, is believed to be caused by 
the dispersoids that homogenizes the slip and inhibits the 
formation of shear bands during deformation.

In this work, the sample in the initial over-aged 
condition, presented a large amount of small plate-like 
particles, but the morphology changed rapidly to a more 
equiaxial shape after ECAP. Besides that, the particle size 
become smaller after three passes what, as mentioned earlier, 
can be result of fragmentation. The refining grain size was 
observed, but it was less effective than that observed in the 
same alloy pressed by ECAP in the as-quenched condition 
under the same processing parameters. In this case, a 
pronounced grain refinement was observed already after the 
first pass27. Despite of the microstructural changes observed 
during ECAP, the mechanical properties showed only a 
slight increase after the first pass while after the third pass 
the hardness showed a decrease to values similar to that of 
initial condition. This mechanical behavior can be result of a 
balance between competing phenomena that are taking place 
during ECAP at 423K. On one hand the hardening effects, 
as grain size refining and work hardening imposed by the 
high stresses arising from ECAP, although the former effect 
can be retarded by fragmentation of particles as proposed by 
Murayama20 or inhibition of the formation of shear bands as 
proposed by Berta31. On the other hand, the softening effects 
caused by the use of a pressing temperature of 423 K, are 

related to the recovery process and the increase in over-
aging due the dissolution of η’ phase with consequent 
transformation to stable η phase.

4.	 Conclusions
In the present work, the commercial AA7050 aluminum 

alloy in the overaged condition T7451, was processed 
by ECAP in order to assess the effects of process on the 
evolution of the microstructure of the alloy during pressing.

The microstructural changes during ECAP, represented 
by grain elongation, formation of deformation bands and 
elongated subgrains, with average width of 240 nm, and 
high density of dislocations at their boundaries, was more 
significant after three passes. Despite the observed refining 
of microstructure, this seems to be less effective in the 
overaged alloy than in the as-quenched alloy, as observed 
in a previous work performed under the same processing 
conditions.

ECAP affects the size and morphology of particles. After 
the third pass the particle size tends to diminish and the 
morphology to be more spherical indicating fragmentation.

The major precipitated phase after ECAP is the η phase, 
indicating additional overaging.

Concerning the mechanical properties, ECAP caused 
hardly any effect on tensile properties, while a slight increase 
in hardness was observed after one pass, with subsequent 
reduction after the third pass. This behavior can be result 
from a balance between competing phenomena: grain size 
refining and deformation hardening against softening by 
recovery and increasing over-aging.
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Table 2. Rockwell B Hardness and tensile testing results of AA7050 Al alloy in the initial condition (before ECAP); and after ECAP at 
423 K by Route A.

Sample condition HRB [StDev] 0.2% yield strength 
(MPa) [StDev]

Ultimate strength 
(MPa) [StDev]

Elongation (%) 
[StDev]

As received condition T7451 86.7 [0.52] 460 [31] 514 [32] 7.5 [1.14]

ECAP 1 pass 88.3 [0.95] 479 [26] 521 [24] 10.4 [0.8]

3 passes 85.5 [1.15] - - -
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